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Introduction

Nowadays, global warming effect is becoming one of the most challenging issue for the
human beings. In order to deal with this issue, many propositions were suggested. Most
of them are dealing with the energy crisis, especially electricity. In fact, the amount
of electricity needs to supply the demand of more than 6 billion people on earth is
tremendous. The main electricity suppliers are coming from “traditional energy” sources
like thermal power, nuclear power, hydroelectricity power, etc.. Most of the mentioned
power sources are dangerous and/or potentially dangerous for nature and human beings.
Therefore, a “greener energy” is highly desired. “Greener energy” has two fold meanings:
on one hand, it uses renewable energy sources like solar power, wind power or geothermal
energy instead of traditional energy sources, and on the other hand, using the electricity
more efficiently. A recent report has pointed out that the energy loss in US is about 10
%, more than the sum of all renewable energy generated in US. Therefore, an effective
use of electricity and a limitation of the waste are critical.

Unfortunately, losses are endemic in semiconductor components, the central devices of
all power conversion systems. Indeed, most of semiconductor components are fabricated
on Silicon (Si), a semiconductor that has reached its physical limits. Even if the new
architectures can push Si devices beyond their physical limits, this approach will not
provide a long term solution. Therefore, the emergence of new semiconductors with
superior physical properties is highly desired for next generation of power electronics.
Wide band-gap semiconductors such as silicon carbide (SiC), ITI-Nitride, gallium oxide
(Gag03) and diamond are promising materials to fabricate devices, exhibiting low loss
in the on-state regime and high breakdown voltages in reverse regime. Among them,
diamond is the ultimate semiconductor for power devices due to its superior physical
properties. Recent progresses on diamond substrates that includes homoepitaxial growth,
controlled doping and fabrication processing permits to consider diamond power devices,
e.g. Metal Oxide Semiconductor Field Effect Transistors (MOSFET). However,up to
now, most of diamond MOSFETs were realized by controlling the two dimensional hole
gas (2DHG) on the hydrogen terminated diamond surface. Even though these devices
are interesting, their working principle is based on uncertain quantities (trap states in
the oxide) and bearing itself the demerits (see further discussion in the thesis).

In order to realize a diamond MOSFET by controlling diamond semiconductor, nu-
merous issues must be overcome. Diamond is a wide bandgap semiconductor which does
not have a native oxide layer, find an appropriate candidate for the gate oxide on diamond
MOSFET is challenging. The two most important criteria for the gate oxide choice are:
i) barrier heights for electrons and/or holes at the diamond/oxide interface in order to
ensure a low leakage current from the transistor channel to the gate metal, ii) low density
of trapped charges at the diamond/oxide interface and/or in the oxide in order to ob-
tain an efficient Fermi level control from the gate electrode bias. In this context, Chicot
et al. [22] have introduced the O-diamond/Al,O3 MOSCAP test devices. Marechal et
al. [24] measured the type I band alignment at the O-diamond/Al,Oj3 interface, which
is favorable to realize both inversion and depletion MOSFETs. This PhD project is a
continuation of the two previously mentioned thesis. It includes two main objectives: 1.
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fundamental investigations dedicated to the electrical characteristics of an O-diamond
MOS capacitor test device; 2. From understanding MOSCAP test devices to realize an
unipolar diamond MOSFET by controlling the diamond semiconductor epilayer. The
thesis will include three chapters:

e In Chapter 1, we will discuss the losses of a semiconductor switch in power converter
systems and the importance of wide bandgap semiconductors to reduce losses. The
comparison between wide bandgap semiconductors by means of Figure-of-Merit
(FOM) is followed to demonstrate the superiority of diamond. We will then present
in details the important physical properties of diamond for power devices. State-of-
the-art of diamond devices will be reviewed. As an introduction for the MOSFET
device, we will introduce the working principle of an ideal MOSCAP test device.
State-of-the-art of O-diamond MOSCAP test devices will be described. Finally, the
chapter will conclude on the purpose of the thesis.

e Chapter 2 will be dedicated to the fundamental of understanding the O-diamond
MOS capacitor test device. This chapter will include three parts:

Part 1: We will firstly address the methodology issues related to diamond growth,
fabrication processing, electrical characterization and the reliable issue related to
a correct C-V measurements. From correct C-V measurements, we will evaluate
different crucial information of a O-Diamond MOS capacitor such as charges com-
ponents, semiconductor surface potential and space charge region variation with
gate potential. High frequency-capacitance method is applied to quantify the in-
terface states density. Electrostatics model based on different charge components
will be built. Electrostatics band diagram will be then introduced and the limit of
this model will be addressed.

Part 2: We discuss the origin of leakage currents and capacitance-frequency de-
pendent when O-diamond MOS capacitor is biased in negative potential. We will
quantify the interface states density at the O-diamond/Al,O3 interface using con-
ductance method. With new interface states density, a complete electrostatics
model for O-diamond/Al,O3 MOSCAP will be proposed.

Part 3: We correlate the substrate imperfection versus the electrical characteristics
of the O-diamond MOS capacitor. We will discuss the origin of leakage current
and the capacitance-frequency dependence when the O-diamond MOS capacitor is
biased in positive potential.

e Chapter 3 will introduce our first approach to realize a depletion mode diamond
MOSFET. We will firstly address different technical issues related to design, fabri-
cation, measurements and simulation. Then, the combined electrical measurements,
analysis and simulation on the diamond MOSFETs and test devices (TLM, MOS
capacitor) fabricated on the same sample will be presented. Important parameters
of the transistor such as contact resistance and carriers mobility will be quanti-
fied. The results on OFF state measurement, simulation and analysis will also
be presented. The benchmarking of the device and the projection toward device
improvement will be described. Finally, the thesis will be concluded.
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Nowadays, electricity is ubiquitous in our daily life. As shown in Fig. 1.1, human
beings are now dealing with a wide range of energy, ranging from kW in some power
suppliers to few GW in the grid energy transmission and distribution.

Basically, electricity exists in two forms: Direct Current (DC) and Alternating Cur-
rent (AC). From the generation at power station to the transmission and delivery to
home and electrical devices, electricity is necessary stepping up and stepping down as
well as switching between two forms. Therefore, electrical conversion and amplifica-
tion/attenuation are very important. Figure 1.2 represents the basics electrical circuit
of a non isolated DC-DC boost converter (Fig. 1.2a) and a non isolated DC-DC buck
converter (Fig. 1.2b). As shown in Fig. 1.2, power devices are the heart of the power
converter systems (transistor and diode). Solid state switches like transistors, since being
invented in 1947 (25|, have replaced vacuum tube in every applications. These devices
are critical in any power converter and power system.

In power electronics and power converters, power devices are used in switch mode,
switching between two states and targeting the operating regimes with negligible losses:
ON-state and OFF-state. Ideally, in the ON-state, the device is working like a conductor
and the resistance of the device is 0 (€2). In the OFF-state, the device is completely
isolated and the resistance of the device is infinite.
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Figure 1.2: Electrical circuit of the power converter a) DC-DC boost converter; b) DC-DC
buck converter.

However, as shown in Fig. 1.3, losses in the ON-state (resistance) are endemic for
all power devices. There are two typical losses (resistances): loss of the drift region
(Ron = 9¢) and loss of the device (R - that may include threshold voltage in this case),
as shown in Fig. 1.3. A consequence of loss is the heat dissipation and global efficiency
reduction. Considering the huge numbers of electrical and electronic devices on the
earth, it is indeed significantly contributing to the global warming effect. Conductivity
of a material is the most important factor which determines the ON-state current.

In the OFF-state, breakdown voltage is unavoidable and is a design parameter. Break-

down voltage of a device is defined as a voltage in the OFF-state where the sudden onset


http://www.yole.fr/SPEI_2015.aspx
http://www.yole.fr/SPEI_2015.aspx
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current is observed, with application-dependent quantitative leakage current values (leak-
age current density or leakage current per gate width, breakdown voltage derating and
safe operating area). The reverse voltage blocking capability of a device is either depen-
dent on the nature of materials as well as the designs of power devices.

Current |

R=V/

Bias V
Threshold Forward

Figure 1.3: Typical electrical characteristic of simple power device (diode) where the loss
in the ON-state and breakdown in the OFF-state are unavoidable.

For a long time, Silicon (Si) transistors are the workhorse of the electronics and electri-
cal industry. However, the loss of state-of-the-art Si power devices has been demonstrated
much higher compared to wide bandgap power devices !. Si is a low critical electric field
material (0.3 MV /em for 100V-400V devices) due to its narrow bandgap nature (1.1 eV)
compared to other wide bandgap semiconductors. Even if novel designs push devices
performance beyond its physical limits, Si will not provide a long term solution.

The emergence of new semiconductors is urgent. Wide bandgap semiconductor such
as I1I-Nitride, Silicon Carbide (commercialized) and diamond are now considered as the
solution for next generation power devices.

In order to evaluate the potential of semiconductors, Figure of Merits (FOMs) |26,
27, 1] are usually used as the mean. There are generally two kinds of FOMs: material
FOMs to evaluate a material and device FOMs to evaluate the designs of the devices.

1.1  Unipolar device’s Figure-of-Merit(FOM)

Considering the ideal switching waveforms of a power MOSFET (Fig. 1.4), losses of an
unipolar switch without taking into account the circuit operation, can be expressed by
using the following equation [1]:

Ploss ~ [EmsRon + VDID (tr + tf) f (11)

Thttp://www.mitsubishielectric.com /news /2013 /pdf/0326-a.pdf
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The first term represents the DC conduction loss. The second term represents the
switching loss, which is depending on the switching frequency.
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Figure 1.4: Switching waveforms of a generic unipolar power device. Courtesy of Huang
et al. [1].

In conduction loss, the most important part is the ON-resistance R,, (in case built-in
potential is neglected). For an ideal uniformly doped drift region and abrupt junction in
Non-Punch-Though (NPT) design (Figure 1.5), the ON-state resistance can be defined
using the fundamental semiconductor equation:

w
R,, xS = 1.2
(CJMNA> (12

where S is the active surface of the device, W is the width of the drift region, ¢ ~
1.6 x 107 C is the elementary charge, p the carrier mobility and W and N, are the
thickness and doping concentration of the drift region, respectively. As a function of the
breakdown voltage, the total ON-resistance can be splitted among different contributors
other than drift region resistance (e.g. contact resistance, series resistance, heavily doped
substrate, channel resistance, ...).

For a compromise between ON-state loss and OFF-state breakdown, the thickness and
doping of the drift region must be optimized. Considering the OFF-state under reverse
bias, a maximum voltage that can be supported by the drift region is estimated by the
critical electric field E,. [27]. Once the maximum electric field in the structure reached the
critical electric field of the material, devices will experience a breakdown due to avalanche
effect.

Under breakdown conditions, depletion width is given by:

2BV
EC
where BV is the breakdown voltage and E. is the critical electric field.
The doping concentration in drift region required for a given breakdown voltage is:

W =

(1.3)
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Figure 1.5: Ideal drift region in Non-Punch-Through (NPT) design that considering the
compromise between ON-state loss and OFF-state breakdown, considering breakdown is
due to avalanche effect when maximum electric field in the structure reached material
critical electric field.

cs 2
Ny=—"% 1.4
A 2qBV (14)

where €4, is the semiconductor dielectric constant. By combining the equations 1.2,

1.3 and 1.4, the ideal ON-resistance of the drift region is then expressed as:

ABV?
Ron =

1.5
o (1.5)

The denominator is usually preferred as “Baliga material FOM (BMFOM)” [27|, which
has been derived by Baliga in 1983 as:

BMFOM = e, uE? (1.6)

In principle, semiconductors with higher BMFOM are expected to have a lower con-
duction losses. Also, materials with higher critical electric field are expected to have
higher breakdown voltages than material with lower critical electric field in a same device
design (doping concentration, device structure, etc.). However, there are some issues with
BMFOM. Firstly, BMFOM is not taking into account the incomplete ionization of wide
bandgap semiconductors, e.g. diamond. Therefore, BMFOM underestimates the ON-
resistance of diamond devices at room temperature (RT). Second, the concept of using
critical electric field for the comparison is not necessary correct. As shown by Raynaud
et al. [28] and Chicot et al. |23], critical electric field is varying with doping concentra-
tion by integrating the impact ionization coefficients into the avalanche calculation [29].
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The application of the avalanche breakdown condition must be discussed, as some power
devices will be limited by other phenomena and never reach the avalanche breakdown
(leakage current limit, dielectric breakdown, ...). Finally, BMFOM is correct only for
the devices operating at low frequency where conduction loss is dominant. When the op-
erating frequency is high, switching losses becomes important and BMFOM is no longer
appropriate.

In order to take into account the switching losses, current rising time (¢,) and voltage
falling time (¢f) in Fig. 1.4 were considered by Huang et al. [1]. The author also assumed
that during the switching period of high power devices, the charging and discharging of
gate-to-drain charge (),q dominate the switching loss, i.e. ty >> ¢, [1]. The general
power losses of equation 1.1 is then approximated by:

Ploss ~ [2 Ron + VDIthf (17)

with t; = di where I 4,4 is the gate current at the Miller Plateau and it can be
controlled by the gate driver and gate resistors. Both ON-resistance and Qg4 are related to
the area of the device by their specific value. Equation 1.7 can be rewritten by considering
the area factor of the device as:

Lgms ROTL,SP VD ID ngd sp

A B, .0

Ploss = (18)

Where R, s, and QQuq are the specific ON-resistance and specific gate-to-drain
charge, respectively. By increasing device area, the first term decreases and the second
term increases. Total power loss exhibits a minimum value at an area that:

dpP

=0 (1.9)

Therefore

g,(w

rms ROH Sp
A, (7 1.11
o= et \| Qo (1.11)

ig,avg

1
Ploss,min = (2]rms VD Df) (V ROn,SPdi,sp> (110)

when the chip area is

A. Huang claimed that the first term of equation 1.10 is relating to circuit operating
and the second term is relating to the device [1]. The second term is considered as the
new “device FOM” named as “Huang’s device FOM (HDFOM)” [1]:

HDFOM = \/RonQya (1.12)

where R, is identical to the expression in equation 1.5. Qg is the gate-to-drain
charge and usually known as Miller charge [1], and can be expressed as:

=
Qqa = keEp = ky VZ ¢E. (1.13)

where Vp is the converter bus voltage, and Ip is the switch turn-on and turn-off
current, Ep is the peak electric field when V=V p, k represents the area ratio of the gate-
to-drain overlap area over the whole chip area [1|]. The HDFOM is related to material
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properties by the multiplication R,, in equation 1.5 and Qg in equation 1.13. The
minimum loss in equation 1.11 is then expressed as:

{4]rm5 (VBVD)3/4 ljgl_?“{}
(B

The denominator is usually referred as “Huang’s material FOM (HMFOM)” [1].
HMFOM = (E.\/ji) (1.15)

A material with higher HMFOM is expected to have a lower loss during operation
compared to a material with lower HMFOM. Again, the concept of using critical electric
field E, for comparison is not necessary correct (E. depends on the doping concentration
of the drift layer).

Until now, as far as author’s knowledge, these two FOMs are the most common FOMs
to evaluate the strength of semiconductors for unipolar high power conversion device
applications. Table 1.1 represents the physical parameters of main semiconductors for
power devices (Si, SiC, GaN and diamond) and the corresponding material FOM values
calculated by its corresponding authors [27, 1].

(1.14)

Ploss,min =

Property Unit Si 4-SiC GaN diamond
Bandgap Eq [eV] 1.1 323 345 5.45
Dielectric constant Eec 11.8 9.8 9 5.5
Breakdown field E.(MV/ecm) 0.3 2 3-4 10
Thermal conductivity A [W/em.K] 1.5 5 1.5 22
Sat. Drift velocity e- v,[10" em/s] 1.0 2.0 2.2 2.7
Sat. Drift velocity h+ v,[107 em/s] 1.0 1.1
Electron mobility pelem?/V.s] 1500 1000 1250 1000
Hole mobility pplem?/Vis] 480 100 200 2000
BMFOM [Si=1] 1 554 188 23017
HMFOM [Si=1] 1 75 8 23.8

Table 1.1: Physical properties and FOMs value of main semiconductors for power device
applications.

From these two FOMs, diamond is standing-out as the best semiconductor for unipolar
power device applications.

The compromise between ON-resistance versus BV of different materials have also
being calculated by Umezawa et al. [2], as shown in Fig. 1.6. This calculation shows
that, for a given breakdown voltage at its best operating condition (250 °C), diamond
can provide the lowest specific ON-resistance (lowest loss). It’s based on the fact that all
critical physical properties of diamond are outstanding compared to other semiconductors.

In the following sections, we will discuss in details the critical physical properties of
diamond for power devices application. It is ranging from critical physical properties
for ON-state current: doping, carriers density and carriers mobility and critical physical
properties for OFF-state breakdown voltage: maximum electric field.
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Figure 1.6: ON-resistance and breakdown voltage of different semiconductor at RT and
at 250 °C, courtesy of Umezawa et al.[2].

1.2 Diamond semiconductor for power devices

As shown in the previous section, the ON-resistance is the most important parameter
which determines the loss of device. ON-resistance is basically including two parts: ma-
terial resistance and contact resistance. Material resistance is specified by its resistivity,
which is defined as:

p=— (1.16)

where p is the free carrier concentration and p is the carrier mobility. In order to idealize
material resistance, both p and g must be optimized. Free carriers concentration is
controlled by the doping, while mobility is depending on the nature of material and
different scattering mechanism including doping effect.

1.2.1 Doping

Due to the wide bandgap nature (5.5 ¢V), diamond was considered as an insulator and had
been used as a gate insulator for Field Effect Transistors (FET) [30]. To be considered
as semiconductor, diamond must be doped. The concept of diamond doping can be
categorized into two main directions: surface doping and bulk doping.
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1.2.1.1 Surface doping

Surface transfer doping is considered as a novel doping concept in some semiconductors
[31]. This concept is widely used to interpret the surface conductivity of hydrogen ter-
minated diamond (H-diamond) [3, 32]. Figure 1.7 represents the basic idea of surface
transfer doping concept in H-diamond. This concept can be understood as: When a di-

Diamond Water-Layer Air
a) :H HO* H,0 CO,
+ — HHCO, OH-

Figure 1.7: Schematic description of surface doping model in H-diamond. Courtesy of
Maier et al. [3].

amond layer is terminated by hydrogen, the conduction band is above the vacuum level.
Chemical potential is also rigidly moved up. Consequently, H-diamond is a negative elec-
tron affinity semiconductor with a relatively high chemical potential (Fig. 1.7b) [33]. In
principle, any substance that has a lower chemical potential than diamond and located at
diamond surface will attract the electrons from diamond [3, 34]. Naturally, H-diamond
surface exposed to the air will condensate a thin water layer (Fig. 1.7a). This thin layer of
water has a lower chemical potential than H-diamond. Therefore, electron inside diamond
layer will transfer to the diamond surface and the water layer to equilibrate the chem-
ical potential difference (Fig. 1.7c). The electron transfer leaves free hole with typical
density of 10'3 cm™2 in the valence band to be accumulated at the diamond surface (Fig.
1.7d). Therefore, once diamond surface is hydrogen terminated and being exposed to the
air, diamond surface becomes conductive [3, 34]. This conductive surface will disappear
when either the lower chemical potential substance disappear or the H-diamond surface
disappear. As shown by Maier et al. [33] by changing diamond surface from H-diamond
to oxygen terminated diamond (O-diamond), there are about 3 eV difference in terms of
diamond electron affinity and the conductive diamond surface is disappeared.

The surface transfer doping is natural and somehow lack of controllability. Therefore,
a more controllable doping method is required.
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1.2.1.2 Bulk doping

As other materials in group IV (periodic table) like Si, diamond can be doped by group
IIT elements or group V elements to control free carrier concentrations and the electrical
properties. This doping method is challenge because it is required one manage both crys-
tal grow epitaxially as well as dopant incorporation. The pioneer works on incorporating
dopants into homoepitaxy diamond were mainly done in Japan |35, 36]. Since then, there
are many efforts to investigate boron doped p-type diamond [36, 37, 38, 39, 40, 41, 42, 43,
44] and phosphorous (P) doped n-type diamond |35, 45, 46, 47, 48, 49]. One of the most
challenging issue regarding diamond doping is the ionization energy of the dopant which
is considerably deep. Figure 1.8a represents the ionization energies of different dopants
in diamond. For n-type doped diamond, shallowest dopant is P (0.57 eV). For nitrogen
doped diamond, dopant ionization energy is 1.7 eV. For p-type diamond, moderate boron
doped diamond introduced a dopant ionization energy of 0.38 eV.
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Figure 1.8: lonization energy of dopants as a function of the impurity concentration
in diamond. The experimental boron ionization energies are taken from the literature
[Okano 1989, Fujimori 1990, Visser 1992, Windheim 1993, Borst 1995, Deguchi 1996,
Lagrange 1999, Klein 2007, Gajewski 2009, Volpe 2009| and the solid curve is drawn
after Pearson and Bardeen law |Pearson 1949|. Phosphorus ionization energies are taken
from the literature [Koizumi 1997, Kato 2005, Kato 2007, Pinault 2007, Kato 2008,
Pinault-Thaury 2011, Stenger 2013|. Tts value is assumed to be constant over the entire
doping range. Courtesy of Fiori’s PhD thesis [4]

Since the dopant ionization of boron doped diamond is much lower compared to n-type
diamond, the carriers ionization of p-type is also more effective than n-type diamond. In
fact, the carrier activation also depends on doping concentration (N 4) as well as compen-
sation concentration (Np). As shown by Traore et al. [10], depending on compensation
concentration, the ionization ratio of |B] dopant at RT can be ranging from 0.1% to 1%

Therefore, there are a small portion of [B| dopant which can contribute to the free
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hole density in the valence band at RT. The activation ratio is significantly increased
by raising the temperature to 17" = 500 K, as shown in Fig.1.9b. Therefore, a proper
diamond device is expected to have a negative temperature effect (ON-state performance
is improved with the increasing of temperature) in a certain range of temperature.
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Figure 1.9: Theoretical hole density as function of acceptor concentration and compensa-
tion at 300 and 500 K. The symbols are experimental data reported by: Barjon et al. [5],
Volpe et al. 6], Gabrysch et al. |7], Werner et al. [8], and Tsukioka et al. |9]. Courtesy
of Traore et al. [10]

Another interesting feature of boron doped diamond is the dependence of ionization
energy on doping concentration. As shown in Fig. 1.8b, boron ionization energy is
varying from 0.38 eV for a doping concentration up to 10'7 (cm™3) to 0 eV for a doping
concentration above 5x102° (em™3) [43]. This behavior is excellently fitted by the Pearson
model [50] using the empirical law:

E,(eV) =0.38 —4.7877 x 107® x N} (1.17)

Where E, is the thermal ionization energy of boron acceptor and N4 is the boron dop-
ing concentration (cm™3). The metallic regime (N4 =5 x 102%cm™3) is useful to reduce
the series resistance in the test device or improve the device performance in punch-through
(PT) design. Therefore, mastering a wide concentration range of boron doped diamond is
very important for device optimization toward low ON-state loss, high OFF-state break-
down diamond power devices.

Regarding the low ON-state loss, along with carrier density, carrier mobility is equiv-
alently important to determine the resistivity, as shown in equation 1.16.

1.2.2 Carrier mobility and density

Diamond is considered as an ultimate semiconductor partly due to its superior carriers
mobility compared to other wide bandgap semiconductors. Pernot et al. [11] have shown
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that due to the low optical phonon population, carriers mobility in diamond is elevated at
RT. In ideal case, carrier mobility is controlled by lattice scattering and dopant scattering.
As shown in Fig. 1.10, for a boron concentration around a few 10" cm™2, the hole
mobility is controlled by lattice scattering and an optimal hole mobility as around 2000
cm?/V.s can be obtained [11]. This hole mobility is higher than the electron mobility of
other semiconductor like Si (~1500 cm?/V.s), GaN (~1250 ¢cm?/V.s) and 4-SiC (~1000
cm?/V.s). For a boron concentration larger than a few 1017 cm ™3, scattering from neutral
impurities becomes more important. At boron concentration above 3x10'8 (em™3), the
scattering from neutral impurity becomes dominant. Once the scattering from neutral
impurity is involved, hole mobility is strongly degraded [11]. Similarly, a maximum
electron mobility of 1000 cm?/V.s is determined for the low doped n-type diamond.|51].

10° 10°
=10° 10°
E
%10“ 10°
%103 10°
=
£ 107 102
10’ 10’
10"10"°10'710"®10"°10* 10"°10"°10'"10°10"°10%

N, cm™) N, (cm®)

Figure 1.10: The dependence of hole mobility to boron concentration at a) 300 K; b) 500
K. Courtesy of Pernot et al. [11].

Free carriers density and carriers mobility at different doping concentration and tem-
peratures can be calculated by using the model introduced in Volpe et al. [6] and Pernot
et al. [11]. The free hole concentration is calculated by using the equation:

46 (Na = Nm]” - 1}
(¢4 + Np)*

where N, = 2 (2rm*k)*? /h3 and ¢4 = (g1/g0) No,T%? x exp (=%4), k is the Boltz-
man constant. The degeneracy factor of boron is assumed to be gi/go = 1/4 and the
average hole effective mass is 0.908my. N4 is the doping concentration and Np is the
compensation concentration. More detailed parameters and approximations can be found
in the corresponding references [6][11].

(1.18)

1
P=3

(¢A+ND){[1+
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Hole mobility at different doping concentrations and temperatures, considering that
only phonon scattering and dopant scattering can be calculated by [6][11]:

T ) _/B(Ni'mp)

TNim - 3007N1m Py
(T Ni) = 1300, Ni) (55

(1.19)

with Ny = Na+ Np. S (Nimp) and (300, Nypyp) is evaluated individually by fitting the
experimental data. The function 3 (Njn,) is calculated as:

Bmax _ ﬁmin
Ni'm, 8

L+ ()

where ™" = ( for highly doped material, 3™ = 3.11 for pure material, Ng = 4.1 x 10'8

em ™3 and 5 = 0.617 for boron doped diamond [6].
The (300, Nypyp) function is calculated as:

B (Nimp) = 8™ + (1.20)

min

P =
) o/
1 (Se)”

where fimin = 0 (cm?/V.s) for the highly doped diamond in which hopping appears,
fmax = 2016 (¢cm?/V.s) is the highest hole hall mobility, N, = 3.25 x 10'" ¢m™ and
v, = 0.73 [6].

Thanks to the above analysis, following conclusions can be drawn:

1. Boron doped p-type diamond is more favorable for diamond unipolar devices.
This conclusion is based on the fact that boron doped diamond has a lower dopant
ionization energy and a higher free carriers concentration compared to n-type diamond.
Furthermore, the hole mobility of p-type diamond is much higher compared to electron
mobility in n-type diamond.

2. Regarding the compromise of boron concentration and hole mobility, a boron
concentration of 10'7 (¢m™3) is highly desired. Therefore, throughout this PhD thesis, a
boron doped diamond epilayer of 107 (¢m™2) is intentionally mastered.

3. The ideal ON-state device characteristic corresponding to a desired OFF-state
breakdown voltage at a certain temperature can be projected by using the relationship
between carrier density and carriers mobility with doping concentration and compensation

max

11.(300, Nipp) = flumin + (1.21)

concentration.

1.2.3 Dielectric breakdown field

As mentioned above, OFF-state breakdown voltage of a power device is limited by the
maximum electric field of the material. Material with extreme critical electric field is
highly desired for power device to control significant OFF-state voltage and consequently
high power. As one can see from the different figure of merits, the higher the E. critical
field, the better the figure of merits. Therefore, wide bandgap devices reaching high
critical electric field can have a strong impact on power converters

For diamond, Langstrass et al. [52] has reported a paramount critical electric field of
20 MV /cm. However, this value is relatively lacking reality. In the mentioned work, the
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test devices were fabricated on a thick epilayer (30 um) and highly doped (10 cm™).
Commonly, diamond theoretical critical electric field is considered as around 10 MV /cm.

From experimental reports, diamond breakdown electric field is also very remarkable.
P. N. Volpe et al. [12] reported a lateral oxygen terminated boron doped diamond Schot-
tky diode on homoepitaxial boron doped (10'® ¢m™3) diamond with a breakdown voltage
of 10 kV and a peak electric field of 7.7 MV /cm at breakdown. The mentioned device
structure and performance is shown in Fig. 1.11. Traore et al. also reported a similar
breakdown electric field by using pseudo-vertical punch-through design [13]. The exper-
imental breakdown electric fields of diamond are already much higher compared to the
theoretical critical electric field of Si (0.3 MV /cm - doping and temperature dependent),
4H-SiC (3 MV /cm - doping and temperature dependent) and GaN (2 MV /cm - doping
and temperature dependent, also devices structure dependent - GaN has a wider bandgap
than SiC, but GaN devices are lateral where the peak electric field is not achieved due
to 3D effects).
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Figure 1.11: O-diamond Schottky diode on homoepitaxial boron doped diamond with a
breakdown voltage of 10 kV and a breakdown electric field of 7.7 MV /em. Courtesy of
Volpe et al. [12].

So far, we have shown that boron doped diamond is possibly the ultimate material
for unipolar high power devices. It is thanks to an elevated hole mobility and a superior
breakdown electric field. The incomplete ionization problem can be solved by increasing
the operation temperature. Therefore, diamond appeared to be an ideal candidate for
unipolar high power and high temperature applications. In the next part, we will briefly
review the architectures and performances of state-of-the-art diamond unipolar devices.
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1.3 States-of-the-art of diamond unipolar power de-
vices

Thanks to the superior physical properties, diamond was seriously considered for power
devices. After decades of investigation, epitaxial growth and doping control are well
mastered [35][36, 40]. Different approaches to realize the diamond devices have been
done. It can be categorized into two main directions: 1) two terminals devices such as
p-n junction [53], p-i-n junction [54], Schottky diode [55, 56, 12, 13]; 2) three terminal
devices such as bipolar transistor like BJT [57|[58], JFET [59, 60, 61, 62| and unipolar
transistor like MOSFET, MESFET and delta doped FET. The works on bipolar junc-
tion transistor (BJT) [57][58] and junction field effect transistor (JFET) [59, 60, 61, 62]
introduced numerous remarkable results on both the reliability at high voltage, high tem-
perature and normally-off transistor. Also, delta doped field effect transistors |63][64] are
very interesting to the physics point of view, although they did not show any mobility
enhancement.

As we have mentioned, in frame of this PhD thesis, we will only focus on unipolar
devices. As shown in Fig. 1.2, Schottky diode and transistor switches are the critical
elements of a power converter system. Hereinafter, the recent achievements on unipolar
diamond Schottky diodes and transistors will be summarized.

1.3.1 Diamond Schottky diode

Diamond Schottky diode with remarkable results were reported on both high ON-states
current and high OFF-state voltage. P. N. Volpe et al. [12] reported a breakdown electric
field as high as 7.7 MV/cm and a breakdown voltage around 10 kV. Other reports on
diamond Schottky diode also shown the remarkable breakdown voltage like Butler et al.
(6 kV)[55] and Umezawa et al. (840V- vertical structure)|56].

Traore et al. [13| reported a Punch-Through (PT) pseudo-vertical O-diamond Schot-
tky diode with Zr electrode and achieved an ON-state current as high as 103A /cm? and
an OFF-state voltage of 1 kV, as shown in Fig. 1.12. Thanks to the high ON-state
current and high OFF-state voltage, a BFOM larger than 244 MW /cm? were obtained
[13].

1.3.2 Diamond unipolar transistor

Basically, unipolar transistor can be categorized into either inversion mode transistor (Fig.
1.13a) or depletion mode transistor (Fig. 1.13b). Both inversion mode and depletion
mode transistor diamond were realized.

In principle, as any insulator can be used as the gate insulator, the devices should
be named as Metal Insulator Semiconductor Field Effect Transistor (MISFET). In this
work, we only employed Al,O3 oxide for gate insulator. Therefore, the devices will be
named as Metal Oxide Semiconductor Field Effect Transistor (MOSFET) hereinafter.
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Figure 1.12: Pseudo-vertical diamond Schottky diode and its electrical characteristics,
Courtesy of Traore et al. [13].
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Figure 1.13: Cross-section structure of a) Lightly doped drain inversion MISFET; b)
depletion MISFET; ¢) building block MISCAP.

1.3.2.1 Inversion mode diamond transistor

A conceptual cross-section structure of an LDD nMOS inversion mode transistor is shown
in Fig. 1.13a. Here, bulk of the transistor is a p-type semiconductor, source and drain are
formed on the n-type semiconductor. An pMOS inversion mode transistor can be formed
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by using the n-type semiconductor as the body and p-type semiconductor on source and
drain. Due to the p-n junctions between source/drain and bulk semiconductor, inversion
transistor is normally-OFF. Transistor is ON when the minority carriers of bulk epilayer
are inverted.

Recently, a pMOS phosphorous doped oxygen terminated inversion mode diamond
MOSFET was realized by Matsumoto et al. [14]. Cross-section and top view structure
of the device are shown in Fig. 1.14a-b, respectively. Device electrical characteristic is
shown in Fig. 1.14c. An ON-OFF ratio of 10 order of magnitude was obtained. However,
the maximum carrier mobility (8 ¢cm?/V.s) is much lower compared to the potential of
diamond. Breakdown voltage was not measured [14], but this transistor structure is
not a power transistor (no specific lateral drift region). This device was however a great
experimental proof of concept, showing for the first time the inversion regime in diamond.
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Figure 1.14: Inversion mode of pMOS phosphorous doped oxygen terminated diamond
MOSFET: a) cross-section structure; b) top view structure; ¢) electrical characteristics.
Courtesy of Matsumoto et al. [14].

1.3.2.2 Depletion mode transistor

Figure 1.13b represents the cross-section structure of a depletion mode MISFET. By
adding/removing the insulator layer, MISFET and MESFET can be achieved, respec-
tively. Since there are no p-n junction at source/drain and epilayer, the device is normally
ON. Gate potential is employed to modulate and close the channel (OFF-state). Due to
the specific doping concepts as discussed above, depletion mode diamond transistors can
be categorized into two main types: surface channel FET and bulk channel FET.

Surface channel FET Thanks to the natural conductive diamond surface as well as
the difficulties concerning epitaxial growth and bulk doping controlled, diamond surface
channel transistor was widely considered. Kawarada et al. [65] reported a proper H-
diamond MESFET in 1994. Since then, further H-diamond MESFETs were fabricated
toward the high frequency applications [66, 67, 68].
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However, a problem with H-diamond MESFET is the deleterious of 2DHG at elevated
temperature. To solve this problem, one employed a protective oxide layer to cover on
top of H-diamond surface. In this context, the researchers at NIMS 2 have reported
the band alignments and the electrical behaviors of H-diamond with many oxide layers
[69, 70, 71, 72, 73]. Band alignment measurements shown that there are a sufficient
valence band off-set between H-diamond and oxides. This configuration is, in principle,
preferable to block the hole from semiconductor transferring through the oxide layer to
metal gate and vice versa. However, due to the negative electron affinity of H-diamond,
only type II band alinement between H-diamond /oxide is obtained. There are no barrier
for electron from diamond side. Therefore, by using H-diamond, only depletion-mode
transistor is expected.
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Figure 1.15: The proposed model for the 2DHG at H-diamond /oxide interface. Courtesy
of Kawarada et al. [15].

The stability of 2DHG were addressed by the Kawarada’s group at Waseda university
3. Recent approaches demonstrated that Al,Oz deposited at high temperature (450°C)
could greatly preserve the 2DHG [74, 75]. The origin of 2DHG at H-diamond/oxide
interface is proposed to be due to the electron transfer between diamond and the trap
states in the oxide, as similar to the concept of 2DHG at H-diamond/air interface (Fig.
1.7). Figure 1.15 represents the proposed model for the 2DHG at H-diamond/Al,O3
interface in Kawarada et al. [15].

Thanks to the preservation of 2DHG, many H-diamond MOSFETs were realized |76,
21]. A recent report demonstrated the H-diamond MOSFET with an ON-state current
exceeding 100 mA/mm at Vpg=-50 V and an OFF-state breakdown voltage of 1700
V for Lgp =17um, as shown in Fig. 1.16 [15|. Until the moment, this is among the
best performance of a diamond transistor. This performance is also comparable with the
lateral devices of other mature power devices like III-Nitride or SiC.

2http://www.nims.go.jp
http:/ /www.kawarada-lab.com /english /index.html
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Recently, the Kawarada’s group also demonstrated the preservation of 2DHG for not
only on the planar structure but also on the trench gate structure [15]. Thank to this
particular interest, a vertical trench gate H-diamond MOSFET was recently realized [77].
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Figure 1.16: Electrical characteristics and breakdown voltage at different gate to drain
distances of H-diamond MOSFET. Courtesy of Kawarada et al. [15].

Even if the performance of H-diamond MOSFET is very interesting, its working prin-
ciple is actually based on an uncontrollability extrinsic factor i.e. trap states in the
oxide (as shown in Fig. 1.15). For power electronic applications where the reliability
of the device is crucial, this drawback is very undesired and necessary to be eliminated.
Also, this device has a positive temperature effect (ON-state resistance is increased by
increasing the temperature) [15]. Usually, the surface conduction transistors are based on
pseudo-intrinsic substrates, therefore there is no optimization of the doping concentration
relatively to voltage breakdown mechanisms.

Bulk channel FET As shown in Fig. 1.13b, a depletion mode transistor can also
be realized by controlling the SCR in bulk of epilayer. To realize an effective bulk con-
trolled FET, one needs to firstly master the issues related to epitaxial growth, dopant
incorporation and also high ionization energy of the dopant levels. However, since all of
the superior physical properties of diamond that we discussed above are related to bulk
diamond, a bulk controlled diamond FET is highly desired.

Umezawa et al. [16] realized a bulk controlled diamond MESFET by using oxygen
terminated boron doped diamond. Top view structure and cross-section structure of this
boron doped diamond MESFET are shown in Fig. 1.17.

Device electrical characteristic is shown in Fig. 1.18a. ON-state current of 0.06
mA /mm is obtained. The ON-state current is limited by the highly resistive contact
resistance. For OFF-state breakdown voltage, the device achieved a 1500 V breakdown
voltage. Since this device is using bulk as the channel, a negative temperature coefficient
is obtained.
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Figure 1.17: Top view structure and cross-section structure of the oxygen terminated
boron doped diamond MESFET. Courtesy of Umezawa et al. [16].
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Figure 1.18: MESFET electrical characteristics and breakdown voltage at different gate
to length distance. Courtesy of Umezawa et al. [16].

However, there are two problems with the boron doped bulk controlled diamond MES-
FET. The first problem is related to the versatility of gate bias. Since the gate is formed
by a Schottky diode, there are generally a small threshold voltage in the forward regime.
Therefore, gate of the transistor is only able to be biased from around 0 V to positive
bias (to prevent gate leakage current in the transistor to allow electrostatics controlled
diamond epilayer). Therefore, the accumulation regime in semiconductor is not obtain-
able. This problem can be important in the moderate voltage application (around 1
kV) where channel length is approximate gate to drain distance. Another problem with
MESFET is related to reverse current at the Schottky contact between metal gate and
diamond. As discussed in Traore PhD thesis 78], reverse current in diamond Schottky
diode is controlled by thermionic-field emission. By increasing diamond doping concen-
tration, electric field in reverse bias is being steeper. The typical thermionic emission
current in an ideal Schottky diode will be enhanced by the tunneling current occurs at
the thinner extension part of the potential barrier. Therefore, in order to prevent reverse
leakage current, a low doped drift region of 10'® cm™ is required [78]. As we discussed
above, this doping concentration is not an optimized value for the trade-off between the
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activated carriers and the carriers mobility. Moreover, the doping of the drift region is
usually optimized to one particular value, as a function of the targeted breakdown voltage
[23]. Therefore, in order to be able to bias the gate in negative direction as well as increase
the doping concentration of the epilayer to the optimum value (1017 cm™3) , a gate oxide
must be introduced.

1.4 Metal Oxide Semiconductor Field Effect Transis-
tors (MOSFET)

1.4.1 MOS capacitor working principle

As shown in Fig. 1.13, a general feature between the inversion MOSFET and the de-
pletion MOSFET is the MOS capacitor building block (Fig. 1.13¢). In principle, once
a Vpg is applied, the ON/OFF current between source and drain is actually controlled
by the voltage at gate metal. The physics behind this phenomenon is gate controlled
semiconductor surface potential ¥, and semiconductor charges Qs.. This relationship for
a p-type semiconductor can be schematically represented in Fig. 1.19. Semiconductor
charge @), is calculated as a function of semiconductor surface potential W, as following
[17]:

kT kT 12
40 (0,) =+ {%schA {7 (em?/M — 1) + 0, + 76‘1(‘”5—2%)/’”}] (1.22)
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Figure 1.19: Relationship between semiconductor charge Qg and semiconductor surface
potential Ug. Courtesy of Vincent et al. [17].
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where W, is the semiconductor surface potential, ¥, is bulk potential which is defined
as potential different between intrinsic Fermi Level and Fermi Level in the neutral part.
Semiconductor surface potential Uy is defined as the potential difference between surface
and neutral part of semiconductor. The (+) and (-) sign correspond to the positive charge
of the hole in accumulation regime (¥, < 0) and negative charge of electron in inversion
regime (W, > 2W,), respectively.
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Figure 1.20: Schematics description of different regimes of a MOS capacitor: a) definition
of semiconductor surface potential ¥g; b) accumulation regime under negative bias; ¢)
depletion and deep depletion regime under positive bias; d) Flatband regime where there
are no energy different between surface and neutral part of semiconductor.

In an ideal p-type semiconductor system, by biasing gate metal from negative bias to
positive bias, semiconductor surface potential and semiconductor charge are being driven
into different regimes:

1. Accumulation: When a negative gate bias is being applied, semiconductor surface
band energy is bent upward. Majority carriers are being accumulated at semiconductor-
oxide interface, as shown in Fig. 1.20c. Semiconductor charge Q. (equation 1.22) can
be approximated as:

Qsc ~V e—aVs/KT — 1 (123)

2. Depletion and deep depletion: When a positive bias is being applied, the p-type
semiconductor band energy is bent downward, as shown in Fig. 1.20b. Semiconductor is
being converted to depletion and deep depletion regime. The semiconductor charge Qg
is proportional to square root of surface potential. Equation 1.22 is approximated by:

Quc ~ VU, (1.24)

3. Inversion: Semiconductor reach the inversion regime when ¥, > 20, (Fig. 1.19).
With ¥, is semiconductor bulk potential, as defined in Fig. 1.20a. Semiconductor charge
at the surface is being inverted by minority carriers. Semiconductor charge is being
exponentially proportioned to Wy — 2W,. Equation 1.22 can be approximated as:
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Qe ~ Vet(¥e—20,) /KT (1.25)

4. Flatband: Flatband regime is the position where there are no energy difference
between the surface and the neutral part of semiconductor. In another words, semicon-
ductor surface potential is equal to 0 eV, as schematically shown in Fig. 1.20d. Therefore,
flatband voltage and flatband capacitance are a demarcation between accumulation and
depletion. At flatband voltage, semiconductor charge and consequently semiconductor
capacitance is a function of semiconductor intrinsic Debye length as:

€sc€0

Csrp) = 3 (1.26)
P
With A, is the semiconductor intrinsic Debye length and be calculated as:
es€okT 1/2
\, = 1.27
= (=) (127

A “completely electrostatics gate controlled MOS capacitor” is obtained when metal
gate can effectively tune semiconductor surface potential and semiconductor charges to all
regimes: accumulation, flatband, depletion, deep depletion and inversion. Subsequently,
depending on the FET structure and architecture, the current flowing/blocking between
source and drain can be controlled by the metal gate.

In this context, in order to examine the possibility of using boron doped diamond
for diamond MOSFETSs, we need to perform the study on the boron doped diamond
MOS capacitor. As illustrated by Maier et al. [33|, there are 3 eV difference between
H-diamond and O-diamond. With the negative electron affinity of H-diamond(-1.3 eV),
there are no oxide candidate to be able to create a type-I band alignment (oxide can
create the barriers for both hole in valence band and electron in conduction band of
semiconductor) between H-diamond and oxide. Therefore, it is not possible to obtain
an inversion MOSFET by using H-diamond. A viable approach is terminated diamond
surface by oxygen. Oxygen terminated diamond can be obtained by either oxygen plasma
treatment, chemical treatment or deep UV ozone (Xenon lamp centered at 172 nm serve
as UV light sourve) treatment [18, 79]. With an electron affinity of approximately +1.7eV
[33], O-diamond is expected to have a type-I band alignment with Al,Oz. Therefore, by
using O-diamond, it is possible to realize either depletion-mode transistor and inversion-
mode transistor.

1.4.2 O-diamond MOS capacitor

The research on O-diamond MOS capacitor at Wide Bandgap Semiconductor Group
(SC2G) 4- Institute NEEL begun from 2012. Chicot et al. [18] reported the first O-
diamond MOS capacitor by using the DUV ozone treatment and a low temperature
(100°C) Atomic Layer Deposition (ALD) to deposit AloO5 gate oxide. The initial MOS
capacitor test device structures are shown in Fig. 1.21. The author claimed they are
able to modulate diamond semiconductor in different regime: accumulation, depletion
and deep depletion. However, this initial approach also shown the problematic of gate

thttp:/ /neel.cnrs.fr/spip.php?rubrique48
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leakage current and capacitance-frequency dependent, as shown in Fig. 1.22. Gate leakage
current and strong capacitance-frequency dependent were systematically observed when
MOS capacitor devices being biased negatively. Under positive bias, leakage current and
capacitance-frequency dependent were also observed, but randomly.

In 2015, Kovi and co-authors [20] at Uppsala University ® also reported the results on
oxygen terminated boron doped diamond MOS capacitor. They employed the identical
structure and varied the epilayer doping concentration (from 10'” em™ to 4x10' em™2).
They obtained similar electrical characteristics than Chicot et al. [18]. Test devices
exhibit a strong leakage current and strong capacitance-frequency dependent. The au-
thors claimed they observed the minority carriers inversion on the fact that gate leakage
currents were significant [20] .

Ohmic Au Al
contact Pt i
Ti Nzoa |
MOS . #0
structure p++ diamond
[
ﬂ: Al |
Ti AlLO; 41
p- diamond #2
I
élil Al
i ALO;

p-diamond | #4

(a) (b) i++ diamond #6

Figure 1.21: First propositional structure of a O-diamond MOS capacitor. Courtesy of
Chicot et al. [18]

In 2015, Marechal et al. [19] at SC2G® and G2Elab "reported the O-diamond MOS
capacitor by using pseudo-vertical structure, as shown in Fig. 1.23a. In this new archi-
tecture, a metallic p+ diamond is inserted at the bottom electrode to reduce the series
resistance. Ohmic contacts were deposited directly on the metallic diamond p+ layer.
This architecture allows Al,O3 to be deposited at higher temperature (as high as desirable
and within the limit of the apparatus). Gate leakage current and capacitance-frequency
dependent were greatly reduced, but still existing.

By performing the X-ray Photoemission Spectroscopy (XPS) measurement, type-I
band alignment between O-Diamond/Al,O3 was determined [19] and shown in Fig. 1.23c.
This band alignment configuration allowed to realize both depletion MOSFET and inver-
sion MOSFET as well as confirmed the advantage of using O-diamond for boron doped
diamond MOSFETs.

Even if the test device performance has improved, the problematic issues is still ex-
isting. There are still systematic leakage currents and capacitance-frequency dependence
when test devices are under negative bias. Under positive bias, leakage currents are

http://www.uu.se/en
Shttp://neel.cnrs.fr/spip.php?rubrique48
Thttp://www.g2elab.grenoble-inp.fr
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Figure 1.22: Typical J-V and C-V characteristics of some first O-diamond MOS capacitor.
Leakage current in both forward bias and reverse bias is observed. Capacitance are
strongly frequency dependent. Courtesy of Chicot et al. [18]
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Figure 1.23: a) Pseudo-vertical structure O-diamond MOS capacitor; b) Band alignment,
between O-diamond and Al,O3 deposited at 250 °C. Courtesy of Marechal et al. [19]

still randomly observed. From the understanding point of view, the physical insight
of O-diamond MOS capacitor is still unclear. There are not existing an appropriate
model on the leakage current under both negative bias and positive bias. The origin of
capacitance-frequency dependent is still unclear. Information on the Al,O3 gate oxide,
the interface and most importantly, the controllability of diamond by using gate bias were
not clearly and quantitatively clarified. In the end, a complete electrostatics model for
the O-diamond MOS capacitor is still missing at the beginning of my PhD.

From the transistor point of view, a proper unipolar boron doped diamond MOSFET
by controlling bulk diamond is still not accomplished at the beginning of this PhD study.



Chapter 1. Boron doped diamond semiconductor for unipolar power devices

1 4 I b ' v 1 4 1 . 10.‘l d I I I A | o M ]
0.14 p o 1kHzA 10%f —— 300K
N o 10 kHz | 10° F
012 100 kHz ]
— 1TMHz | —~ 10"
g 5 10°f
w 0.10F I :
(o] ‘» 7L
2 0.08} s 10F
© E
B - 107 F
< 3
4 & . oof
g 0.06f SR SN
o . )
1010{ etecuon limi
0.04 | 10"k (b)
PR TR NP SENPR SR 10'12'.1.1.1.1.11
8 6 -4 -2 0 2 4 8 6 -4 2 0 2 4
Bias voltage (V) Bias voltage (V)

Figure 1.24: Flectrical characteristics of the pseudo-vertical O-diamond MOS capacitor,
a) C-V characteristic; b) J-V characteristic. Courtesy of Marechal et al. [19]

1.5 Conclusion

Diamond is a fascinating semiconductor with multiple superior physical properties for
power electronics devices. However, a 2DHG surface channel diamond MOSFET is seemly
not sufficient to fulfill all the potential. Controlling the bulk of diamond to realize a
transistor is therefore crucial.

The objective of this thesis is the realization of a bulk controlled boron doped diamond
MOSFET for power device applications. The scope of this thesis is ranging from the
fundamental investigations the test device MOS capacitors structure and then realization
a diamond MOSFET. This thesis is devoted to address the following issues:

i) The reliability of C-V measurements and eliminate the artifacts.

ii) How to access critical information on diamond semiconductor like surface potential,
semiconductor charges, space charge width and its variation with gate bias?

iii) What is the origin of leakage current in both forward bias and reverse bias direc-
tion? What is the origin of capacitance-frequency dependent in both forward bias and
reverse bias? Is it minority carriers inversion observed by Kovi et al [20]?

iv) From the understanding of the MOS capacitor test devices, is it possible to realize
a diamond MOSFET by controlling the bulk of diamond? How about the performance
and the potential of this transistor?

This manuscript will answer to the mentioned questions by two main chapters:

Chapter 2: This chapter is devoted to the fundamental understanding of MOS capac-
itor test devices. It is included three parts:

Part 1: This part addresses the methodology issues related to diamond growth



1.5. Conclusion 29

and doping controlled, fabrication processes and electrical characterizations. The relia-
bility issues related to a proper C-V measurements. From proper C-V measurements,
we evaluate the information of a O-diamond MOS capacitor such as charges compo-
nents, semiconductor surface potential and SCR width variation with gate potential.
High frequency-capacitance method is being applied to quantify interface states density.
Electrostatics model based on different charge components is constructed. Electrostatics
band diagram will be introduced and the limit of this model will be discussed.

Part 2: This part is devoted to elucidate the origin of leakage current of MOS
capacitors under negative bias. The origin of capacitance-frequency dependent will be
discussed. Interface states density will be re-evaluated by using the conductance method
with DC current contribution being subtracted. With the interface states density from
conductance method, a complete electrostatics simulation will be introduced and com-
pared with experimental results by mean of semiconductor surface potential.

Part 3: This part is devoted to investigate the origin of gate leakage current
when MOS capacitors are under positive bias. Device characteristics-substrates profile
correlation will be mentioned. Relationship between leakage current and capacitance-
frequency dependent when MOS capacitors are under positive bias will be elucidated.
Origin of the so-called “inversion” will be discussed.

Chapter 3: This chapter is devoted to introduce the proof of concept of a bulk con-
trolled boron doped diamond MOSFET. We will introduce our approaches to realize a
bulk controlled boron doped diamond MOSFET working in depletion mode. The perfor-
mance of this device will be presented and demonstrated a complete electrostatic gate
controlled boron doped diamond MOSFET. Along with the MOSFETs, different test de-
vices such as MOS capacitors, TLMs were also fabricated and will be presented. The
combination of MOSFETs with test devices and 2D finite element simulations allows us
quantify the critical parameters of the MOSFET like contact resistance and carriers mo-
bility. This device will be benchmark for the purpose of comparison with other diamond
transistor and will be projected toward device optimization.

Finally, conclusions and perspectives of this work will be given.
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As introduced in the first chapter, the MOS capacitor stack is the building block of
a MOSFET. In order to realize a diamond MOSFET, it is necessary to comprehensively
control the diamond/oxide interface. Therefore, a complete understanding of the MOS
capacitor is required. In this chapter, we will focus on different fundamental aspects of
the boron doped O-diamond MOS capacitor test device toward a bulk controlled diamond
MOSFET. This chapter will include three parts:

Part 1: We address several technical issues related to a MOS capacitor test device such
as: the needs of new structures to reduce series resistance, the diamond growth and device
fabrication processes, the electrical measurements and the finite element electrostatics
simulation. Then, we examine the artifact effects on the capacitance measurement and
we introduce a method to perform a proper capacitance measurement. From the proper
capacitance measurement, the methodologies to quantify the crucial information of the
MOS capacitor such as semiconductor charge, oxide charge and the variation of semi-
conductor surface potential versus gate bias will be presented. Interface states density is
also extracted from the high frequency-capacitance method. Finite element electrostat-
ics simulation will be employed to simulate the electric field, potential distribution and
electrostatics band diagram of the system. The discrepancy between simulation results
and experiment results by mean of semiconductor surface potential will be discussed.

Part 2: From the electrostatics band diagram, the origin of leakage currents when
O-diamond MOS capacitors are under negative bias (forward current) will be elucidated
in this part. A special attention will be paid to the relationship between forward current
and interface states. We will also discuss different aspects related to the leakage current
such as the limiting processes and the thermal activation processes. Equivalent circuit
will be introduced and different approximations will be employed to simplify the model.
Conductance method by using the equivalent circuit and subtracting the DC current is
employed to extract interface states density. The relationship between DC leakage current
and a.c signal measurements will be clarified. A complete electrostatics model will be
presented.

Part 3: We discuss the leakage current when the MOS capacitor is under positive bias
(reverse current). The relationship of reverse current with substrate imperfection will be
clarified by mean of combination electron beam microscope measurements. The effect
of DC reverse current on the a.c measurements will be elucidated by mean of equivalent
circuit with all determined parameters. The conclusion on minority carriers inversion in
O-diamond MOS capacitor by Kovi et al. [20] will be reassessed.
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2.1 Methodology

2.1.1 MOS Capacitor test device structure

As mentioned in chapter 1, one of the problems with diamond devices at RT is the
incomplete ionization of the dopant. Even if boron is the shallowest dopant, its ionization
energy is still very high (E4 ~ 0.38 eV). Therefore, there are limited number of free
carriers on the energy band edges. A consequence of this issue is the series resistance
of diamond devices will be high. As shown in Fig. 2.1a, by using the lateral structure
without a metallic p+ layer [18|, a considerable series resistance in the MOS capacitor is
expected since all the current is flowing in the incomplete ionized semiconductor p- layer
[22]. Another problem with lateral structure [18] is the limitation of ALD temperature.
Due to the photoresist layer on top of diamond substrate, temperature of ALD chamber
have to be limited at around 100°C (to prevent damaging the photoresist layer).

In order to solve the mentioned problems, we employed the pseudo-vertical structure
[13] with a metallic diamond layer on the back side of the epilayer. With this metallic
p+ layer, most of the additional ON-state resistance is localizing in metallic p+ layer, as
shown in Fig. 2.1b. Comparing to the lateral structure in Fig. 2.1a, where most of the
additional ON-state resistance is localizing in the p- layer, the pseudo-vertical structure
is expected to have a much lower series resistance. The pseudo-vertical MOS capacitor
is firstly presented in Marechal et al. [19] and his PhD thesis [24]. This structure will be
used for all MOS capacitor test devices in this chapter.

Lateral structure a) Pseudo vertical structure b)
— —l |
Ib HPHT substrate T S A elal 3
I it -
Lateral view E 1, Additional | Lateral view
I Active area |l on-state resistance_:
- O 1 ohmic contact . [ ohmic contact
O I Schottky contact I Schottkv contact
| slightly boron doped layer Top view I Heavily boron doped layer
Top view [ Slightly boron doped layer

Figure 2.1: Tllustration of the conduction path in MOS structures; a) without a buried
p-++ layer; b) with a buried p-+-+ layer.

Figure 2.2a represents the conceptual cross-section structure of the O-diamond MOS
capacitor test devices used in this work. In this structure, a 300 nm metallic diamond
p-tlayer (5x10%° ¢cm™3) is inserted at the bottom of p- diamond epilayer (10*7cm™3).
Both layer were homoepitaxially grown on top of a diamond substrate. The p- layer was
then selectively etched to create a mesa structure. Ohmic contact and Metal-Insulator-
Metal (MIM) capacitor test devices are allowed to be deposited directly on top of p-+
layer. Metal-Oxide-Semiconductor (MOS) capacitor test devices are formed on top of
the semiconducting p- layer. Test devices (MIM capacitors and MOS capacitors) were
intentionally fabricated with different shapes and sizes. The corresponding plan view
structure is shown in Fig. 2.2b.
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Figure 2.2: a) Conceptual cross-section structure of test devices included Ohmic contact,
MIM Capacitors and MOS Capacitors; b) Corresponding plan view of test device struc-
ture where MIM capacitors and MOS capacitors are fabricated with different shapes and
sizes.

2.1.2 Substrates and cleaning substrates

The 3x3 (mmxmm) High Temperature High Pressure (HTHP) Sumitomo (100) diamond
substrate is used to grow the diamond epilayer. Figure 2.3a represents the typical
substrates dimension and Figure 2.3b represents an optical profile-meter photograph of
the substrate. The substrate was polished by Syntek company to provide the atomically
flat diamond surface. Corner-cut was specifically designated to distinguish the top-side
and bottom-side of the substrate.

3 mm

3 mm

Figure 2.3: a) Typical feature of a 1b HTHP diamond substrate; b) Optical profile-meter
photograph of the substrate.
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Prior to the growth, the substrate is cleaned by a standard cleaning process. In a
first step, the substrate is cleaned with solvent (acetone, ethanol, DI water) in ultrasonic
to remove dust and surface contaminations. In a second step, the substrate is immersed
into a mixture acid solution of HCIO4:HNO3:H,SO, (1:4:3) at 250°C during 30 minutes
to remove carbon-phase and graphite on the diamond surface.

2.1.3 Diamond growth

Diamond epilayers were grown by Microwave Plasma-enhanced Chemical Vapor Depo-
sition (MPCVD) NIRIM reactor [4]. This is a modified version of the Japanese reactor
created at NIRIM (National Institute of Research in Inorganic Materials) by Kamo et al.
[80]. Figure 2.4b represents the photograph of the MPCVD reactor at Institut NEEL '
when the plasma ball is activated.

Figure 2.4: MPCVD reactor at Institut NEEL.

Figure 2.5 represents the working principle of the reactor. The reactor working prin-
ciple is based on a plasma discharge ball at the intersection between silica tube and
microwave guide. A microwave guide (generator operating at 2.45 GHz) can be tuned
by adjusting the impedance in order to minimize the reflected power and maximize the
energy at the plasma discharge ball. Gas sources like methane, oxygen, hydrogen and
diborane are used for diamond growth and boron doping control.

Recipe parameters for the growth of p+ layer and p- layer are illustrated in Table 2.1.
During growth, the thin film’s parameters such as thickness and doping concentration are
followed by the in-situ ellipsometry spectroscopy [81]. More details on diamond epilayer
growth and doping controlled can be found in the Fiori’s PhD thesis [4].

After growth, diamond surface topography is characterized by different methods. Fig-
ure 2.6a represents the surface topography measured by optical profile-meter. Figure 2.6b

Thttp:/ /neel.cnrs.fr
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Figure 2.5: Schematics representing the structure and the working principle of the reactor.
Courtesy to Fiori’s PhD thesis [4]

laver Pres | Temp | Power | B/C | CH, H, 0, [B]

y (Torr) | (°C) (W) | (ppm)|(sccm) | (scem) | (sccm) (cm3)
p* 33 | 830 | 240 |1200| 7.6 200 0 5x1020
p 33 | 870 | 270 | 600 1 100 0.25 2x1017

Table 2.1: Conditions for growth of metallic diamond (p+) and moderate boron doped
diamond (p-).

represents the surface topography measured by Atomic Force Microscope (AFM). From
both measurements, the surface Root Mean Square (RMS) are generally found less than 1
nm. On the top of diamond surface, there are remarkable defect structures. More details
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on the features of defective structures and their correlation with electrical characteristics
of test devices will be addressed in the part 3 of this chapter.

n
— 192

- 150

- 100

Figure 2.6: Diamond surface topography after growth measured by a) Optical profile-
meter; b) AFM.

2.1.4 Test devices fabrication

Figure 2.7 represents the fabrication processes for etching p- layer and ohmic contact
deposition.

The corresponding top view structure for each step is also given. Photoresist (5S1805) is
firstly coated on top of the substrate by using spin coating. A Heldelberg DWL66FS laser
lithography instrument is employed to define contact area, as shown in Fig. 2.7a. MF26
developer is used to develop the photoresist. A plasma etching of 30 s is subsequently
employed to eliminate the residual photoresist. Plassys ebeam evaporator is employed to
deposit a 150 nm Nickel (Ni) mask layer on the defined region, as shown in Fig. 2.7b.
The Plassys Reactive Ion Etching (RIE) with a manual process (average etching rate
of 40 nm/min) is used for etching p- layer, as shown in Fig.2.7c. After etching, the Ni
mask is removed by immerse into aqua-regia solution at 250°C during 30 min. The etched
thickness is confirmed by optical profile-meter and mechanical scanning Dektak, as shown
in Fig.2.8.

Figure 2.9 represents the test devices (MOS capacitors and MIM capacitors) fab-
rication processes. In order to replace the hydrogen terminated layer by the oxygen
terminated layer, we employed the Deep Ultra Violet (DUV) ozone technique [79]. The
DUV ozone treatment is illustrated in Fig. 2.9a. AlyO3 gate oxide was then deposited on
top of the O-diamond by Atomic Layer Deposition (ALD) method by using a Savannah
100 ALD system from Cambridge Nanotech, as shown in Fig. 2.9b. This deposition
method consists in sequential exposure of diamond surface to precursor Trimethylalu-
minium (TMA) and oxidant water. The pulse and exposure duration were 15 ms and
30 s, respectively. Chamber pressure is typically set as 1.3 x 10™! (torr). Since there
is no photoresist involved during the ALD deposition, the chamber temperature can be
increased as high as desirable, in the limit of the equipment. During this thesis, two depo-
sition temperatures were used: 250°C and 380°C (limit of our ALD equipment). After the
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Figure 2.8: a) Optical profile-meter of the etched mesa structure.

gate oxide deposition, the sample is going through a new laser lithography process. This
new lithography process allows to define the contact area of MOS capacitors and MIM
capacitors, as shown in Fig. 2.9c. Metal gate is then deposited by using Plassys ebeam
evaporator. Finally, a lift-off process in acetone is performed to remove the photoresist,
as shown in Fig. 2.9d.

During my PhD, T have fabricated 7 test devices dedicated to investigate the O-
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Figure 2.9: Schematic describing MOS capacitors and MIM capacitors fabrication steps.

diamond MOS capacitor. Table 2.2 summarizes the processing details of the fabricated
samples studied in this work.

p- thickness dee Surface ALD Metal .
Sample thickness temperature Annealing
(nm) treatment o electrode
t, (nm) °0)

#1 600 20 Duv 250 Ti/Pt/Au NA

#2 300 10 DUV 250 Ni NA

#3 300 20 DUV 380 Ti/Pt/Au 500°C-VC

#4 400 40 Chemical treatment 380 Ti/Pt/Au NA

#5 400 40 Duv 250 Ti/Pt/Au NA

#6 400 20 F- termination 250 Ti/Pt/Au NA

#7 400 20 DUV 380 Pt/Au FGA 450°C

Table 2.2: Processing conditions for fabricating test devices during this thesis. DUV
indicates deep UV ozone treatment. F-termination indicates the fluorine termination.
FGA indicates Forming Gas Annealing.

Figure 2.10 represents the optical photograph of sample #1. MOS capacitors, MIM
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capacitors and ohmic contact are delineated for an eye guiding. The MOS capacitors are
then numbering for the systematic measurement and comparison. Figure 2.10b represents
the MOS capacitor mask after numbering.

Figure 2.10: a) Optical photograph of the fabricated test devices included Ohmic contact,
MIM capacitors and MOS capacitor. b) the mask of MOS capacitor after numbering.

2.1.5 Electrical measurement
2.1.5.1 Experimental set-up

For electrical characterization, tungsten tips were used to probe the contact pads. Ohmic
contacts were grounded and potential were applied on top of the test devices, as shown
in Fig. 2.11a. Current-Voltage (I-V) characteristics were measured thanks to Keithley
2611, Keithley 6517B electrometer and Solartron Modulab.

For the a.c measurements (impedance/admittance/capacitance), a small a.c signal
with an amplitude voltage of V,.=20 mV is superimposed the DC signal (Fig. 2.12a).

Electrical measurements were performed thanks to the electrical characterization plat-
form in our group, as shown in Fig. 2.11b.

2.1.5.2 Capacitance-frequency measurements

Small signal a.c measurements were performed by ModuLab XM MTS 2. One of the most
remarkable feature of this equipment is the concept of multisine/Fast Fourier Transform
(FFT) impedance measurement in a wide frequency range (from pHz to MHz). Figure
2.12b represents the Solartron modulab and the accessories in our lab.

As shown in Fig. 2.12a, in order to measure the impedance of a system, a small sine
wave a.c voltage is superimposed to the input in order to measure the a.c current at the
output. To examine the response of a system against frequency, one usually performs
different single measurements at different fixed a.c frequencies (i.e. C-V at different

http:/ /www.ameteksi.com /products/materials-testing-systems /modulab-xm-mts
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Figure 2.11: a) General electrical measurement configuration; b) Electrical measurement
platform at Wide bandgap Semiconductor Group (SC2G)- Institut NEEL

p-semiconductor

Ohmic contact

Figure 2.12: a) Impedance measurement configuration; b) Solartron modulab and the
accessories

frequencies) by using LCR impedance analyzer. This measurement can introduce some
sources of errors, especially the degradation of the sample with different biasing cycles.
For instance, DC current can be changed after several C-V measurements. Another
problem with LCR impedance analyzer system is the low cut-off frequency (around 1
kHz). Therefore, it’s usually difficult to perform the impedance measurement at the
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frequency lower than 1 kHz.

The multisine/FFT concept is based on generating and composing different sine wave-
forms into one measurement, as shown in Fig. 2.13. After that, by using the fast Fourier
transform technique, the data on time domain (voltage and current samples collected
over a period of time) are converted into the frequency domain (analyzing the frequency
content of the signal and presenting impedance v.s frequency data). By using this con-
cept, we are able to measure the response of a system against a wide frequency range,
at different fixed gate bias. This is the C-f measurements that we will present in the
following parts.
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Figure 2.13: Multisine waveforms concept of Solartron Modulab

Since the a.c measurement is performed at fixed gate bias, there is no DC degradation
due to the biasing cycles. It is worth mentioning that this measurement in fact took a
few seconds to be completed. Therefore, C-f measurement is appropriate to examine
the response of a system against frequency. In our a.c measurements, we employed the
frequency range from 1 Hz to 1 MHz. By further decreasing the frequency, the impedance
of the system is increased rapidly while we did not observe further interesting phenomena.

2.1.5.3 Impedance measurement circuits

In principle, an impedance meter is measuring;:
Z=7+37" (2.1)

where Z' = Re(Z) the real part of impedance and Z” = I'm(Z) the imaginary part of
impedance, j is the purely imaginary complex number (j2 = —1).Then, depending on the
configuration used in the software, the system is able to plot different parameters like C,
L or R. However, the assumptions are needed to convert Z = Z' + jZ” to C, L and R.
The most used circuit is the parallel circuit C, — R, as shown in Fig. 2.14b. Admittance
of this C, — R, circuit is:

1
Y=Y+ = A + jwC, = G, + jwC, (2.2)

P
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100 kQ R, — “m

Figure 2.14: a) The calibrated test circuit provided by Ametek Scientific Instruments; b)
C, — R, circuit; ¢) Cy — Ry circuit; d) C,, circuit.

Which is equivalent to the inverse of measured impedance. This relationship can be
expressed as:

1 1
- 7157 Y (2.3)
By conjugate multiplication, equation 2.3 is then equivalent to:
7 _ jZ”
- 72 + AL (2‘4)

The parallel capacitance C, and the parallel conductance G, is then calculated as:

Z" 1
% = Zaizmg (2:5)
Z/

Gv = Zaigm (2:6)

By using the series Cy — R, configuration (Fig. 2.14¢), the series capacitance C, and
series resistance R can be directly evaluated as:

1
= 2.
Cs w4 (2.7)
R, = 7 (2.8)

For C,, configuration (Fig. 2.14d), the measured impedance is considered to be purely
capacitive and C,,, can be calculated as:

11

Cop = o —
Z|w

(2.9)

We employed the calibrated test circuit (Fig. 2.14a) provided by Ametek Scientific
Instruments to determine the measurement circuit used by Solartron Modulab.

The measured capacitance of the calibrated test circuit is compared with different
measurement, configuration, as shown in Fig. 2.15. This measurement illustrates that
Solartron Modulab is using the C,, configuration (Fig. 2.13d) to measure the capacitance.
The data can be converted to parallel circuit C, — R, or series circuit C; — R, by the
above procedure (Fig. 2.15).



46

10'8?

Capacitance (F)

10-10_

e C(Solartron)
Cm
Cp
Cs

o
o

10

10

10°

10* 10° 10°

Frequency (Hz)

Figure 2.15: Capacitance-frequency characteristic of the calibrated test circuit by using
different measurement configurations

2.1.6 Electrostatics simulation

To visualize the electrostatics properties (electric field distribution, potential distribution,
band bending) of a MOS capacitor response to gate bias, the electrical measurements are
not sufficient. In this context, an electrostatics simulation is highly desired. We employed
the Nextnano software 2 to perform the finite element electrostatics simulation.

Al,O,4 O-diamond
X “"AE,=0.56 eV
| Ec
Eg,,=T7.4¢eV Eg,.=5.5eV
v
A T EV
' i 2E,=134eV | |
i (Eci-Evemarzos E
Al 2p, 1 Ll.">
AEg @
\ 4 A4 C1s

Figure 2.16: Band alignment input configuration for nextnano electrostatics simulation

[19].

http:/ /www.nextnano.com /index.php
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In order to have the simulations as accurate as possible, the empirical input param-
eters are highly desired. One important parameter for electrostatics simulation is the
O-diamond/oxide band alignment. As mentioned in the first chapter, this parameter has
been determined by Marechal et al. [19]. Figure 2.16 represents the type I band alignment
between O-diamond and Al,O3 that we have implemented into our simulations.

In the following sections, by different experimental approaches, we will gradually de-
termine the parameters for an empirical electrostatics simulation. The simulation results
will be compared to experiment results by mean of semiconductor surface potential W,.

2.1.7 C-V characteristic of an ideal MOS capacitor

We firstly present the C-V characteristics of an ideal p-type Si/SiOy MOS capacitor. In
ideal case, a MOS capacitor includes two capacitors in series: oxide capacitor C,, and
semiconductor capacitor C,.. This ideal configuration is important to examine the re-
sponse of semiconductor versus gate bias. Under negative bias, semiconductor surface

Accumulation . Depletion or inversion
\ 10
\
L 1 °
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\ N, =1.45x10' cm™3
0.8 06} d= 20003
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) v
— - ¥ ! e
04 7]1‘\Ca 1 Conin f— — —ﬁ\i =
i § \\
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il Si-Sio,
Vy
0.0 1 1 ] ) ] 1 * 1 1 L. 1
-8 -4 -2 0 2 4 6
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Figure 2.17: Typical Capacitance-Voltage characteristics of an ideal MOS capacitor

potential Wg is bent upward, semiconductor charge is exponentially dependent to semi-
conductor surface potential Ug [17]. The surface of semiconductor is like a metal. MOS
capacitor is in accumulation regime (Fig. 2.17) with a capacitance value equivalent to
the oxide capacitance Cy;05=C,,.
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By sweeping the gate potential from negative bias of accumulation regime toward
positive bias, semiconductor is driving toward depletion regime (Fig. 2.17). In depletion
regime, semiconductor Space Charge Region (SCR) width and corresponding semicon-
ductor capacitor C,. will be created. Capacitance of the MOS capacitor is equivalent to
series oxide capacitor and semiconductor capacitor Cyos = Ci‘;”fg;.

By further biasing in positive direction, semiconductor reaches inversion regime once
v, > 2¥, where VU, is the bulk potential. Capacitance of the MOS capacitor is now
depending on applied frequency. At high frequency, C,,;, value is obtained since the SCR
extension is now negligible. Once the applied frequency is equivalent or lower than the
minority carriers generation time constant (see the discussion below), inverted minority
carriers will be able to participate to the differential capacitance. Measured capacitance

will increase with the decrease of frequency, as shown in the top inset of Fig. 2.17.

Once the applied frequency is sufficiently low, all minority carriers accumulate at the
oxide /semiconductor interface. The surface of semiconductor is again like a metal with
the inverted carriers. Capacitance of the MOS capacitor will be equivalent to the oxide
capacitance Cyos = Cop.

In Si/SiOy MOS capacitor, the ideal C-V characteristics are obtained experimentally
thanks to the low interface states density at Si/SiO, interface, i.e. the order of 10!
(1/eV.cm?). In any other MOS capacitor test devices, once the interface states density at
oxide/semiconductor interface is high, numerous problems can be generated. Probably,
the most serious problem is the lack of control of semiconductor population by gate bias.
Subsequently, MOSFET will not work or it will work in an uncontrolled manner. Inter-
face states also affect the C-V measurements of MOS capacitor test devices at different
frequencies (see the discussion below). Therefore, interpreting the measurements will be
challenging and bearing some possible of misinterpretations.

Along with interface states, there are also different potential artifacts that can affects
the MOS capacitor test devices measurements, i.e. oxide fixed charges, oxide mobile
charges, series resistance, gate leakage current, and even the combinations among them.
Therefore, distinguishing the artifacts and their origin, and accurately quantifying them
are crucial for a comprehensively understanding as well as any further improvement. This
is the ultimate methodology of this chapter, which is dedicated to the understanding of
the O-diamond MOS capacitor test devices. We will firstly examine the general electrical
behaviors, distinguish the contributions from artifacts and refine our examination win-
dows. Then, we will gradually quantify the artifacts which could potentially affect our
device. Finally, the empirical simulation will be performed to compare with experimental
results.

2.2 Electrostatics of O-diamond MOS capacitor

2.2.1 I-V and C-V characteristics

Hereinafter, we will mostly present the results measured from MOS 12, sample #1 (Fig.
2.10). Thanks to the systematic measurements that will be presented later, we show that
these measurement results are general, scalable and reproducible.

Figure 2.18a represents the DC I-V characteristics when the gate is biasing from +8V
to -8V. We define the biasing in negative direction (0V to -8V) is the forward bias and
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the biasing in positive direction (0V to +8V) is the reverse bias (p-type semiconductor).
Forward current and reverse current are the DC current measured for forward bias and
reverse bias, respectively. A similar specification is also applied to C-V measurement.

As shown in Fig. 2.18a, the forward current is clearly observed. This behavior is
similar to the previous reports [18, 20, 19]. One noticeable improvement in this work
compared to previous works [18, 20] is the current density. The leakage current is about
two orders of magnitude lower than previous reports [18, 20]. We assign this improvement
to the improved AlyO3 being deposited at high temperature (250°C). For this MOS
capacitor, reverse current is under detection limit. However, this behavior is not general.
We will address the reverse current issues in the part 3 of this chapter.

—T T T T T T T T T ] 05+——T———T 7T 1
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Figure 2.18: a) Typical I-V characteristics of O-diamond MOS capacitors for -8V< Vg <
+8V; b) C-V characteristics of O-diamond MOS capacitor measured by biasing Vg : +8V
to -8V at f=100 kHz and V,.=20 mV (MOS12 - Sample #1)

Figure 2.18b represents the C-V characteristic by applying the bias at same range as
in I-V measurement. The superimposed a.c frequency is f = 100 kHz and the amplitude
Ve=20 mV. We remind that the V,. = 20 mV is constantly used for all a.c measurements
in this thesis. A maximum measured capacitance of C,, = 0.135uF.cm™2 at Vg = —8 V
has been obtained. Measured capacitance has been normalized to the oxide capacitance
Coe in Fig. 2.18b. C,, was measured from MIM capacitor test devices on the same
substrate.

Figure 2.19 represents the measured capacitance of MIM capacitor at a fixed gate bias
(Vg = —3 V) versus frequency (1 Hz to 1 MHz) (Fig. 2.19a) and at a fixed frequency
(f=100 kHz) versus gate bias (+4 V to -4 V) (Fig. 2.19b). For an oxide thickness of
toe = 20 nm, measured oxide capacitance is about 0.4 uF/cm?. Oxide dielectric constant

of g, =~ 9 was evaluated. This dielectric constant is approximately the value reported in
literature for the ALD Al O3 [82].
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Figure 2.19: Measured capacitance of MIM capacitor by a) Capacitance-Frequency at
Ve = —3V; b) Capacitance-Voltage at f=100 kHz.
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Figure 2.20: Systematic measurements demonstrate the general and reproducible of the
C-V characteristics (Sample #3)

From the measured capacitance of MOS capacitors and MIM capacitors, we highlight
some notable differences between the C-V characteristic of O-diamond MOS capacitor
compared to the C-V characteristic of the ideal Si/SiOy MOS capacitor:

1. Under forward bias where we expect the accumulation (Cy0s5 = Coy), the mea-
sured capacitance is much lower than oxide capacitance C,, << C,,. The systematic
measurements * have demonstrated that this behavior is general for all measurable 38
MOS capacitors on one substrate, as shown in Fig. 2.20. The measured capacitance
values are also in good scaling with device areas, as shown in Fig. 2.21.

4done by D. Valenducq, a master 1 internship from University Grenoble Alpes at SC2G, Institut
NEEL
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Figure 2.21: Scaling of maximum measured capacitance versus the MOS capacitor surface
area (Sample #3).

2. The measured capacitance in reverse regime does not show the saturation of mini-
mum capacitance Cp,;,. As long as a more positive bias is applied (up to +14 V, sample
1), the measured capacitance is further decreased.

3. By switching the bias direction, from (4+8V to -8V) to (-8V to +8V), the C-V
characteristics are almost identical, as shown Fig. 2.22. We conclude the contributions
from mobile oxide charges in this MOS capacitor are negligible.

0.15 -

O Vg : +8V to -8V
O Vi :-8Vto +8V

0.12 a
2 f= 100 kHz
L V,.=20mV
g 007 @RT
S
g
8 0.06
0.03 .
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Figure 2.22: The hysteresis C-V characteristics of sample 1 measured by switching the

bias direction, from (4+8V to -8V) to (-8V to +8V) to estimate the mobile oxide charge
(MOS45-Sample #1).
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4. By varying the frequency, measured capacitance of this MOS capacitor has shown
different features. In the next section, we will discuss the capacitance-frequency charac-
teristics of O-diamond MOS capacitor under negative bias.

2.2.2 Capacitance-frequency characteristics

As defined in previous section, C' — f measurement is performed by fixing the gate bias
and sweeping the frequency. By that method, we are able to examine the response of
the system versus frequency. Figure 2.23 represents the measured C,, — f characteris-
tics at Vg = —8V, —4V, =2V respectively. Figure 2.23b represents the corresponding
conductance-frequency GG, — f characteristics from the same measurement, with G, =

1
RP
from Fig. 2.14 b.
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Figure 2.23: a) Capacitance-frequency characteristics at Vg=-8V, -4V, -2V; b)
Conductance-frequency (G, — f) characteristics obtained from the same measurement
(MOS12-sample #1).

Figure 2.23 demonstrates that both measured capacitance (), and measured conduc-
tance () are frequency dependent.

We will now consider the capacitance-frequency characteristics. A special interest is
paid to capacitance-frequency dependent behavior. As it is well-known, series resistance
and interface states are usually responsible for this effect [83].

2.2.2.1 Series Resistance

As discussed in Chapter 1, a remarkable problem with diamond is the depth of dopant
levels and the consequently incomplete ionization. Diamond with a moderate doping
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concentration at RT will have low free carrier density. Subsequently, the epilayer is
highly resistive.

Once series resistance is considerable, equivalent circuit of the MOS capacitor is
shown Fig. 2.24a. This equivalent circuit is equivalent to the series circuit C;, — R,
in Fig. 2.14c if we convert series capacitors C,, and C,. to Cg. At high frequency,

impedance of the capacitors is decreasing (Z¢ = w%) As a result, measured impedance

<Z(w_>oo) =R, + Jw% ~ R5> and consequently, measured capacitance C,, (Cm(wﬁoo) =

wZ
is actually originated from series resistance.

From the C-f curves in Fig. 2.23a, we conclude that the series resistance effect at high
frequency (1 MHz) is not important. Only a small capacitance variation is observed in
this frequency range.

Series resistance can be quantified by using the impedance spectroscopy. As mentioned
above, at high frequency, the capacitors are “shorted” and the real part of impedance
Re(Z) is equivalent to series resistance Re(Z) = R,. From Nyquist plot Re(Z) vs. Im(Z)
(Fig. 2.25a) and Re(Z) vs. f plot (Fig. 2.25b), a series resistance of Ry = 702 ) was
extracted.

Another potential problem from series resistance in our MOS capacitor is the voltage
drop in p- epilayer. For a highly resistive epilayer, the potential drop on epilayer could
be elevated when the device is under high injection regime /high leakage. This potential
drop could limit the gate bias possibility to modulate the semiconductor in high injection
regime. Therefore, series resistance could be the origin of the C,, << C,, effect we
observed in the C-V curve (Fig.2.18b).

a) b)
Cox Cox ——
by
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(ON Cit
Cse —
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Rs
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Figure 2.24: Equivalent circuit of a MOS capacitor system in case of a) high frequency
regime; b) taking into account the contribution from interface states

By using the series resistance quantified from Nyquist plot and the DC I-V charac-
teristic in Fig.2.18a, a potential drop on series resistance (V; ~ Ry X Ipc ~ 1 mV at
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Ve = —8V) is evaluated.
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Figure 2.25: a) Nyquist plot (Re(Z) versus Im(Z))of impedance measurements; b) Real
part impedance Re(Z) versus frequency (MOS12-sample #1).

We conclude that the series resistance has no considerable effects on our pseudo-
vertical O-diamond MOS capacitor test device. This is achieved thanks to the metallic
diamond p++ layer, as demonstrated in Fig. 2.1b.

2.2.2.2 Interface State

Interface imperfections generally leads to localized states in the bandgap of semicon-
ductor located at the interface between oxide/semiconductor interface. Interface states
communicate with semiconductor conduction band (E¢) and/or valence band (Ey) by
capture and/or emission of free carriers [84]. In a MOS capacitor, interface states can
have both a.c effects and DC effects.

For the sake of simplification, we firstly consider a single level interface state with
density N;; located at E;; — Fy in a p-type semiconductor. Electron occupancy function
of the trap states is described by Fermi-Dirac function:

oy [irom (E2E)

Where £k is the Boltzmann constant, T the temperature and Ep the Fermi level. Com-
munication between trap states and band edges is represented by a characteristics time
constant 7. Here, we will focus on communication process of majority carriers for sake
of clarification. The charge transfer process between interface states and Valence band
is either the interface states capture a hole from the Valence band (capture) or interface
states emit a hole to the Valence band (emission).

The emission time constant is calculated as [84].

(2.10)

1 E, - E,
L exp L 2.11
o uN, X, P ( KT ) (2.11)
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Where o, is the capture cross section of the trap states and v; is the mean thermal
velocity of majority carriers, X,, is the entropy factor and Ny is the density of states of
valence band.

The capture time constant is described as [84].

T = [opups) " (2.12)

where p; is the hole density at the semiconductor surface.

For the a.c effect, in an ideal MOS capacitor system, interface state is modeled by a
series R;;C;; with a specific time constant defined as 7 = Ritlc“ . An impedance equivalent
circuit with the contribution from interface states is shown in Fig. 2.24b [85][86]. Once
interface state time constant is close to the small a.c signal frequency f ~ #, 187],
interface states start to contribute to the total measured impedance. The measured
impedance and subsequently measured capacitance will be deviated by this contribution.
Depending on interface states density, by further decreasing the frequency, more interface
states will be able to contribute to the total impedance. Hence, capacitance of the system
will increase until all the interface states are able to respond to the a.c signal. This
is the idea of high-low frequency method [88] to quantify the interface states density.
Therefore, interface states can be the origin of the capacitance-frequency dependence at

low frequency.

Along with interface state, there are also different artifacts which could affect the ca-
pacitance measurement at low frequency range. For example, in III-V /high-k MOSCAP
system, the capacitance frequency dependence is assigned to either border traps [89][90]
or disorder induced gap states [91]|92]. DC gate leakage current can also induce the
capacitance-frequency dependence at low frequency [93]. Subsequently, the C-V measure-
ment using a “low frequency” may include many artifacts and will be strongly deviated
from the ideal MOS capacitor configuration, i.e. C,,, C,. in series.

Along with a.c effects, interface states can also have DC effects. When Fermi level is
crossing the interface state, the capture and emission are equivalent to the charge and
discharge of interface states. Once interface states density is high, Fermi level needs to
fully charge interface states before moving to the next energy level [94][95]. This process
caused the Fermi Level Pinning Effect (FLPE) and it could be at the origin of insufficient
gate control semiconductor in accumulation region (C,,, << C,, in Fig. 2.18) .

2.2.2.3 Proper C-V measurement

From the discussions on capacitance-frequency dependence on a MOS capacitor, the
following conclusions can be drawn:

1. Series resistance can affect the capacitance measurements at high frequency. How-
ever, in our pseudo-vertical MOS capacitor test devices, its contribution is minor.

2. Capacitance measurement at low frequency may include many artifacts and can
be strongly deviated from an ideal MOS capacitance configuration.

In fact, all of the above analysis can be seen from the C' — f measurements in Fig.
2.23. At different gate bias (Vg = —8V, —4V, —2V'), three regimes in the C-f curves can
be observed:

i) High frequency (about MHz): There is a minor effect from series resistance.
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ii) Low frequency (about 10 kHz to 1 Hz for Vi; = —8V; about 3 kHz to 1 Hz for
Ve = —4V and almost negligible for Vg = —2V): Measured capacitance is strongly
frequency dependent. Capacitance is increased one decade for one decade frequency.
In the previous reports on O-diamond MOS capacitor [18][20], capacitance frequency
dependence of the “low frequency range” is huge. In Kovi et al. [20], the “low frequency
range” is even observed up to few MHz.

iii) Proper frequency (the regime between “high frequency” and “low frequency”): the
measured capacitance is constant with frequency. This frequency window is too low to
be affected by series resistance and too high to be affected by interface states. In this
frequency window, MOS capacitor is close to the proper MOS capacitor configuration,
i.e. only includes oxide capacitor C,, and semiconductor capacitor C,. in series and the
measured capacitor of the MOS capacitor is: Cyos = %

Therefore, in order to examine the response of semiconductor versus gate bias, ca-
pacitance measurements are necessary to be performed in this frequency window. In this
work, we systematically perform the C-f measurements to predefine frequency window for
the proper C-V measurements, e.g. Fig. 2.18b. In the next section, we will examine the
response of the boron doped diamond epilayer vs. gate bias as well as evaluate different
charges components of the O-diamond MOS capacitor thanks to this proper capacitance
measurement.

2.2.3 Charges in the MOS capacitor system
2.2.3.1 Semiconductor charges

Figure 2.26 represents the Schottky-Mott plot (reciprocal square capacitance versus gate

bias plot #z vs. Vg). The term zr — & is used to climinate the effect from oxide

capacitance [96]. The &z — Vg curve exhibits an almost perfect straight line for the
gate voltage ranging from V=6V to V5=8V. From the slope of the curve, the doping

concentration of semiconductor layer can be extracted by using the equation:

—2 1
Ny = 2.13
AT eegA2dC?/dV (2.13)
with ¢ = 5.7 is the diamond dielectric constant, ¢, is the vacuum permittivity and A
is the area of the diode. A doping concentration of Ny = 3 x 10Y7 ¢m™3 is extracted

from the é — Vi curve. This value is almost identical with the target value expected
from the diamond growth parameters.

Systematic measurements ® demonstrated the homogeneous dopant incorporation in
diamond epilayer. As shown in Fig. 2.27, by using the Schottky-Mott plot, the dop-
ing concentration N4 on sample #3 has a very small variation (from 1.6x10'7 ¢cm™ to
1.9%10'7 em™3) and very close to the target doping concentration (2x10'7 cm™3).

2.2.3.2 Oxide charges

Another feature can be seen from the C-V curve and % — Vg curve is the shift of the curves
toward negative bias corresponding to the ideal case. In fact, this shift is possibly induced

%done by D. Valenducq, a master 1 internship from University Grenoble Alpes at SC2G, Institut
NEEL
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Figure 2.26: Inverse square capacitance-voltage characteristics of O-diamond MOSCAP
for extracting doping concentration (MOS12 - sample #1)
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(sample #3).

by the interface charges, the oxide charges and the work function difference between metal
and semiconductor. However, since our C-V measurements were performed at 100 kHz,
we excluded the a.c contribution from the interface state charge. Also, the slope of é —Va
in the range of examination has reliably reflected diamond doping concentration. The DC
contribution of interface states is also negligible. Therefore, we conclude that the shift of
flatband voltage Vpp is the work function difference between metal and semiconductor

q)MS and

the net oxide charges ),;.

Technically, Vrp is evaluated from the linear fitting of the 1/C? slope and its inter-
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ception with gate bias axis. As shown in Fig. 2.26, a flat band voltage of Vpp=-7.3V
is deduced. This value is larger than the theoretical one. Theoretically, Vrp = ¢ps =
Oy — 5o = —2.6 V where ¢y = 4.3 €V is the work function of Ti metal and semicon-
ductor work function is ¢sc >~ Fg + Yse — Fa. With xs. = 1.7 €V is the electron affinity
of O-diamond [33]. The discrepancy indicates the presence of net positive oxide charges.
By applying the equation:

o Cox (ngS - VFB)
Qe = i (2.14)

A net positive oxide charge density of Q.. = 6 x 10'® (¢m™3) is obtained.

2.2.4 Gate controlled diamond semiconductor

As mentioned in chapter 1, the goal of this work is realizing an unipolar bulk controlled
boron doped diamond MOSFET. Therefore, the central role of the MOS capacitor test
devices is to examine in terms of efficiency of gate controlled boron doped diamond. As
shown in chapter 1, semiconductor surface potential W, is the central quantity for this
evaluation.

2.2.4.1 Semiconductor surface potential versus gate bias Vg — Vg

As mentioned in chapter 1, the flatband regime is the demarcation between accumulation
regime and depletion regime. At flatband, semiconductor charge Q.. (Ve = Vrp) and
consequently semiconductor capacitance C,. (Vg = Vrpg) is a function of semiconductor
intrinsic Debye length as:

€sc€0

Csc (VG == VFB) = \
P

(2.15)

Where )\, is the intrinsic Debye length of semiconductor and it depends on doping

1/2
esceokT
¢>Na ]

Since N4 was extracted from the previous section, semiconductor flatband capacitance
Cse (Vo = Vpp) can be calculated. Subsequently, flatband capacitance of MOS capacitor
Cros (Vo = Vpp) can be evaluated as:

concentration Ny as A\, = (

1 1 1
_ b 2.16
CMOS(VG = VFB) Cox CSC(VG = VFB) ( )

From these relationships, a MOS capacitor flatband capacitance of Cyos (Vo =
Veg) = 0.279 puF.cm™2 had been evaluated for the MOS12-sample #1. In fact, the

maximum measured capacitance of MOS capacitor at Vi = —8V is lower than flatband
capacitance (C,, (Vo = —8V) = 0.135 uF.em™2). This is indicating that diamond is
always in depletion regime even for high negative bias (Vi; = —8V'). This is an important

conclusion which is opposite to the previous conclusions from Chicot’s PhD thesis [22]
and Kovi et al. [20].

Since diamond is always in depletion regime in the measured range, semiconductor
SCR is proportional to the square root of surface potential W, [17] in the whole voltage
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range (+8V to -8V). Therefore, the semiconductor capacitance is also proportional to the
square root of semiconductor surface potential as [97]:

N o%~Ss
C, = ,/% (2.17)

As measured capacitance C,, and oxide capacitance C,, are known, semiconductor ca-
pacitance C,. and semiconductor surface potential ¥, can be calculated. By performing a
simple mathematical derivation of equations 2.16 and 2.17, surface potential correspond-
ing to a gate bias can be deduced by:

2
q2NA5055 (g_i: - 1>
2C2,

In principle, by performing this calculation at different gate bias, we can establish the
relationship between semiconductor surface potential against gate bias (Vs — Vi), and so
evaluate the efficiency of gate control semiconductor.

Figure 2.28b represents the WU, — V; relationship by using the above mentioned tech-
nique.

U, (V) = (2.18)
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Figure 2.28: a) Diamond surface potential variation with gate bias (MOS12 - sample #1);
b) description corresponding to diamond Fermi level moving against gate bias in Figure
2.7a. Fermi level pinning effect is suggested due to interface states (Magenta part in Fig.
2.7 b is the descriptive interface states density)

For high negative bias (V¢ : -6V to -8V), the FLPE [94][98] is observed. Semiconduc-
tor is approaching but never reach the flatband voltage. For the remained gate bias range
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(Vg : =6V to +8V), gate bias can effectively modulate semiconductor surface potential,
even when semiconductor surface potential reaches the condition for inversion (¥, > 20,
with Wy, ~ 2.4 V). In fact, this is the reason why we were not able to observe the Cy,
as in the ideal Si/SiOs MOS capacitor. Also, as we will shown in the part 3 of this
chapter, by decreasing the frequency to lower than 10 Hz, no sign of minority inversion
were observed. This is reasonable considering the fact that generation time constant of
minority carriers between valence band to conduction band is very large in wide bandgap
semiconductors. For diamond with the bandgap of E, =5.5 €V, the quickest characteris-
tics generation time constant of minority carriers via a midgap state (E, — E; = &) can

2
be approximated as:

F o2 LT A 10 (sec) ¢ 10™ (years) (2.19)
UthOe

With vy, the mean thermal velocity of carriers, N, the equivalent density of states of
valence band, o, is the capture cross-section of a defects in midgap with typical magnitude
of 10716 (em™2).

Practically speaking, with this minority carrier generation time constant, minority
carriers inversion is not reachable at thermal equilibrium. Therefore, a source of minority
carriers [14] is needed to observe the inversion regime in a diamond MOS capacitor. This
is an important difference with respect to narrow bandgap semiconductors. Regarding
silicon and other narrow bandgap semiconductors, generation time constant of minority
carriers is of the order of seconds. As a consequence, the deep depletion regime in narrow
band gap semiconductor will be very difficult to obtain. On the another hand, deep
depletion is obtained in diamond semiconductor. The difference between diamond and
other narrower band gap semiconductor is that this deep depletion regime is permanent,
and does not change with time. This concept will opens a new path to realize a bulk
controlled diamond MOS transistor.

2.2.4.2 Depletion width vs. gate bias

From W, — Vg relationship, the SCR (W) width variation with V can be calculated by:

255(:60\1’5
W= ——— 2.20
N (2.20)
Figure 2.29 represents the SCR width of boron doped O-diamond versus V. An
effectively gate controlled diamond SCR width is obtained. This property will be very

useful to realize a depletion mode diamond MOSFET (Chapter 3).

2.2.4.3 Interface states density extracted by Terman method

In this section, we will focus on the high negative gate bias part of the Uy — Vi curve
where the FLPE is remarkable. As we have discussed in previous part, FLPE is probably
related to the interface states at semiconductor-oxide interface. Therefore, the relative
movement of semiconductor Fermi level with gate bias could potentially represents the
density of interface states in the gap [99](97]. This is the main idea of high frequency-
capacitance method (Terman method) to extract the interface states density [99]. With
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Figure 2.29: Depletion region variation with gate bias (MOS12 - sample #1).

the established W, — Vi; curve, the interface states density can be quantified by high
frequency capacitance method [97][99].
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Figure 2.30: Interface density extracted from high frequency method (MOS 12- sample
#1)

d¥,
dVa

By evaluating , interface states capacitance can be calculated by:

~1
AT N
dVe

Subsequently, the interface states density can be evaluated by [97]:

Cit (Us) = Cog — O (T) (2.21)
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Cit (qjs)
q

Figure 2.30 represents the interface states density at diamond/oxide interface eval-
uated by Terman method [99]. From Terman method [99], an interface states density
of less than 10'? 1/eV.cm? is found in the midgap region and an abrupt increase up to
4 x 10" (1/eV.cm?) for the interface states near the valence band (E; — E, =~ 0.6 eV).
We will discuss in more details these results, but a first quick evaluation of emission time
constant (equ. 2.11) shows that interface states with E; — E, > 1 eV should not be
observed for our DC voltage sweeping rate (100 mV/s)

D (V) = (2.22)

2.2.5 Electrostatics simulation

As semiconductor charge qN 4, oxide charge Q.. and interface states density D;; have been
experimentally determined, an empirical electrostatics simulation can be performed. We
performed the electrostatics simulation by implementing the semiconductor charge qN 4
extracted from é — Vi curve, oxide charge (), extracted from shift of Vpp and interface
states charge 0, (V) extracted from Terman method. Interface states charge is evaluated
by integrating interface states density over the energy band gap.

Simulation results are shown in Fig. 2.31. Electrostatics band diagrams of MOS
capacitor at different gate bias are shown in Fig. 2.31 a-c). Without gate bias (Viz = 0
V), due to high density positive charge in the oxide, holes from the p—type diamond are
attracted to the oxide. A strong built-in potential around 5 eV was created. Also, an
approximately 80 nm width close to the oxide/diamond interface is depleted, as shown
in Fig. 2.31 b). For a positive bias (Fig. 2.31 c¢), the SCR is further modulated by
gate bias. Deep depletion regime is obtained with a depletion thickness of 130 nm at
Ve = 2V. Finally, Figure 2.31 a) represents the band diagram for a relatively small
negative bias Vo = —4V. One remarkable issue from electrostatics simulation, which is
not seen trivially from C-V measurement is the potential distribution within the oxide.
This electrostatic band diagram is essential to identify the origin of forward current
and capacitance-frequency dependence measurement. The electric field distribution of
O-Diamond MOS capacitor at different bias regime is shown in Fig. 2.31 d.

The electrostatics simulation is relatively in agreement with experiment results for
the gate bias range (—6V < Vi < 42V). However, when gate bias are out of that range,
there is a discrepancy between experiment results and simulation results.

For the high positive bias, we understand that the simulation software performed in
the ordinary manner where the inversion regime is assumed. As we have shown previously,
this is irrelevant without a source of minority carriers.

For high negative bias, the discrepancy is most probably due to the inappropriate
density of the input parameters. Figure 2.32 represents the semiconductor surface po-
tential varying with gate bias obtained from experiments and nextnano simulation in
negative bias region. As shown in Fig. 2.32, the semiconductor surface potential from
simulation result is re-increased for decreasing Vg (Vg = —6 V to Vg=-8 V). This region
corresponds to the crossing of the Fermi level with the elevated interface states density
region. Therefore, the discrepancy is highly suspected due to the overestimate interface
states density. In fact, in Terman method, the DC leakage current and the non equi-
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Figure 2.31: Electrostatics band diagram of O-diamond MOS capacitor calculated by
Nextnano® at different metal gate potentials a) When device is biased positively toward
deep depletion; b) When device is under zero bias condition; ¢) When device is negatively

biased toward accumulation; d) Electric field distribution at different bias condition.

librium of the system have not been considered. Another more complementary method

that considers DC current and the equilibrium of the system is needed to evaluate the

interface states density.

In the Part 2 of this chapter, we will focus on the high negative bias regime (Vg = —6
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Figure 2.32: Nextnano simulation result compared with experiment by mean of surface
potential (MOS12-sample #1).

V to Vg=-8 V - sample #1) toward a more complete electrostatic model. We will explore
the origin of DC current and capacitance-frequency dependent in this bias regime. The
effects from interface states will also to be discussed. A more appropriate method will be
applied to evaluate the interface states density.

2.2.6 Conclusion

This part introduces a new technical approach to reduce series resistance and improve
gate oxide in fabricating O-diamond MOS capacitor test devices. We introduce the com-
plementary measurement techniques to obtain a proper C-V measurements. Systematic
measurements were performed to ensure the reliability and reproducibility of the sys-
tem. Crucial information on the MOS capacitor system were obtained. An effective gate
controlled diamond SCR width was demonstrated. It is promising to fabricate a deple-
tion mode diamond MOSFET. The issues on leakage currents and capacitance-frequency
dependent are still unclear. New approaches are needed to completely understand the
O-diamond MOS capacitor test device.
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2.3 Introduction

In the Part 1 of this chapter, we introduced the typical electrical characteristics of a
boron doped O-diamond MOS capacitor. We addressed different aspects ranging from
diamond growth, fabrication processing and electrical characterization. From electrical
measurements, a special attention was paid to obtain the crucial information of the MOS
capacitor system. Leakage current and capacitance frequency dependent measurements
were systematically observed when devices are biased toward negative direction (forward
bias). We addressed the effects from serial resistance and interface states. We proposed a
method to eliminate these parasitics thanks to the capacitance-frequency (C-f) measure-
ments. From the “proper capacitance measurement”, we evaluated the critical information
of O-diamond MOS capacitor such as semiconductor doping concentration N4, semicon-
ductor surface potential versus gate bias (¥, — Vg ), semiconductor depletion width versus
gate bias (W — V) and oxide charge density Q..

Thanks to the Vg — Vg relationship, we applied Terman’s method [99] to extract the
interface states density D;. Interface states density exhibit a low density in the midgap
region and an elevated density (up to 4 x 10" 1/eV.cm2) at B — F, = 0.6 eV.

We implemented the semiconductor charges ()., oxide charges (), and interface states
charges o;; (Vz) into the 1-dimensional finite element electrostatics Nextnano simulation.
A special attention was paid for the forward bias regime (negative bias). The simulation
results are compared with experimental results by mean of semiconductor surface poten-
tial Ug. A quantitative agreement was obtained in the Vi range where the gate leakage
current is relatively low. Unfortunately, for the V4 range where the gate current is high,
the deviation between simulation and experiment is considerable.

Many issues are therefore raising. The first issue is related to the accuracy of input
charge densities, especially interface states density D;; extracted from Terman method.
Since Terman’s method was applied without considering leakage current, deduced inter-
face states density could be erroneous. The second issue concerns the origin of forward
current and its relationship with electrostatics model. In another words, a method to
quantify interface states density while subtracting any contribution from the leakage cur-
rent is needed. Last but not least, the issue on capacitance-frequency dependence is
also considerable. Elucidating the origin of capacitance-frequency dependence and its
relationship with leakage current and interface states is necessary. Since interface states,
leakage current and capacitance-frequency dependence are critical for the development of
any MOS capacitor system toward a MOS transistor, a comprehensive understanding on
their behaviors is prerequisite.

This part is devoted to address and solve the above mentioned problems. In the first
section, we will re-introduce the general electrical characteristic of the O-diamond MOS
capacitors to declare the problems. Then, we propose the forward current mechanism
thanks to the electrostatics band diagram. From leakage current mechanism, we construct
the physical equivalent circuit linearizing the small signal measurements. Approximated
equivalent circuit based on different limiting processes will be discussed. Current lim-
iting process is identified thank to different approaches. From approximated equivalent
circuit, DC current is subtracted and conductance method is applied to quantify inter-
face states density D;;. As all parameters of the equivalent circuit have been extracted
experimentally, measured capacitance-frequency dependence can be simulated by using
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the equivalent circuit. Finite element electrostatics simulation is re-performed to reassess
the accuracy of interface state density extracted from high frequency capacitance method
and conductance method. In the end, this part will be concluded.

2.4 Results and Discussion

2.4.1 Typical electrical characteristics

Considering the ensemble of O-diamond MOS capacitors that have been previously fab-
ricated by our group [18][19], the results published in literature |[20] and the devices
fabricated in the frame of this thesis, general electrical characteristics can be summarized
in Fig. 2.33.

Figure 2.33a represents the typical DC current-voltage (I-V) characteristics of different
MOS capacitors for Vg : +8V to -6V. Here we present MOS C7, MOS C17 and MOS B12
of sample #3. This sample has been annealed and oxide charge were reduced. Under
forward bias, forward currents are systematically observed with different magnitudes.
Under positive bias, reverse currents are relatively random. The magnitude of forward
current does not show a strong relationship with the reverse current. We will devote Part
3 of this chapter to investigate the origin of reverse current and its possible consequence.

Figure 2.33b represents the typical measured Conductance-Voltage (G, — Vi) at dif-
ferent frequencies of MOS C7 - sample #3 for Vs : OV to -6V . Measured conductance
are frequency dependent at high frequency range. At a given low frequency range (< 1
kHz), the measured conductance is frequency independent and it is almost identical to
the statics conductance (DC I-V).

Figure 2.33c represents the typical measured Capacitance - Voltage (C,, — V) at
different frequencies of MOS C7 - sample #3 for Vs : +8V to -6V. Figure 2.33d rep-
resents the Capacitance-Frequency (C,, — f) at Vg = —5V. In fact, this C,, — f curve
is equivalent to the cut line at Vg = —5V in Fig. 2.33c. Both “measured capacitance”
and “measured conductance” are frequency dependent as identical with the C,, — f and
G, — f in the part 1. Measured conductance behaves in a complementary manner with
measured capacitance. (The terms “measured capacitance” and “measured conductance”
are used here to discriminate with “corrected capacitance”, “corrected conductance” and
“equivalent conductance” further defined in the following sections).

The capacitance-frequency dependent phenomena was briefly discussed in the Part 1
of this chapter. It can be summarized into three regimes: 1) High frequency: capaci-
tance measurement is affected by series resistance; 2) Proper frequency: no capacitance-
frequency dependence; 3) Low frequency: capacitance increased a decade with frequency
decreasing a decade. The “low frequency” range is very different considering different O-
diamond MOS capacitor system, ranging from few kHz in Marechal et al. [19] to few MHz
in Kovi et al. [20]. In this part, we will elucidate the origin of the capacitance-frequency
dependence in this low frequency regime.

2.4.2 Forward current mechanism

In an ideal MOS capacitor, carriers transport between gate metal and semiconductor are
necessary being blocked by a gate oxide. Electrostatics gate control of carrier population
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Figure 2.33: a) Current-Voltage characteristics of three MOSCAP: B12, C7 and C17 of
sample #3; b) Conductance-Voltage characteristics of MOS C7 measured at different
frequencies; b) Capacitance-Voltage characteristics of MOS C7 measured at different
frequencies; d) Capacitance-frequency of MOS C7 measured at Vg = —5V.

at the oxide/semiconductor interface is crucial for the semiconductor devices. However,
in real situations, leakage current is usually observed and perturbs the carrier control.

In order to understand the origin of leakage current, it is important to firstly determine
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the source of transporting carriers. In forward regime, current are initiated from either
the accumulated semiconductor majority carriers or gate metal carriers reservoir [100].
For O-diamond MOS capacitor, as evidenced from C-V-f analysis and electrostatics band
diagram, we concluded that forward current is initiated from carriers reservoir of metal
gate and not from accumulated hole of diamond semiconductor. This conclusion is based
on the fact that Fermi Level Pinning Effect (FLPE) preserved diamond in depletion
regime, even at high negative bias (e.g Vg = —8 V, MOS 12- sample #1). No majority
carriers (hole) are able to accumulate at diamond-oxide interface. The transport due to
accumulated majority carriers is therefore prohibited.

b)
Cox —— Cox
Vs
Cse ——
CSC_
Rs
[

Figure 2.34: (a) Proposed current path mechanism including five steps: I. Electron tun-
neling from metal gate electrode to oxide gate, II. Hopping from traps to traps in the
oxide, ITI. Recombination to surface traps state, IV. Electron from surface states emit
to valence band or hole from valence band captured to interface states, V. Carriers drift
in diamond epilayer to the back gate contact. (b) Equivalent circuit of a MOS capacitor
without interface states and leakage current; (¢) Equivalent circuit including interface
states and an ideal gate oxide without leakage current (d) Equivalent circuit where the
injected carriers from metal to interface states and the charges transfer between interface
states and valence band are taken into account.

The next question to be addressed is, how do these carriers circulate in the MOS
capacitor system? Thanks to Nextnano electrostatics band diagram (Fig. 2.31 b), we
proposed a 5-steps current mechanism, as shown in Fig. 2.34a. In the step 1, carriers
from gate metal are tunnelling into the oxide trap states. Hopping between traps to
traps through the oxide is taking place in the step 2. In the step 3, hopping carriers
being captured at interface states. The charges transferring between interface states and
valence band are taking place in the step 4. Finally, these carriers will be drifted through
the diamond epilayer to the back gate contact (p+) and complete the transfer process.

Potentially, the flow at each step may includes different processes in parallel. In
principle, the process with highest rate (slowest time constant) will dominate the flow at
that step. On another hand, in order to complete a circulation, different steps in series
may be involved. The step with the slowest rate (longest time constant) will limit the
flow.

In the proposed current mechanism (Fig. 2.34a), interface states play a central role
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with a special interest. They are able to communicate with both the metal electrode and
the semiconductor valence band. In principle, each charge transfer process is represented
by its characteristic time constant 7. For the sake of simplicity and without losing the
generality, we will firstly consider interface states as a single level state at F; — E, and
density of N;;. In the following section, we will further discuss the charge transfer of
interface states with metal and semiconductor band edge.

2.4.2.1 Charge transfer between interface states and metal

The charge transfer between interface states and gate metal in a MOS capacitor system
was addressed by Dahlke and Sze [100]. The complementary theory was then developed
by Freeman and Dahlke [101]. In their theory, interface states are modeled as a potential
well and communicate with the gate metal by direct tunneling. The charge transfer
is considered as an overlapping process of two wave functions. Kar and Dahlke had
experimentally studied the metal injection into interface states with a non-degenerate
Si substrate and a moderate oxide thickness (20 — 40 A) MOS capacitor system [102].
A notable possible consequence of metal’s carriers injection to interface states is that
these carriers are possibly accommodating at interface states and therefore modulating
Schottky barriers height at Metal-Semiconductor contact [103][104][105].

In our case, the oxide is too thick to observe direct tunneling. Therefore, carriers
injection from metal to interface states is suggested to be a process of two consecutive
steps: the carriers tunneling from gate metal to oxide trap states (represented by tun-
neling time constant 73,,) and then carrier hopping between trap sites happens in the
oxide (represented by hopping time constant 7,,,). We considered that the global char-
acteristic time constant for the charge transfer between metal to interface states 7 is
approximately the time constant of the slower process in two mentioned processes.

Tunneling from metal to many oxide trap states As shown in Fig. 2.34 a),
electron from metal gate is suggested to initiate the flow by tunneling into Al,O3 oxide
layer. Even if there are many possible processes for a carrier from metal gate to be
injected into the oxide [106]|, most of them are practically not possible in our case. It’s
either direct tunneling, thermionic emission (Schottky injection) or tunneling into many
trap states in the oxide. Considering the oxide thicknesses of 10 — 40 nm that were
systematically used for O-diamond MOS capacitors, direct tunneling by overlapping wave
functions (theoretically less than 1 nm) [100] is not possible. Thermionic emission is a
thermal activation process where carriers from metal have to reach a sufficient energy to
jump over the metal-oxide barrier height and being injected into oxide layer. Regarding
an approximate 3 eV barrier height between Ti and Al;Og, this process is not realistic.
Therefore, the tunneling from gate metal into oxide trap states [107] is the most realistic
process.

The tunneling current from metal to many oxide trap states can be approximately
described by [108]:

I = Nyqu (2.23)

where N; is the number of nearest traps that contribute to the conduction and v is
the tunneling transmission rate. Tunneling transmission rate is calculated as v = v,.f. T
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with vy ~ 10'® Hz is the attempt frequency which is representing the rate of escape of a
particle from a confining structure by quantum tunneling through its outer barrier [109].
f is the Fermi-Dirac function representing the occupancy probability of a trap state in
the oxide. It can be expressed by:

VG=0 Ei /—p EV

Figure 2.35: Proposed current mechanism of different processes and its corresponding
energy level.

f=1/ (1 + exp (Eb — b;f; F“)) (2.24)

where E, is the electron barrier between metal electrode and oxide conduction band,
E; is the depth of the traps in the oxide, F is electric field in the oxide and t,, is the
oxide thickness (Fig. 2.35). T is the Wentzel-Kramers-Brillouin (WKB) transmission
coefficient and can be written as:

4
T = exp (—W\/ 2m* <Ef/2 — (B — F.tox)3/2>) (2.25)

with A is the reduced Planck constant and m* effective mass of carrier in the oxide
[108].

Hopping in the oxide Carriers transport in the oxide could be the sum of multiple
parallel mechanisms [106][108]. One of two main mechanisms is the thermal activation
from deep energy traps to oxide conduction band, which is generally called as Poole-
Frenkel emission. The second one is tunneling from traps to traps and generally known
as Mott hopping. In order to determine the dominant process, transfer rates of each
process are necessary to be evaluated.

The Poole-Frenkel emission rate scaled versus T as:
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Figure 2.36: DC Capacitance-Voltage non-linearity of MIM capacitors and the fitting to
extract hopping distance.

ﬂ) (2.26)

kT

where E; is the energy of the traps in the band gap of oxide [108] (Fig. 2.35). In
case of Al,O3 oxide deposited by Atomic Layer Deposition (ALD), trap states are usu-
ally ascribed to non-stoichiometry of the oxide. Electron trap level which is nearest to
conduction band is E. — E; = 1 €V [110]. First principle simulation assigned this trap to
oxygen vacancies |110].

v = Vg exp (—

The trap to trap tunneling rate is calculated as [108§]

v = vg exp (—%) (2.27)

with £ is the electron wave function localization length & ~ 0.3 nm, R is distance
between trap sites [108].

Distance between trap sites could be obtained by fitting the DC non-linearity capacitance-
voltage of MIM capacitor [111]. The DC non-linearity VGC—O_CO = %—f (variation of MIM
capacitance with gate bias) of MIM capacitor are fitted by the equation:

%f = alexp (bVg) — 1] (2.28)

With Cy,, is the capacitance measurement corresponding to gate bias variation and
Cop is the capacitance corresponding to Vg = 0 V. a and b are coefficients and their
expression will be detailed in next equation [111]. A complete expression of equation (6)
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18:

AC 2 tox o 1 1 n
Co  (coe)™ (LD> Wﬂaé % [exp (nqEessR/ksT) = 1] (2.29)
0

with n is an empirical parameters, t,, is the oxide thickness, L is the Debye length,
Ecss is the effective electric field, p is the “blocking parameters” which measure charge
exchange at the electrode®. Experimental DC non-linearity %—f versus Vg is shown in
Fig. 2.38 with the fitting curve using equation (6). From fitting curve, b value is eval-
uated as 0.094. The distance between trap sites in our ALD Al,Oj3 is then estimated of
approximately 5 nm.

A rough calculation shows that the tunneling rate from trap to trap is almost 150
times faster than Poole-Frenkel thermal activation rate from traps level to conduction
band at room temperature. In case an oxide trap level is closer to oxide conduction
band, the injection rate in the step 1 will be mostly dismissed. It is therefore possible to
conclude that tunneling from trap to trap is the main carriers transport mechanism in
the oxide.

The time for carriers readjustment when they are trapped by interface states (Step
I11), as usual [84] will be neglected because its thermalization process is very fast compare
to other processes.

2.4.2.2 Charge transfer between interface states and semiconductor band
edges

In the step IV, the trapped electrons at interface states will be emitted to the semicon-
ductor valence band. Considering the single level interface states model with a density
N, and a energy E;; — E, from valence band, the occupation probability of a trap state
by an electron is described by Fermi-Dirac function [84]:

1
[1+exp (55)]

Equivalently, the occupation probability of a trap state by a hole is described as:

=

(2.30)

E-F
fp=1—f=/fexp (k:—TF) (2.31)
The hole capture rate is described as:
R, = Niytopvin s (2.32)
and hole emission rate is described by:
G = Nitapvthfppl (233)

with o, is the hole capture cross-section of the trap states, vy, is the carriers mean
thermal velocity, ps is the surface carriers density at thermal equilibrium and is described
by:

bsee Khaldi et al. [111] for more details
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—eV,
Ps = Db €Xp ( T ) (2.34)

where pp is the bulk carriers density and can be calculated as:

- (2.35)

E,—F
= o (B 52)
where Ep is the quasi-Fermi level and N, is the effective density of states in the
valence band. p; represents the carrier density that established at the trap states when

quasi-Fermi level equals the trap states level [101] and can be calculated as:

- (2.36)

Ev - Eit
R—Ey
The charge transfer rate of carriers trapped at interface states with semiconductor
bands are described by net flow of carriers captured and emitted in Schockley-Read

theory [84].

Uc - it<0pvth> (fps B fppl) (237)

Recombination time constant of majority carriers with interface states is then calcu-
lated as:

1
TR = exp(V, 2.38
R E—— p(¥s) ( )

Injected carriers from gate electrode to interface states and charge transfer of interface
states with semiconductor band are described by the differential equation for occupancy
of interface states as [101]

dfy J
Where j is the current injected from metal gate to interface state. The current in
and out interface states discussed above is described by the interface states occupancy

fss [101][102] which is approximated by:

fss = (TRfm + 7—Tfs) / (TR + TT) (240)

where f; and f,, are the bulk semiconductor and metal occupancies, respectively [101].

2.4.2.3 Drift in the diamond layer

The process of electron to be emitted to valence band is equivalent to the process of hole
from valence band to be captured to interface states. To replace the evacuated hole, a
hole from the back side (p+ layer) will move to diamond surface and be ready for a new
capture event [112]. In reverse direction, electrons are transferring to back gate contact
(p+) and complete the circulation.
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2.4.3 Equivalent circuit and conductance method
2.4.3.1 Equivalent circuit

In order to model the measured impedance and admittance of a MOS capacitor, lin-
earized equivalent circuit is a well-known concept. Lehovec and Sloboskoy developed a
comprehensive theory and derived a general equivalent circuit for the MOS capacitors
[113]. Nicollian and Golzberger had paid their special attention to the conductance of
interface states in “thick oxide MOS capacitor” [85]. The meaning of “thick oxide” is that
the interface states are in equilibrium and close communication with semiconductor band
edges. They also developed a model to evaluate the equivalent conductance Gp/w from
C, and G, that consists only interface states density and its time constant [85].

For the special case where interface states communicate with both gate metal and
semiconductor band edges, Freeman and Dahlke developed a theory as well as derived
its corresponding equivalent circuits [101]. Different possible limiting processes were also
discussed. The approximations corresponding to each limited case were also done. Since
then, there were different discussions about the possibilities and opportunities to employ
gate tunneling into interface states to measure a wide range of interface states density
[114][102][115]. Kar and Dahlke performed the experiments on Si/SiOs MOS capacitor
with a moderate oxide thickness and a non-degenerate Si semiconductor to investigate
interface states thanks to gate carriers injected to interface states [102].

In the Part 1 of this chapter, we discussed the equivalent circuit of MOS capacitor in
an ideal case where only the unavoidable series resistance were involved (Figure 2.34b)
and in case of single level interface states in thick oxide MOS capacitor were taking into
account (Figure 2.34c).

Corresponding to the current mechanism in Fig. 2.34a, we introduced the equivalent
circuit for our O-diamond MOS capacitor (Fig. 2.34d). Non-perfect gate oxide with gate
leakage current is modeled by an oxide conductance G,, and an oxide capacitance C,, in
parallel. The flow of carriers from metal to semiconductor is injected to the mid point of
the interface states recombination circuit, as proposed by Freeman et al. [101].

2.4.3.2 Equivalent circuit approximation

In this section, the O-diamond MOS capacitor general equivalent circuit will be approx-
imated corresponding to different limiting processes. We remind that the equivalent
circuit in Fig. 2.34d is actually re-introduced in Fig. 2.37a. In the theoretical model of
Freeman and Dahlke [101] and in the experiments and analysis of Kar and Dahlke [102],
different limiting processes and their corresponding approximations were discussed. We
will briefly reintroduce these approximations here for the purpose of clarification .

As the drift in semiconductor (step 5) is expected much faster compared to two other
processes, we will only consider the interface states recombination limited and the oxide
tunneling limited.

Interface-states-recombination-limited The interface states recombination is lim-
ited when interface states recombination time constant is much longer than the oxide
tunneling time constant (7 >> 7r). In other words, the oxide tunneling rate is much
higher than the interface recombination rate. The interface states will therefore be in equi-
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librium with metal. In this case, the interface states-recombination-limited was found to
modify the Schottky barrier height due to the charge being accommodated at the in-
terface states [103|[104][105]. Therefore, a self-consistent calculation is necessary to be
performed in order to not violate the Gauss’s law equations, as discussed by Werner et
al. [104]. The rigorous self-consistence calculation was done by Muret et al. [105] and
also Wegner et al. [104] for Schottky diode with a thin oxide layer.

In case of a MOS capacitor system, the approximated equivalent circuit for the in-
terface recombination limited was introduced by Freeman et al. [101] and Kar et al.
[102]. The approximated equivalent circuit is shown in Fig. 2.37b where interface states
recombination is in equilibrium with metal and interface states are in the same potential
with oxide potential. One important notice is that, in case interface states recombination
limited, the measured conductance is frequency independent [101][102].

Oxide-tunneling-limited When the oxide tunneling time constant is much longer
with respect to interface states recombination time constant 70 >> 7g, the limiting
process is the oxide tunneling. This is approximatively equivalent to interface states are in
equilibrium with semiconductor [101][102]. Since interface states are in equilibrium with
semiconductor, the injection from metal to interface states is approximated as injection
from metal to semiconductor. Interface states therefore will play a similar role with
interface states in “thick oxide” model where it is in equilibrium and closed communication
with semiconductor band edges. The approximated equivalent circuit for oxide tunneling
limited is shown in Fig. 2.37c.

A major difference between interface states recombination limited (Fig. 2.37 b) and
oxide tunneling limited (Fig. 2.37c¢) is the measured conductance-frequency characteris-
tics. For the purpose of comparison, measured conductance circuit is the parallel circuit
C,— R, in Fig. 2.37g. In case oxide tunneling limited, measured conductance is frequency
dependent, as shown in Fig. 2.37c. For interface states recombination limited (Fig. 2.37
b), measured conductance is frequency independent.

Considering our O-diamond MOS capacitor, as presented in previous sections (Fig.
2.33¢ and Fig. 2.23), measured conductance is frequency dependent. Therefore, we
conclude that the oxide tunneling process is the limiting process. The interface states
recombination limited is possible in case of high injection MOS capacitors (e.g. current
density > 1 A/cm?). In that case, the carriers injection from metal gate is sufficient to
preserve interface states in equilibrium with metal gate. The MOS #4 sample in Chicot
et al. [18] and the 4 x 10" c¢cm™ doped sample in Kovi et al. [20] are most probably
interface states recombination limited case.

2.4.3.3 Limiting process

As a consequence from the previous analyses, the oxide tunneling process was identified as
the limiting process. However, since oxide tunneling is indeed a two step process, further
approximation is needed. Bearing in mind that the limiting process for the transport in
the oxide is basically either bulk oxide limited process (hopping between traps to traps)
or interface limited process (tunneling from gate metal into oxide trap states). The
difference is due to the nature of contact between metal and oxide, i.e. an ohmic contact
or an unsaturated contact [116]. Transport in the oxide is usually bounded between the
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Figure 2.37: Equivalent circuit for O-diamond MOS capacitor: a) general circuit with
gate carriers injected to single level interface states; b) approximated equivalent circuit
for interface states recombination limited; ¢) approximated equivalent circuit for oxide
tunneling limited; d)-g) step by step circuit transform to achieve measurement circuit;
d) Circuit transformed from circuit ¢); e) circuit transformed from circuit d); f) Circuit
transformed from circuit e); g) the parallel circuit for measured capacitance and measured

conductance.

ohmic law and Child law space charge limited current. The current is governed by a
power law with voltage as I = AV®. In order to examine the power law dependence
of I-V curve, the semilog IV characteristics of different MOS capacitors (Figure 2.38a)
were plotted in logarithm-logarithm scale. Figure 2.38b represents the logJ - logV of
different MOS capacitors. No clear ohmic law is observed from log-log plot. I ~ V2
of Child law Space Charge Limited Current (SCLC) [117] is verified in high injection
MOS capacitor. For the low injection MOS capacitor, I ~ V® where interface-limited
traps assisted tunneling [118] mechanism is probably governing these low injection MOS
capacitor. In order to study the thermal activation process, I-V characteristics were
measured at different temperatures (from 150K to 360K).

For high injection MOS capacitor, the I-V characteristics at different temperatures
are shown in Figure 2.39a. Figure 2.39b represents the current density measured at
Ve = —8 V versus temperature (J-T). The J-T curve is well fitted by a (! law,
which is characteristic of variable range hopping (VRH) [119].

For low injection MOS capacitor, the I-V characteristics at different temperatures
are shown in Fig. 2.40a. Figure 2.40b represents the Arrhenius plot of current density
measured at Vg = —8 V versus temperature. From the slope, a thermal activation energy
of F4 = 215 meV was evaluated. As suggested from generalized thermionic trap assisted
tunneling model [118], this thermal activation energy is assigned to the barriers between
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metal and Fermi-Dirac occupancy function of the oxide trap states (Fig. 2.35).
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Figure 2.40: a) I-V characteristics of low injection diode measured at different temper-
atures; b) Arrhenius plot of current density at different temperatures when Vg5=-8V
indicates a thermal activation energy of 215 meV (MOS 50 - sample #1).

2.4.3.4 Equivalent conductance G,/w

Conductance of interface states (P% where R;; is the one of Fig.2.37) represents the

energy loss due to carriers transfer between semiconductor band edge and interface states
after a disturbance of a small a.c signal. In more details, it can be understood as the
supplied small ac signal in both halves caused the disturbance and drive the equilibrium
system between semiconductor band edge and interface states become non-equilibrium.
Therefore, there are carriers transferred between interface states and band edge. However,
the carriers transfer is not immediate after the signal was supplied but lag behind and
caused the loss. The loss is minimized or conductance is maximized when the applied
signal is equivalent to the resonant frequency of the interface states. With the applied
frequency lower than the resonant frequency, carriers are stored at the capacitance of the
interface states but not transferred. Subsequently, conductance of the interface states is
decreased. Therefore, conductance of interface states which is bearing the information of
interface states should have a bell shape. For conductance method, the goal is to obtain
the equivalent interface states conductance in Fig. 2.37d from measured conductance and
measured capacitance in Fig. 2.37g.

In order to obtain the equivalent interface states conductance, measured parallel con-
ductance and parallel capacitance are necessary to be corrected to eliminate the series
resistance, the DC current and gate oxide capacitance. The circuit transformation is
following the procedure introduced by Kar and Dahlke et al. [102| and in Vogel et al.
[120].
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Figure 2.41: Equivalent conductance G,/w at different gate bias measured at RT (MOS
12 - Sample #1).

From the measured conductance and capacitance, the corrected conductance and
corrected capacitance with series resistance in Fig. 2.37f is given by:
Cy

C - o (2.41)
(1= GpR,)” + w?C2R?

w?C,C.R, — G
G, = pets P 2.42
GpRs — 1 (242)
Then, the G, in Fig. 2.37e is obtained by subtracting the G. by oxide tunneling
conductance G4, as:

Gae = G — Gae (2.43)

where the conductance G is determined from derivation of DC current on DC voltage

around the gate bias voltage (%—gg) .
Va

Then, the ac conductance G,. must be corrected with gate oxide capacitance C,, to
obtain the equivalent conductance G p/w by using the equation:

G C? G
i Y or . (2.44)
w G? + w? (Cop — Co)
For the purpose of comparison the interface states density with Terman’s method,
we will present here the data measured on the MOS 12 on sample #1). The equivalent
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conductance at different gate bias are shown in Fig. 2.41. The equivalent conductance
represents the clear bell shape feature with a clear maximum (%)max peak. As men-
tioned, the frequency corresponding to the (%)maX is equivalent to the resonant frequency
of interface states. By varying the gate bias from -8 V to -4 V (MOS 12 - sample #1),
the (%)max are gradually moving toward the lower frequency since Fermi level moving
away from valence band.

2.4.3.5 Interface states density

From equivalent conductance Gp/w, interface states density can be calculated as [85]:

Ny =2 (@) N /q (2.45)

w

with (%)max is the maximum of the (%) curve. Figure 2.42 represents the interface

states density extracted by conductance method versus the corresponding energy of the
trap states in diamond band gap.
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Figure 2.42: Comparison of the interface states density extracted from conductance
method and Terman method. MOS12 - sample #1

The energy level of the trap states is calculated using the equation:

Eit (VG) - Ev = \I’s (VG) + ¢P (246)

where W, (V) is extracted in the previous chapter and ¢, ~ (%) In (%Z) which is

around 0.37 eV in the case of moderate boron doped diamond.
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A notable difference of the interface states density extracted from conductance method
compared to the one of Terman’s method is the interface states density near the valence
band. While the Terman’s method shows an elevated interface states density up to 4 x
10'3 (em™2) at Ey — E, = 0.6 eV, the results from conductance method are approximately
one order of magnitude lower in the same energy range.

This discrepancy is actually due to the gate leakage current. In Terman’s method
[99], the variation of semiconductor surface potential g with gate bias Vi is completely
attributed to the interface states at semiconductor-oxide interface. It is true when leakage
current through the oxide is negligible. However, when the DC current is sufficient,
the potential drop on gate oxide is non-negligible. Therefore, in high injection regime,
Terman’s method highly overestimates the interface states density.

On conductance method, the contribution of DC current is actually excluded by equa-
tion 2.43. Final interface states density will therefore exclude the contribution from
DC current. We conclude that the interface states density extracted from conductance
method is more reliable than the Terman’s method.

2.4.3.6 Interface states feature

By assuming interface states are single level states [85], i.e. Dirac energy distribution
for the density of the trap, the equivalent conductance Gp/w is simulated by using the
equation:

Gp  Cywr
w 1+ w?r?
where 7 is the characteristics time constant of interface states and being determined

(2.47)

at (GUJ_P)max’ where wr = 1. Interface states capacitance C;; is determined from the peak
. ino: (., — 2 (Ge
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Figure 2.43: Representative equivalent conductance Gp/w and the simulation by using
single level interface state model at Vg = —7.5V and Vg = —4.5V. (MOS 12 - Sample

#1).

Figure 2.43 represents the experimental equivalent conductance % at representative
gate biases (Vg = —7.5 V and V5 = —4.5 V) and the simulation curves by using single



84

level interface state model (equation 2.47).

The simulation curves reproduced with a good agreement the experimental curves.
Similar results are obtained for different V. Therefore, we conclude that single level in-
terface state model is sufficient to describe the interface states between O-diamond/Al,O3
interface.

2.4.4 Capacitance-frequency dependence

With the latest interface states parameters evaluated, we have actually determined all
parameters of the equivalent circuit (Figure 2.37¢). Therefore, the capacitance-frequency
characteristic of the system can be simulated to confirm the accurateness of the model.

This simulation is performed by LTspice software 7.

Characteristic
Measurement High frequency Conductance .
method MIMCAP MOSCAP 6w frequency Static |-V
G/ W
Parameters
Cox (PF) Cec (pF) G (pF) Re(MQ) Goc (MS)
Ve(V)

-8 70.8 35.8 24.2 2.6 0.64

-7 70.8 31.2 15.7 5.07 0.50

-6 70.8 26 20.9 48 0.33

-5 70.8 18.2 235 10.7 0.153

-4 70.8 13.36 32.2 19.68 0.05

Table 2.3: Input parameters for the LTSPICE simulation and the corresponding extrac-
tion method (MOS 12 - sample #1).

For the purpose of recall, we will summarize the parameters we have extracted and
the corresponding extraction method.

Oxide capacitance C,, was measured by using the MIM capacitor. Semiconductor
capacitance C,. was evaluated from MOS capacitor measured capacitance C,, at “proper
frequency regime”(f = 100 kHz), by using the relationship:

Cosz.C,
Cyp = —2"1 2.48
Co:r - Cm ( )

Series resistance R is determined from “real part” of impedance measurements at
“high frequency regime” f = 1 MHz. DC conductance is obtained from the statics

[-V characteristics of the test device by using the derivation Gpc = j‘l/gg Finally,

interface states capacitance C;; and interface states resistance R;; were evaluated from
the equivalent interface states conductance (CL—P) With interface states capacitance Cy =
2 (&)max . Interface states resistance is evaluated by using the resonance frequency 7z =

w

m of the trap states where (%) show maxima.

The detailed parameters at different gate biases and the corresponding extraction
method are represented in table 2.3.

"http://www.linear.com/solutions/Itspice
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Figure 2.44: Capacitance-frequency dependence of the MOS capacitor test device by
comparing the measurements and LTspice simulation a) Vg = —7V; b) At different Vg
(MOS 12 - sample #1).

The LTSPICE capacitance-frequency C,, — f simulation results are plotted in Fig.
2.44 along with the C,, — f measurement results from MOS 12 - sample #1. The
equivalent circuit perfectly reproduced the measured capacitance-frequency dependence.
Therefore, we are able to conclude that the measured capacitance-frequency dependence
effect observed in O-diamond MOS capacitor is originated from the gate metal carriers
injected to interface states and then recombined with diamond valence band.

2.4.5 Electrostatics simulation

Taking into account the new interface state density extracted by conductance method,
the electrostatics simulation can be re-performed. We apply here the same 1D simulation
model as introduced in the Part 1 of this chapter and replace the interface charges from
Terman method by the one extracted from conductance method.

The simulation results are compared with the experiment results by mean of semi-
conductor surface potential W,. As shown in Fig. 2.45, by using the interface states
density extracted from capacitance method oy (Capacitance), surface potential is firstly
well matching with experimental results but then re-increased in the bias range where
the test device is highly leaky. On another hand, by using the interface states density
extracted by conductance method o (Conductance) where the potential drop on the ox-
ide is excluded, electrostatics simulation is well-matching with the experiments. Fermi
level pinning effect is reproduced and surface potential variation with gate bias is in good
agreement. Therefore, we are able to conclude that this electrostatics model is adequate
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for the O-diamond/Al,O3 MOS capacitor.
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Figure 2.45: Semiconductor surface potential variation with gate bias determined from
experiment and from nextnano simulation by using interface states density extracted from
Terman method (blue curve) and conductance method (magenta curve).

Also, by identified the origin of FLPE (interface states and the carriers from gate
metal injected into oxide and interface states), a new experimental recipe can be applied
to eliminate the FLPE for a complete electrostatics gate controlled semiconductor. We
will show in the perspective section our new recipe that allows us to eliminate FLPE in
O-diamond MOS capacitor for a complete gate controlled boron doped diamond semi-
conductor.

2.5 Conclusion

In summary, this part was dedicated to elucidate the typical electrical characteristics
of O-diamond MOS capacitor. Forward current (negative bias) mechanism is proposed
where the oxide tunneling and semiconductor interface state recombination plays an im-
portant role. Oxide tunneling limiting process were identified and the corresponding
approximation were made. By subtracting DC current, equivalent conductance % and
interface states density D;; were extracted. Single state model was found sufficient to
correlate with experiment results. Impedance and capacitance measurements are well
reproduced by simulating the equivalent circuit with all evaluated input parameters.
Simulation results demonstrated that gate leakage current via interface states caused the
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capacitance-frequency dependence in O-diamond MOS capacitor. Complete electrostatic
model for O-diamond MOS capacitor is also established.
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2.6 Motivation

As shown in Chapter 1, in order to realize a MOSFET, controlling semiconductor into
deep depletion regime and/or inversion regime by biasing metal gate is necessary. As
shown in the Part 1 of this chapter, one of the special interest with diamond is the
capability to reach the deep depletion regime due to very long minority carrier generation
time constant. Inversion regime has also been reported recently by Kovi et al. [20]. In the
mentioned publication, the authors claimed that they obtained the inversion regime in a
diamond MOSCAP by increasing the doping concentration of epilayer and temperature.
This conclusion has been deduced from the capacitance-voltage (C-V) measurements of
MOSCAP at different frequencies (as shown in Fig. 2.46).
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Figure 2.46: Current-Voltage and Capacitance-Voltage characteristic at different frequen-
cies of O-diamond MOS capacitor presented by Kovi et al. [20].

However, this conclusion is indeed very problematic. First of all, reverse current in
the capacitance measurement is very high, (almost 1 A/cm? at RT and 10 A/cm? at
100°C for the 4.1 x 10" (em™3) sample, in Fig. 2.46a). Second, the applied frequency
under “inversion” regime is very high. As shown in Fig. 2.46b)-c), they observed the
so-called “inversion” by applying a frequency of f > 100 kHz. Considering the minority
carriers generation time constant of silicon (E, = 1.11eV') introduced in the Part 1 of this
chapter, this mean that diamond (E, = 5.5eV’) minority carrier generation time constant
is approximately hundred thousand time faster than silicon! This conclusion is in fact
not understandable.

In fact, Chicot et al. [18] and us have also observed the similar effects in O-diamond
MOS capacitors with epilayer doping concentration of 1017 (¢m™3), when leakage reverse
current (positive bias) occurs. For instance, Figure 2.47 represents the I-V characteristic
(Fig. 2.47a) and C-V characteristic at different frequencies (Fig. 2.47b) of MOS B12 -
sample #3 (Figure 2.49). The electrical behavior of this MOS capacitor is very similar
with the results reported by Kovi et al. [20]. Reverse current is observed and capaci-
tance in reverse regime (positive bias) is highly increased with the decreasing of applied
frequency.

However, on a MOS capacitors without reverse current, the so-called “inversion” is
not present. For instance, it is clearly the case for the MOS C7 - sample #3 in Fig.
2.49. The electrical characteristics of this MOS capacitor are shown in Fig. 2.48. Figure
2.48a represents the I-V characteristic and Figure 2.48b represents the C-V curves at



92

100 kHz 4
10 kHz 1
1kHz
100 Hz
10 Hz

(oNeNoNeoNe

—_
S

(&)}
ul

Current Density (A/cmz)
=)

N
S
4
L

—
e
[

Voltage(V) Voltage (V)

Figure 2.47: a) Current-Voltage and b) Capacitance-Voltage characteristics at different
frequencies of the MOS B12 (sample #3).

different frequencies. When a reverse current is not observed, the so-called “inversion” is
not present, even at a very low frequency (10 Hz).
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Figure 2.48: a) Current-Voltage and b) Capacitance-Voltage characteristics at different
frequency of the MOS C7 (sample #3).
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By systematically measuring different MOS capacitors on a same substrate ®, a sim-
ilar relationship is observed. Figure 2.49 represents the mapping reverse current and
capacitance-frequency dependence of different MOS capacitors on sample #3. Green color
indicates the MOS capacitors without reverse current (below 10~7 A /cm~2 at positive
bias) and consequently without capacitance-frequency dependence in reverse regime. Red
color indicates the MOS capacitors with reverse current and subsequently capacitance-
frequency dependence in reverse regime. Orange color only indicates the MOS capacitors
which have metal problem due to lift-off.

Figure 2.49: Reverse current distribution of different MOS capacitors of sample #3.
Green color indicates the MOS capacitors without reverse current (below 1077 A/em™2
at positive bias). Red color indicates the MOS capacitors with reverse current.

From the above observation, we conclude that the so-called “inversion” in O-diamond
MOS capacitor is actually a capacitance-frequency dependence effect which is directly a
consequence of reverse current in positive bias. Therefore, questions are raising on origin
of reverse current and the relationship between DC reverse current and a.c measurements.

We are going to solve the mentioned questions in this work. After the motivation, we
will introduce our approach to elucidate the origin of reverse current. A special attention
is paid to correlate substrates profile with MOS capacitor’s electrical characteristics. The
combination of different electron beam microscopy techniques is used to elucidate the

8done by D. Valenducq, a master 1 internship from University Grenoble Alpes at SC2G, Institut
NEEL
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role of substrate on the electrical characteristics of the test device. The reverse current
effects on small a.c signal measurements is modeled by an electrical equivalent circuit.
The measured capacitance-frequency curve is compared with the simulated results from
the equivalent circuit. Finally, we will conclude our works.

2.7 Results and Discussion

As shown in Fig. 2.49, reverse current (under positive bias) is randomly observed even on
the same substrate. Since reverse current is not universal, substrate imperfection is highly
suspected as the origin. In fact, defects and dislocation on the substrates were found
playing an important role in other diamond devices such as Schottky diode [121][122] or
Metal-Semiconductor-Metal photodetector [123].

2.7.1 Device characteristics-substrate profile correlation

We will firstly recall the plan view structure of our MOS capacitor test devices. Figure
2.50a represents the optical photograph of sample #1.

' p+ MIMCAP

A1
MOSCAP

#-

Figure 2.50: a) Optical photograph of the completed test devices (sample #1) including
ohmic contact, MIM capacitor and MOS capacitor; b) the FESEM image of substrate
in Figure 2.49a after removing gate metal, gate oxide and redeposited ohmic contact
on p+ region and grids on p- region for device electrical characteristics-substrate profile
correlation.

The test device structure consists of the ohmic contact and MIM capacitor on the p-+
region and the MOS capacitor on the p- region. In order to correlate substrate profile
with MOS capacitor electrical characteristic, we eliminate gate electrode and gate oxide
of the sample after all electrical measurements have been done. The chemical etching by
“the aqua-regia” solution is employed. Then, the substrate is immersed in KOH solution.
After that, we employed a new lithography process to define a 8 x 8 grids into the p-
region of the substrate (the region previously with MOS capacitors). Ohmic contacts were
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also re-deposited onto p+ layer. Figure 2.50b represents the Field Emission Scanning
Electron Microscopy (FESEM) photograph of the substrate after the test devices were
removed, grid region and ohmic contact were re-deposited. By comparing the plan view
structure of test devices with grid region, we were able to determine the substrate region
corresponding to each specific MOS capacitors.

Figure 2.51a represents the semilog [-V characteristics of the MOS Al - sample #1
where reverse current was observed. Figure 2.51b represents the reverse I-V characteristics
in log-log scale. Linear fitting indicates the current-voltage power law of I~V* in reverse
regime.

T T T 107 T
107 4 ]
] 10'8-5 B Reverse Current 3
3 ] —— Linear Fitting
— 10'3—5 ° 9
NE o 107 5 E
o - —_~
<
< 10°] = 107 3
2 77 ° o
3 7 S 10"
o ] 5 O 10™ -
5 o E
(@) 9 ] oo
10° 4 A e ]
10™ E & 107 b)
LA DL DL R B B B UL LR | LA B L
-8 6 4 -2 0 2 4 6 8 0.1 1 10
Gate Bias (V) Gate Bias (V)

Figure 2.51: a) Current-voltage characteristics of the MOS A1l - sample #1 (Figure 2.50)
in semilog plot; b) Reverse current-voltage characteristic (gate under positive bias) in
log-log plot (Sample #1).

2.7.1.1 Combined FESEM and electrical measurement

Substrate region corresponding to the MOS Al - sample #1 is then examined by Field
Emission Scanning Electron Microscope (FESEM). Figure 2.52 represents the FESEM
image of this grid region at different resolutions. A special notice has been paid to two
defective spots: the hexagonal LS1 (Fig. 2.52b) and the rectangular LS2 (Fig. 2.52c).

By employing the FESEM system operated with the micromanipulator system [124],
we directly probed the defective spots and measured their electrical characteristic. Ohmic
contact was grounded by one tip and the second tip with a radius curvature of 1 pum was
mounted on the top of the defective spots. The [-V characteristics of the defective spot
were then measured by using Keithley 2611 Electrometer.

Figure 2.53a represents the semilog I-V characteristics of the defective sites under pos-
itive bias. The corresponding log-log plot is shown in Fig. 2.53b. A current-voltage ohmic
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Figure 2.52: a) FESEM image of the grid region corresponding to the A1 MOS capacitor.
b) the hexagonal defective leakage spot and c) the rectangle defective leakage spot in the
grid region (Sample #1).

law I~V is obtained from linear fitting the log-log plot. This characteristics indicates that
the defective spots have the electrical characteristics similar to a resistance.

By applying the identical measurement configuration and probing the second tips
outside the defective spots, current under detection limit is observed (Figure 2.53a, the
open black circular). We concluded these defective spots are the killer defect directly
related to the reverse current of the MOS capacitor.

2.7.1.2 Cathodoluminescence

We also performed cathodoluminescence (CL) measurements to correlate the localized
A-band luminescence to the killer defects. In fact, there are number of discussions on
correlating localized band-A-luminescence to killer defects on homoepitaxial diamond de-
vices [121][122]. For the current study, we performed CL spectrum and CL mapping on
different grid regions and correlate to electrical characteristics of MOS capacitors. As
shown in Fig. 2.54, localized A-band at approximately 420 nm were found at different
positions. However, there were no clear correlation between MOS capacitor reverse cur-
rent and A-band CL. We also employed the micromanipulator system using the identical
measurement configuration to measure the electrical characteristic of A-band defective
spots. A systematic correlation between A-band defective sites and electrical leakage
current was not obtained, as already noticed by Ohmagari et al. [121].

This could be related to the origin of A-band luminescence. The impurities aggrega-
tion and segregation at defect positions [123|[125] is claimed to be at the origin of A-band
luminescence. However, since not all the defect sites are killer defects, A-band are not
necessary revealed to killer defects. Therefore, it could be confusing to use CL to identify
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Figure 2.53: a) Current-Voltage characteristics of defective spots under positive bias in
semilog plot; b) Current-Voltage characteristics of defective spots under positive bias in

log-log plot (Sample #1).
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Figure 2.54:

a) CL spectrum of diamond substrate; b) CL mapping of diamond substrate
recorded at A-band luminescence (sample #1).
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2.7.1.3 Transmission Electron Microscope (TEM)

In order to investigate the features of the defective leakage spots, Transmission Electron
Microscopy (TEM) is employed. TEM preparation and measurement had been done by
the group of Prof. Daniel Araujo at Cadiz University- Spain. TEM lamella has been
prepared by Focus Ion Beam (FIB) technique. Firstly, a Platinum (Pt) film is deposited
on top of the defective site LS2 to protect the structure, as shown in Fig. 2.55. After
FIB cutting, the lamella was polished several times to obtained the desired thickness
(approximately 100 nm) for the TEM measurement.

FIB preparation

SHUm
|

Figure 2.55: FIB preparation for TEM measurement (Sample #1).

TEM image of the defective site L.S2 is shown in Figure 2.56a.
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Figure 2.56: a) TEM image of the defective leakage spot; b) Selected Area Electron
Diffraction SEAD pattern obtained at position A of Figure 2.56a (sample #1).

The depth of leakage spot is around 900 nm from diamond surface and 1100 nm from
leakage spot surface. The leakage spots are initiated from the substrate and have a faster
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growth rate than homoepitaxial diamond. Bunch of dislocations were found inside the
leakage spot, which was revealed as the indication (i)-(iii) in Fig. 2.56a). Figure 2.56b
represents the Selected Area Electron Diffraction (SAED) pattern acquired at position A
in Fig. 2.56a.

The SEAD pattern at the substrate and at center of defective spots were also measured
separately, as represented in Fig. 2.57. Zone axis of the diffraction pattern measured at
the substrate verified the conditions of the 001 pole, where A/B = 1.414 (Fig. 2.57a).
Zone axis of the diffraction pattern measured at the center of the defective leakage spot
verified the conditions of the 013 pole, where I./M = 1.658 (Fig. 2.57b). Substrate and
leakage spot zone axis were superimposed at the boundary (position A of Fig. 2.56a),
so that the substrate zone axis 001 and leakage spot zone axis 013 are revealed ( Fig.
2.56b).

SAED at substrate, 001 pole  SAED at leakspot, 013 pole

Figure 2.57: Selected Area Electron Diffraction pattern obtained at a) Substrate; b)
center of defective leakage spot (sample #1).

By using the relationship:
d
cosa = —2 (2.49)
do13
With dp = ﬁ where a—0.365 nm is the diamond lattice constant. A cosa =
0,9487 which is equivalent with an angle between two crystallographic orientations of
a =57.0743° is determined. We conclude that the diamond-like non-homoepitaxially

crystallite with bunch of dislocation inside is the feature of diamond killer defects.

2.7.2 Reverse current mechanism
2.7.2.1 Current mechanism

As we have shown, reverse currents are related to defective leakage spots in the sub-
strate. Figure 2.58 represents our proposed reverse current mechanism. Two sections are
included: The section surrounded by blue dash represents the area without defective leak-
age spots. Since positive voltage is applied, SCR width of diamond epilayer is expanding.
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Carriers are not allowed to flow through this region. The corresponding electrostatic
band diagram is represented in the left hand side of Fig.2.58.

Figure 2.58: Proposed current mechanism and its corresponding electrostatic band dia-

grams.

When the defective leakage spots are present, the corresponding configuration is shown
in the section surrounded by red dash. Since defective leakage spots are equivalent with a
resistance, no SCR is able to form. This region is conducting. The proposed electrostatic
band diagram corresponding to this region is represented in the right hand side of Fig.2.58.

For the current mechanism, we propose the current mechanism as in Fig. 2.58. Hole
from gate metal are suggested to initiate the current flow. Hole firstly being tunnelled
into oxide and then hopping through the oxide [106][107][108][118]. Once holes approach
the diamond surface, only the region with defective leakage spots are allowed the carriers
flowing through. The MOS capacitor without leakage spots will be insulated and no
reverse current will be observed.

2.7.2.2 Limiting process

To identify the limiting process, we reconsider the current-voltage power-law from the
log-log plot in Fig. 2.51 and Fig. 2.53.

The I o« V* of MOS capacitor in Fig. 2.51b indicates that bulk oxide is not the limiting
process [106]|[116][117]. Carriers transport in defective leakage spots are followed ohmic
law I oc V, as shown in Fig. 2.53b. Furthermore, the equivalent resistance of defective
leakage spots is much lower than the resistance of MOS capacitors. We conclude that
the transport through defective sites is not the limiting process. Therefore, for the gate
bias range V5=-8V to Vg=-+8 V in current work, limiting process of reverse current is
identified as the tunneling from metal to the oxide traps states [118].

Current-voltage were also measured at different temperatures to examine the thermal
activation process, as shows in Fig. 2.59a. Current value for V=7V at different tem-
perature is plotted in Fig.2.59b. By applying the Arrhenius plot, a thermal activation
energy of £y ~ 142 meV was evaluated. This thermal activation energy is assigned to
the process at the barrier between metal and the Fermi-Dirac occupation function of the
trap states in the oxide [118].

2.7.3 Capacitance-frequency dependence

As shown in Fig. 2.47 and Fig. 2.48, reverse current (positive bias) is the origin of the
so-called “inversion” in O-diamond MOSCAP. In order to elucidate the role of reverse
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Figure 2.59: a) Current-Voltage of MOS capacitor measured at different temperatures,
ranging from 150K to 370K; b) Arrhenius plot of current measured at different temper-
atures when gate are biased at V=7V (MOS Al - sample #1).

current on capacitance measurement, the capacitance-frequency measurement (C,, — f)
were performed. For the sake of remembering, this C-f curve is equivalent with the cutline
of C-V curves at different frequencies when V¢ is fixed. The open circular curve in Fig.
2.61 represents the measured C,, — f curve at Vo=7V. The C-f dependence is clearly
observed at low frequency range (f < 1 kHz).

2.7.3.1 Equivalent circuit

In order to model the effect of reverse current on C),, — f measurements, we linearized
the characteristics around a DC bias by an equivalent circuit. Figure 2.58b represents
the proposed equivalent circuit which is based on the current mechanism (Figure 2.58).
The area surrounded by a blue dash is corresponding to an ideal MOS capacitor in deep
depletion regime. The semiconductor SCR is in series with oxide capacitance C,;; and
oxide conductance G,.;. The area surrounded by a red dash represents the equivalent
circuit corresponding to the defective leakage spots area. Resistance of defective leakage
spots Rerystattite are in series with oxide capacitance C,zo and oxide conductance Gogo.
Oxide capacitance (C,;1 and C,.o) are corresponding to the effective area of the non-
defective area and the defective area, respectively.

2.7.3.2 Impedance Simulation

Parameters Extraction The area of the defective leakage spots Scyystauite are deter-
mined from FESEM measurement. The corresponding capacitance C,.o can be evaluated
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Because C,,; and C,.o are two capacitances in parallel, the oxide capacitance C,, is
equivalent with: C,, = Cyp1 + Cora. The C,,q is therefore evaluated by using:

Coxl = Cox - Cow2 (251)

where C,, is the oxide capacitance measured from MIM capacitor.
Semiconductor capacitance C,, is evaluated from “proper frequency” capacitance mea-
surements as discussed in the previous part. By using the equation:
CO(EC'I’YL

= 2.52
Com g (2:52)

where C,, is the MOS capacitor measured capacitance at high frequency range.
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Figure 2.60: Proposed equivalent circuit which is corresponding to the current mechanism
for simulating the a.c measurement.
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Rerystatite 15 the equivalent resistance of the defective leakage spots. The MOS Al -
sample #1 consists of two defective spots in parallel. Therefore, the equivalent Re,ystaiite
can be calculated as:

Rl X R2

Rcrystallite = m (2 . 53)

where Ry and Ry are corresponding to the resistance of the 1.S1 and LS2 defective
leakage spots, which were determined from I-V measurement. The conductance of the
crystallite is then evaluated by the inverse of R ystaiite-

From DC I-V measurement of the MOS capacitor, the DC conductance Gp¢ is eval-
uated by the derivation:
_ dIpc(MOS)

Gpe = dVpc(MOS)

(2.54)

We considered that DC transport is a process of two serial processes: conduction
in the oxide G,, and conduction in the crystallite Gerystauite- By assuming Gy is not
contributing to the DC transport, the G, is evaluated as:

G . GDC X Gcrystallite 9
ox2 — ( 55)
Gcrystallite _ GDC

In summary, all the parameters in the proposed equivalent circuit can be experimen-
tally determined for an empirical simulation. Table 2.4 represents the parameters we
introduced for the impedance simulation. The corresponding extraction method are also
indicated.

High
R R, ., Goe XG e
Mez:ns:trheofzem MIMCAP | FESEM | C,-C,, freggzncy I-V defect | |-V defect ﬁ 1/Rqystaiie | IV MOSCAP GGy
MOSCAP s '
arameters
Vo) Coe (PF) | Coa(PF) | Coq(PF) | Coc(pF) Risi(€2) Ris2(Q) | Reisanie(Q) GcrystaHite(S) Gpc(S) Gi2(S)
G
7 360 1 359 27.8 7.1x107 1.2x108 | 4.46x107 | 2.7x108 | 6.54x10°| 9.14%10?°

Table 2.4: Input parameters for the a.c impedance/capacitance simulation and its corre-
sponding extraction method.

Impedance Simulation With all the parameters of the equivalent circuit experimen-
tally determined, the C,, — f curve can be simulated.

The red line in Figure 2.61 represents the simulated capacitance-frequency curve by
using the equivalent circuit in Figure 2.60 and the parameters in table 2.4. The simulation
curve unambiguously reproduces the measured C,, — f curve. We conclude that the
reverse current via defective leakage spots in the epilayer is responsible for the C,, — f
dependent. Without reverse current, no C,, — f dependent is observed. We conclude that
the conclusion on minority carrier inversion given by Kovi et al. [20] is most probably an
effect from their enormous reverse current.
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Figure 2.61: Capacitance-frequency dependent in the reverse regime from a.c measure-
ment (closed black circular) and simulation (red line).

2.8 Conclusion

In this work, we investigated the origin of reverse current in O-diamond MOS capacitors.
The correlation between substrate profile with MOS capacitors electrical characteristics
were done. Diamond-like defective leakage spots with bunch of dislocations inside were
found to be responsible for the reverse current at positive bias. Localized A-band peak
in CL measurement are not necessary representing the killer defects. Hole injection from
metal gate is suggested as the origin of reverse current in O-diamond MOS capacitor. Re-
verse current caused the capacitance-frequency dependence on C-V measurements. The
impedance simulation by using the equivalent circuit with all quantified parameters has
unambiguously demonstrated the relationship between reverse current and capacitance
measurement. Minority carriers inversion claimed by Kovi and co-authors [20] is most
probably an effect from parasitic reverse current.
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2.9 Conclusion of Chapter 2

In summary, this chapter has been dedicated for the understanding of oxygen terminated
boron doped diamond MOS capacitor.

Part 1 introduced a new technical approach to reduce series resistance and improve
gate oxide in fabricating O-diamond MOS capacitor test devices. We introduce the com-
plementary measurement techniques to obtain a proper C-V measurements. Systematic
measurement, were performed to ensure the reliability and reproducibility of the system.
Crucial information on the MOS capacitor system were obtained. An effective gate con-
trolled diamond SCR width was demonstrated. It is promising to fabricate a depletion
mode diamond MOSFET.

Part 2 elucidated the typical electrical characteristics of O-diamond MOS capacitor.
Forward current mechanism is proposed where the oxide tunneling and semiconductor
interface states recombination played an important role. Oxide tunneling limiting process
were identified and the corresponding approximation were made. By subtracting DC
current, equivalent conductance % and interface states density D;; were extracted. Single
state model was found sufficient to correlate with experiment result. Impedance and
capacitance measurements are well reproducing by simulating the equivalent circuit with
all evaluated input parameters. Simulation results demonstrated that gate leakage current
via interface states caused the capacitance-frequency dependence in O-diamond MOS
capacitor. Complete electrostatic model for O-diamond MOS capacitor is also established.

Part 3 investigated the origin of reverse current in O-diamond MOS capacitors. The
correlation between substrate profile with MOS capacitors electrical characteristics were
done. Diamond-like defective leakage spots with bunch of dislocations inside were found
to be responsible for the reverse current. Localized A-band peak in CL measurement are
not necessary representing the killer defects. Hole injection from metal gate are suggested
as the origin of reverse current in O-diamond MOS capacitor. Reverse current caused
the capacitance-frequency dependence on C-V measurements. The impedance simulation
by using the equivalent circuit with all quantified parameters has unambiguously demon-
strated the relationship between reverse current and capacitance measurement. Minority
carriers inversion claimed by Kovi and co-authors [20] is most probably an effect from
parasitic reverse current.

Thanks to the effective gate controlled diamond SCR width, we will introduce our ap-
proaches to fabricate and investigate the depletion mode boron doped diamond MOSFET
in Chapter 3.
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Deep depletion regime is demonstrated in metal oxide semiconductor capacitors using p “vpe oxyge.
terminated (100) diamond as semiconductor and AlyO3 deposited by Atomic Layer Depositio. ‘ALD) at
380°C. Current voltage I(V) and capacitance voltage C(V) measurements wer. ner‘ormed to study . ~ effec-

tiveness gate control diamond semiconductor. An effective modulation of the Sj

= Charge Region (SC .¢) in

deep depletion regime is obtained for positive gate bias. The deep depletion m~tal ¢ ‘de semicenductor field
effect transistor (MOSFET) using boron doped diamond are demonstrated.

Due to silicon physical limitations, wide band gap
semiconductors are attracting a lot of interest for next
generation power electronics device application. Among
them, diamond is widely recognized as the best material
due to its superior physical properties like extreme break-
down field, high thermal conductivity and elevated car-
rier mobilities. After decades of investigation, dia mond
epitaxial growth and doping control are well m: ste. .
It opens the path to realize diamond MOSFET which ..
one of two critical elements of a power converter system,
along with Schottky diode.

Most of the diamond based MOSFET have been ce-
veloped thanks to the surface transfer doping concept on
H-terminated diamond”. Such MCsF Ts, including n
oxide layer between the metal anc the carrier channel””
are promising devices able to ¢ »mbine low ss in on-
state and high breakdown voltag: in off-sta’c w.  a sta-
ble behavior. Recently, diamona “TOS_-ET basc on
O-terminated phosphorous doped dia ~nd"” working
inversion regime were also demonst «tea. The on-state
current of these two kind of MOSFETs is . -ongly de-
pendent to the channel mobility at the interface =tween
oxide and diamond. Indeed, tu. “ole channel ¢ .ier
mobility of these MOSFET is limite. by interfac. phe-
nomena (surface roughne -~ rcattering on  ~terface states
scattering) resulting in typ 2l mobility o, .ound 100
cm?. V1571 for the best cas. Thus, the full proper-
ties of diamond cannot be exploi. 1 in such MOSFET.
Achieving a hols chann. ~obility he g values compa-
rable to bulk o obility ' remc °s a cha! enge. On the other
L ~d, bulk che nnel boron dop. 4 diamond can be used in
M. "ET as rc ently demonst ated”. In that case, bulk
hole mobility ca be achieved but the on-state current
of this device is lin. 1 by t%e low doping level required
(Na < 10% c1073) to preserve the Schottky contact at
the gate without excessive leakage current. In this con-
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text and thanks tc the oxiac “arrier, boron doped deep
depletion mode “MISFETs are ood alternative which

will permit to use 1. her doping lev  combined with bulk
mobility.
The buiow  ~ed deep « »letion mode MOSFET prin-

ciple r:lies on the large banc zap of diamond. Generally,
wide I and gar matericls are used because of their ability
to sust ‘n bigh breakdcwn field which permits to achieve
devices . ving higher blocking voltage than Si. In the
'eep deple.. - FET “oncept, we propose to use the large
be. 1 gap of diamond in another manner. The large band
gap ¢ diamond induces an infinitely long time for the
generati  of minority carrier. Also, when the deep de-
pletion rezi. ie is achieved in diamond and at the opposite
to Si, if no source of minority carrier is provided (drain or
“aurce *u inversion MOSFET for example), the deep de-
pletion regime is stable over time. Here, we demonstrate
the interest of this property to fabricate a transistor in
-vhich the on-state is ensured thanks to a bulk channel
conduction, boron doped diamond epilayer, and the off-
state is ensured thanks to the thick depletion induced by
the deep depletion regime. This report is dedicated to the
description of the deep depletion concept and demonstra-
tion.

In a first part, the deep depletion concept will be de-
tailed. Then, the sample fabrication and experimental
details will be given. The electrical properties of diamond
Metal Oxide Semiconductor Capacitors (MOSCAPs) will
be analyzed in terms of deep depletion. The effectiveness
of the space charge region modulation will be demon-
strated. Finally, the transistor characteristics of two deep
depletion diamond MOSFETs will be shown in order to
illustrate the device concept.

Figure 1 describes the deep depletion concept. Figure
la) shows a cross section of a deep depletion transistor.
D and S are the drain and source electrodes having a cir-
cular and annular shape, respectively. G is the annular
gate electrode composed of a stack of oxide and metal
deposited on diamond surface. For sack of simplicity, we
first consider that D and S are grounded and only the gate
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FIG. 1. a) Schematics represent the concept of deep deple-
tion MOSFET for wide bandgap semiconductor. The three
different regimes are drawn: flatband regime, deep der 'ation
regime and inversion regime. b) Graphical solution . s. ~i-
conductor charge per unit area as a function of gate voltag
V¢ for an ideal MOS structure with N4 = 1.75 x 10 7em ™3
acceptor doping level. The thickness and relative dielectric
constant of AloO3 are 40 nm and 9, respectively. The tra.-
sition from the initial deep depletion regime to the invers on
regime is characterized by the characteri;*ic time constan 7.
¢) Minority carrier generation tine costan. as function of n
terial bandgap at room temperatur: using Si parameters fc
vin, and Ne,v. 7 can be considered 1is infinite fo “amond.

electrode can be biased with a voltage v For Vi equals
to the flat band voltage of the MOSCAP, . Jepletion of
holes is expected below the gate electrode. 1. channel
between the D and S is fully = -med. A drain - ce
voltage can create a channe! curren. across the tr .asis-
tor. This is the on state of the deep de, “tion transistor.
When a gate bias larger - .. * the threshola It .ge of the
transistor is applied, the trawn. “tor is switch g from the
flat band regime to the depletic regime and then the
deep depletion reci.... The space ¢. ‘re . region extends
below the gate contact an. ould ever reach the insulat-
i "¢ substrate. The green arc s of Fig. la) indicate the
in  T'ating are. of the channe. This is the off state of
the tracsistor. e electric che zge below the gate can be
quantified and ev.  nlot as fitnction of the semiconduc-
tor surface potential w4 <ig. 1b)). The different regimes
can be observea. The vertical line at around ¥,=4.8 eV
represents the ab.upt increase of the negative charges at
the interface betveen the semiconductor and the oxide
when the inversica regime is reached. Then, thanks to
the method intr .duced by Vincent’, we can graphically

‘antify the t- .nsistor regime by plotting simultaneously

the straight line arising from the Gauss theorem in ti.
oxide and in the semiconductor respectively. One exam-
ple is shown in Fig. 1b) for a high positive gate voltage.
The two intercepts of this example correspond to two dif-
ferent regimes: deep depletion and strong inversi~— A
diamond MOSCAP will switch from the deep depletic
regime to the strong inversion regime with a trpical tir.e
constant 7:

1 Ec—Ey
T=2x ———e¢ T ~10% (se ~10°0 (year
UthUeNiJ
(1)
with vy, the mean ther.nal vele iity of carrie. N, the

equivalent density of stat. ¢ valence band, 0. ‘= Jhe
capture cross-section of a d .. *s in midgap with t pical
magnitude of 1071% (em™2). E. ~d E, are the conduc-
tion and valence band energy respe. ‘vely.

This time constan* .. racterizes th. “‘me needed for
electron (here mincrity car. ~) to be generated from the
valence band to tle conductic band and so, establish
the inversion rv 4. An evaluati. - .sing Si parameters
for vy, and N, is she m in Fig. 1c¢® as a straight line. As
observed, in the case ot . = this time constant is of the or-
der of cuie secu. " meaning . ~* che deep depletion regime
is not 1 stable state in silicor material. Silicon can not be
used t fabricate deep depletion transistor. At the oppo-
site, th *irie constant of larger bandgap like diamond is
so large, 37 s at roori temperature, that it can be con-

‘dered as a . "'~ state. In other words, Si MOSCAP
sw, hes from deep depletion to inversion in about one
secon.. ~ud so, partially open the channel of the tran-
sistor de.. ~ g the off state of the transistor. At the
opposite, diamond MOSCAP stays fully deeply depleted
and so er.sure the off state of the transistor. This partic-

'~ »operty of wide bandgap material opens the route
for the fabrication of high voltage high temperature de-
vices. The possibility to use the deep depletion regime
.n MOSFET can be strongly beneficial in the design of
the transistor since thick layer can be depleted with this
concept. In order to demonstrate the validity of our con-
cept, we fabricate and analyse diamond MOSCAP and
transistors.

For the purpose of investigate the gate control dia-
mond, the O-diamond MOSCAPs were fabricated us-
ing the lateral structure'’, as shown in Fig. 2a).
Monocristalline diamond layer with 500 nm thick and
5x10'6 cm~3 boron doped is homoepitaxially grown us-
ing a microwave plasma assisted chemical vapor deposi-
tion (MPCVD) NIRIM type reactor'' on a 4 x 4 mm?
Ib high pressure high temperature (HPHT) (001) dia-
mond substrate. Oxygen termination of the semicon-
ducting diamond top layer was done thank to a deep UV
ozone treatment “. The ohmic contacts and gate contacts
were defined by laser lithography (Heidelberg DWL66FS)
and electron beam (e-beam) evaporation of Ti/Pt/Au
(30/50/40 nm) followed by standard lift-off technique.
40 nm of AlyO3 were deposited by Atomic Layer Deposi-
tion (ALD) on the whole sample surface at 380°C using
a Savannah 100 deposition system from Cambridge Nan-
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FIG. 2. a) Cross-section structure of the lateral O-diamond MOSCAP. b) Optical top vie. str.cture of the fabr.
diamond MOSCAP. ¢) I(V) characteristics of the O-diamond MOSCAP for +15V<V¢s < —10V

ted O-
dicates the negligible | .kage

current. d) C(V) characteristic of the O-diamond MOSCAP indicates the complete electrost .ticz ‘ate contro! diamo.ud into
accumulation, flatband, depletion and deep deletion regime. e) Semiconductor surface potential var. “ion with rate bias for
the gate bias from flatband voltage to deep depletion regime. f) the variation of semiconductor space cha. -~ region versus gate

bias.

oTech. The precursor was Trimethylaluminium (TMA),
and water as oxidant. The pulse and exposure dura-
tion were 15 ms and 30 s, respectively, with typical base
pressure of 1.3x 10~ Torr. After the gate contact depo-
sition, sample is annealed at 500°C in vacuum condition
during 30 mins. Optical top view structure of MC "AP
is shown in Fig. 2b).

For MOSCAPs measurements, I(V) was measured by
Keithley 2611 source-ammeter. Solartron Modulab with
ac voltage V.. = 20mV was employed to measure C(* )
and capacitance-frequency C(f).

For the purpose of proof-of-con.ep’ two deep dep -
tion diamond transistors name G )1 and GD2 have bec
fabricated. The MOSFETSs stru ture is ider -al to the
structure presented in Fig. la On sar.ple "DI, a
20nm Al,O3 was deposited at 380 * ont, the top « ~ di-
amond epilayer (2x10'7 ¢cm™3 boron « ~ed and 230 1.
thick). On sample GD2, we deposit.d 4. "m Al,O3 at
380°C onto the top of diamond epilayer (5. ‘06 cm=3
boron doped and 500 nm thick). Typical therma. ‘nneal-
ing is employed for ohmic ccatac. * of MOSCAY. und
MOSFETs. For MOSFETs measuren. ~t, a two cl.annel
Keithley 2636 Source Me ~r Unit was us. '

Figure 2c) represents the . 7) characteris . of the O-
diamond MOSCAP. In this sai. le, leakage current are
almost under detec*:~» limit for . ~ bias range from -
10V to +15V. lhe C(v rharacter1 .c of O-diamond
MOSCAP tha’ were normal.. d to ox«de capacitance C,,,
is hown in F 1.2d). A comp ‘te p-type semiconductor
MO»CAP oper ‘ion (accumuli tion, flatband, depletion,
deep depletion) . “tained. In this case, C,, is estimated
using C,, = 252z v, - - acuum permittivity, €5, = 9
is the oxide dietoctric constant and t,, is the oxide thick-
ness. Prior to pe-form C(V) measurements, the a.c fre-
quency is pre-dete rmined by using C(f) measurements to
eliminate the arti acts interfere C(V) measurements

The ideal I(V, and C(V) characteristic of this sam-
'~ is obtaine _ thanks to the improvements of oxide and

oxide/diamonc ... face. The de. '« of new process im-
proved oxide and ox. ~/diamond i .cerface can be found
in'”.

As mentione.  bove, the |~ of this work is to demon-
strate the deer depletion c.ncept for boron doped di-
amonc MOSEET. Tierefore, the central role of the
MOSC. P *est devices ‘s to examine the efficiency of gate
control . mond semi.onductor specialized on deep de-
_otion regii..

:. it is well-known, for depletion and deep depletion
regime  ~emiconductor SCR is proportional to the square
root of st. = :potential ¥;”. Consequently, the semicon-
ductor caacitance C,. and semiconductor surface poten-
tial can he evaluated from C(V) measurements

)

The W, — Vi relationship in Fig. 2e demonstrates the
efficiency of gate control diamond semiconductor in deep
depletion regime. Minimum capacitance Cp,;, that gen-
erally observed in Si/SiOs MOSCAPs when U, reaches
the inversion condition (¥4 > 2W;)'° is not observed in
diamond MOSCAPs. As illustrated in Fig. 1, this is the
special characteristic of wide bandgap semiconductor due
to the infinite minority carrier generation time constant.

From U, — Vi relationship, the SCR width (W) versus
V¢ can be calculated by:

W= 263680\113
qNa

Figure 2f) represents the SCR width of boron doped
O-diamond versus V. In the current configuration, 360
nm thick of diamond can be modulated. This analysis is
critical to realize the deep depletion diamond MOSFET.

2 Cou
q NAgogs (C

m

2

202,

U, (VG) = (2)

(3)



20] Ve=5V  T=205K | 204 v4=-16V |
== Step Vg1V
— N T=295K
1.5 1 ESOA Step Vg: 4V |
<
3
| p—

0.0
V=10V
-10 -8 6 -4 -2 O 20 -15 -10 -5 0
Vps(V) Vps(V)

FIG. 3. Transistor characteristics measured by sweeping Vpg
at different fixed Vgg.a) transistor characteristics of sample
GD1; b) transistor characteristics of sample GD2.

The proof of deep depletion diamond MOSFETSs con-
cept is demonstrated in Fig 3. We introduce here the
transistor characteristic of two transistors. The transis-
tor characteristic is measured by sweeping the source to
drain voltage (Vpg) at different gate bias, ranging from
negative to positive. As shown in Fig 3, current between
source and drain is clearly controlled by the pc  *ial
at gate electrode. The devices clearly exhibit trans.
tor characteristics with ON-state and OFF-state. For
both cases, gate leakage currents are under the appara-
tus detection limit (data not shown) demonstrated thet
the transistors are controlled electrostatically by the * o-
tential at metal gate.

As demonstrated, the deep depietion concept is wor
ing well for different epilayer thic <nesses, doping concen-
trations, different oxide thicknes: s and alsc ¢ “~age for
different structures. This demons ~tion .pens ti. <con-
cept of the vertical deep depletion MU 7 ££T working . "=
a Junction FET (JFET)'" without th- n. - of the n-type
layer.

In summary, we demonstrated in this worsn “he deep
depletion concept which is *=." e of wide be T ap

semiconductor. We fabricated O-terminated diamon.
MOSCAPs to investigate the effectiveness of gate con-
trol diamond semiconductor, specialized on deep deple-
tion regime. We demonstrated the first ever a boron
doped diamond MOSFET working by the deep der'-*ion
concept. This work opens the new perspectiv:s to fu.
exploit the potential of diamond for MOSFET applic -
tions.
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Metal oxide semiconductor capacitors were fabricated using p—type oxygen-i »mi.ated (001) dian. ~d ~nd

Al;O3 deposited by atomic layer deposition at two different temperatures 250°¢

nd 380°C. Current v .cage

I(V), capacitance voltage C(V) and capacitance frequency C(f) measurements were erformed and analyzed

for frequencies ranging from 1 Hz to 1 MHz and temperatures from 160 K to 360 K. .

complet. model for

the MOSCAPs electrostatics, leakage current mechanisms through the oxid~ to the semic. Aducto: and small
a.c. signal equivalent circuit of the device is proposed and discussed. Inte. ce states deusities are then
evaluated in the range of 10'2eV ~!.cm™2. The strong Fermi level pinning is dem. -strated to be induced by

the combined effects of the leakage current through the oxide and

states.

I. INTRODUCTION

Diamond has been widely recognized as an ide: . s. ~i-
conductor for power devices~ due to its superior phys.
cal properties. Recent progresses on diamond substrate,
homoepitaxial growth, doping control and fabricatior
processing permit to consider the diamond power ce-
vices, e.g. Metal Oxide Semiconductor Field Effect Tr n-
sistors (MOSFET). Most of the ciar nd MOSFET -
reported in the literature were realized thanks to ti
two dimensional hole gas (2DH(!) at the hy -ogen ter-
minated diamond (H-diamond) wrface dr.e te¢ mrface
doping concept’. Performances .~ H-~.amond . 0S-
FETs are promising” and optimizat. ~s of the stru
tures are still under investigations’ °. Recently, the
first MOSFET transistor working in inversio.. ‘egime has
been reported’. In order to obtain such carr. inver-
sion, n—type oxygen-terminaiea -terminated)  11)
diamond epilayer has been used as ~bstrate m..cerial
in order to create a p—* v3 channel M. “SFET. These
two MOSFETSs architecsui. are opening .  route for
the fabrication of the next gen. ation of di.mond based
MOSFETS for power electronics. » “wever, a deep under-
standing of the sxide ai.. ~terface p»  crties of the gate
transistor is st'll missing. 1. ‘his wor ., we report an ex-
L stive analy :is of metal oxi. > semiconductor capacitor
(wvie "CAP) fa -icated on O-t¢ ‘minated diamond.

In oraer to ex. ~ine the gate control boron doped dia-
mond, Chicot et a.. = ntroduced the O-diamond/Al;O3
MOSCAPs tes. device. Strong leakage currents'” and ca-
pacitance frequer cy dependence' ' were observed through

a)thanh-toan.phamr 2neel.cnrs.fr
“Viulien.pernot® _eel.cnrs.fr

~ presence of « ~mend/oxide interface

the O-caamona OSCAPs Aly0O3 deposited by ALD
at 10C°C. Kov’ et al.'© em: 1oyed an identical structure
using 1503 depositec by ALD at 250°C and reported
similar 'e.trical characteristics. Marechal et al.” em-
vloyed th. ¥'PS meas.rements and determined the type
- hand aligni.e... at O-diamond/Al;O3 interface with
Aly.  deposited by ALD at 250°C. However, in all men-
tionea ~vorts, a complete understanding on the elec-
trical che. eristics of boron doped O-diamond/Al>O3
MOSCATFs 1s still lacking.

™", work is devoted to investigate the diamond/Al, O3
interface and the origin of gate leakage current
and capacitance-frequency dependence for O-diamond
MOSCAP. In the first section, we briefly introduce the
fabrication processes and the general electrical character-
istic of the O-diamond MOSCAPs to illustrate the main
issues. In the second section, we address the electrostatic
properties of the O-diamond MOSCAPs, we introduce an
approach to reliably perform the C(V) measurements and
a method to quantify the semiconductor surface poten-
tial versus gate bias (Ug(Vy)). Electric charges proper-
ties such as semiconductor doping concentration, oxide
charges and interface states charges are then quantified
from C(V) measurements. The electrostatic band dia-
grams are built by taking into account the charge compo-
nents of the MOSCAP test device. Electrostatics simu-
lations are compared with experimental results Ug(Vg).
In the third section, we propose a model for the leak-
age current mechanism under negative bias thanks to
the electrostatics band diagram. From leakage current
mechanism, we build the physical equivalent circuit lin-
earizing the small signal measurements. Approximated
equivalent circuit based on different limiting processes is
discussed. Current limiting process is identified thanks to
different approaches. From the approximated equivalent



circuit, the conductance method is adapted to our spe-
cific MOSCAPs and applied to quantify interface states
density D;;. The impedance/admittance frequency de-
pendence of the MOSCAP test device is empirically simu-
lated by using the proposed equivalent circuit with all pa-
rameters extracted from experimental analysis. Finally,
the paper is summarized.

Il. MOSCAP FABRICATION AND TYPICAL
ELECTRICAL CHARACTERISTICS

This section is dedicated to the description of the
MOSCAPs fabrication process. Then, the typical I(V),
C(V) and C(f) measurements done on these MOSCAPs
will be illustrated and discussed.

A. Experimental details

The test devices composed of a stack of a heavily (p+
layer) and a lightly (p— layer) boron-doped homoepi-
taxial mono-crystalline diamond layer grown by using
a microwave plasma assisted chemical vapor deposition
(MPCVD) NIRIM type reactor on a 3 x 3 mm? I" “igh
pressure high temperature (HPHT) (001) diamond sw.
strate. The cross-section structure is shown in Fig. 1
a). The optical plan view structure of one fabricated test
device is shown in Fig 1b. The moderately boron-doped
diamond layer (N4 ~ 3 x 1017 cm™3) is in contact w th
the gate oxide. The heavily boron dep~d (N4 ~5x 1 20
em~?) metallic diamond p+ layer aces as a low res
tive ohmic contact electrode in jrder to rednce the se
ries resistance. Vacuum ultravic =t (VUV) _.. e treat-
ment resulted in the Oxygen term. ation r. the di. mond
surface'?. The Al,O3 gate oxide was . v sited by ato. ‘c
layer deposition (ALD) on the whole s a._'e surface using
a Savannah 100 deposition system from Ca. “ridge Nan-
oTech. The precursor was Trimethylaluminiu. (TMA),
and water was used as the oxid- * The pulse an. ~¥ .o-
sure duration were 15 ms anc 30 s, rc ~ectively, wit! typ-
ical base pressure of 1.3x 1( ~'Torr. 1. ohmic contacts
and gate contacts were d . -4 by laser lit.. ~rsphy (Hei-
delberg DWL66FS) and elect. n beam (ebee .1) evapora-
tion of Ti/Pt/Au (30/50/40 n. followed by standard
lift-off technique. 7. -~hmic conte “ w.s deposited di-
rectly on p* larer prior to 7503 depr sition. This struc-
uire offers the advantage of . ving both MIMCAPs and
M SCAPs on the same samj e, as shown in Fig. 1a).
The actails of . o representat ve samples are presented
in table I. These o samples are chosen as their elec-
trical characteristics .. ..ostly similar in term of leak-
age current dens’ty, capacitance-voltage and capacitance-
frequency behaviors. The only difference is the shift of
flatband voltage d 1e to charge in the gate oxide, as it will
be discussed in tl e following sections.

The DC Curr at-Voltage I(V) characteristic was mea-

-red by Ke''.ley 2611 source-ammeter. Small-signal

Sample t,-  t,+ tox

» O-termination Tgep of ALD Topnrn. =

(nm) (nm) (nm) O ¢C)
#1600 300 20 VUV 250 NA
#2300 300 20 VUV 380 500

TABLE I. Sample structures details: thickness of moderatel,
doped layer t,-, heavily doped layer t,+, oxid> layer -e-
posited by ALD t,,, treatment fo. oxygen terminav. 1 (V UV
ozone treatment is defined as VUV), ALD deposition ten rer-

ature Tg4ep and annealing temperature T ~aling-

measurements (C(V), G ¥), 'mpedance, adi “tarce)
were performed with a con  nt a.c voltage of V,, =20
mV by Solartron Modulak 1my. 1ance analvzer. Capac-
itance characteristics that will be troducec in the fol-
lowing section represert the measure. =pacitance of the
equipment which is C,, = ﬁ Where 4 is the mod-
ulus of the meastred impea. *ce. To perform conduc-
tance method, rarallel capa. anrz-conductance cir-
cuit (C, — Rp) can = evaluated b using the real part
and imaginary part ot . ~ measured impedance. Electro-
statics simue. M was pe. v :d using Nextnano® soft-
ware. The banc. alignment or electrostatics simulation
is emj] 'oyed from the XPS measurement introduced by
Mareci 1ef al.'?

| MIMCAP

MOSCAP

P

a)

FIG. 1. Structure of the test device that include Ohmic
contact, MIMCAPs and MOSCAP a) Cross-section; b) Top
view.

B. Typical electrical characteristics

Typical electrical characteristics of O-diamond
MOSCAPs can be summarized in Fig. 2. These results
are measured from MOSC7 test device on sample #2
and in agreement with O-diamond MOSCAPs that
have been previously fabricated and reported by our
group' ' and the results published in literature'”.

Figure 2a) represents the I(V) characteristics. Un-
der negative gate bias, leakage currents are systemati-
cally observed. Under positive bias, leakage currents are
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v is measurea om MOSCT7, sample #2

(surface area A=1.77x10* cm?): a) I(V) characteristics; b) C(V) characteristics mea. ‘ed at different = .quency, ranging from

1 kHz to 1 MHz; d) C(f) characteristics measured by fixing gate bias at Vg=0V, -2V, .

from 1 Hz to 1 MHz.

randomly observed among several test devices /  the
current MOSCAP, leakage current under positive b. -
are under the apparatus detection limit). In the follow-
ing sections, we will elaborate the origin of leakage cur-
rents and capacitance-frequency dependence for the G-
diamond MOSCAPs under negative bias. The origin of
leakage currents and capacitance fr-y ~ency depende: <e
for O-diamond MOSCAPs under r.ositive bias will be d.
cussed in another work.

Figure 2b) represents the C(V characte istic. ot dif-
ferent frequencies, ranging from 1. "z t- 1 MHz o. *he
same MOSCAP test device and the sas - bias range wi.
I(V) measurement. A strong capaci.ance ~equency de-
pendence is observed when the strong negat,  gate bias
(=4 V < Vg < —6V) is applied. For the high asitive
bias range, the capacitance-frrquern. - dependence a. not
observed in this MOSCAP test device

The capacitance-frequ .. » dependence . e negative
bias can be further seen by C{_ " measuremer .3, as shown
in Fig. 2¢). From the C(f) curve. three different regimes
can be distinguish.l. © High freque ~u egime (between
500 kHz and 1 MHz): The is a minc  effect from series
1 sistance whih induces a s ~htly capacitance increase
s f. Ho ever, in our p:. *udo-vertical MOSCAPs,
series (~sistanc contribution .s almost negligible. i)
Low frequency re, ~e (from . Hz to about 40 kHz for
Vo =—-6V; from 1 1.. w4 kHz at Vg = —4 V; from
1 Hz to 200 Hz at Vg —2 V; and almost negligible
in the whole freq iency range for Vo = 0 V): the mea-
sured capacitance is strongly frequency dependent. Ca-
pacitance decreas s with a slope of 20 dB/dec. Previous
reports on O-di-mond MOSCAPs" '~ showed that the

‘macitance  _quency dependence of the “low frequency

Ve

V and -6V .nd sweeping frequency

range’ s huge. In Kovi et al.'~, the “low frequency range”
is even heurved for the frequencies up to few MHz. i)
Middle j.  ~ency regirie (the regime between “high fre-

ency” ana “ squency”): the measured capacitance
is « nstant versus frequency. This frequency window is
too lo. to be assigned to a series resistance effect and
too high - e related to an interface states contribu-
tion. The G(V) measurement in this frequency window
is considzred as the proper C(V) characteristic of the

"OCCAP. In another word, MOSCAP test device is in
the ideal MOSCAP configuration i.e. oxide capacitor C,,
and semiconductor capacitor C,. are in series. In this
configuration, the measured capacitor of the MOSCAP
writes: Chrros = %

In the following section, we will employ this proper
C(V) measurement to evaluate the key informations of
our O-diamond MOSCAP test devices.

IIl. ELECTROSTATICS: ELECTRIC CHARGES,
ELECTRIC FIELD AND POTENTIAL DISTRIBUTION

This section is dedicated to quantify different elec-
tric charge components and to establish the electrostatic
band diagram of the O-diamond MOSCAP.

A. Proper C(V) measurement

As shown in the typical C(f) characteristics (Fig. 2c),
capacitance measurement is affected by series resistance
at high frequency regime and by other artifacts at low
frequency regime. In our experiment, prior to perform



C(V) measurements, the C(f) measurements have been
systematically employed to determine the “middle fre-
quency” window which corresponds to each MOSCAP.

The open red circle curve in Fig. 3 represents the
C(V) characteristics of MOS 12—sample #1 at f = 100
kHz, which is in the proper frequency window of this
MOSCAP device. From the proper C(V) curve, notable
behaviors can be noticed as:

i) Under negative bias, for bias lower than the flatband
voltage of the MOSCAP, the accumulation regime is ex-
pected corresponding to (Cpros = Cor). In our case, the
measured capacitance is much lower than the oxide ca-
pacitance C,, << C,,; even for Vg = —8 V. Measured
capacitance can be normalized to the oxide capacitance
Cor = 0.4pF.cm™2, measured from MIMCAP test de-
vices on the same sample. A maximum measured capaci-
tance of Cy,, = 0.135uF.cm™2 at Vg = —8 V is observed,
corresponding to C,, ~ 0.35C,,. The systematic mea-
surements demonstrated that this behavior is general for
all measurable MOSCAPs on the same substrate

ii) The measured capacitance for positive bias does not
show the saturation of minimum capacitance Cin. Up
to Vg = 48 V, the measured capacitance monotonously
decreases versus Vg corresponding to the deep depletion
regime.

iii) By sweeping the bias voltage from +8 V't - V
and then from —8 V to +8 V, C(V) characteristics a1.
almost identical. No sign of mobile oxide charges in this
MOSCAPs test devices can be observed

In summary, from the proper C(V) measurement, three
different charge components in the O-diamond MOSC P
can be envisaged: semiconductor caar s, oxide char; »s
and interface charges.

B. Semiconductor charges

From proper C(V) measurement, the ~miconductor
doping concentration is extracted using th. Schottky-
Mott plot. The open black circle curve in Fig 3 rep-
resents the Schottky-Mott ple. (rec ~rocal square ¢ ac-
itance versus gate bias plce % vs. Vg). The term
é — Clg‘x is used to €' ninate the eh. * from oxide
capacitance The % (Vg, ~urve exhibit an almost
perfect straight line for the ga. voltage ranging from
Vg=—6V to Ve 7 %7 From tun slese of the curve,
the doping conventration . ‘he B-doy .d semiconducting
diamond layer can be extrac d by using the equation:

.2 1
' T ce0ATdC?/dV (1)

with € = 5.7 the diamond dielectric constant, €, the
vacuum permitti ity and A the area of the diode. A
doping concentra ion of Ny = 3 x 1017 em™3 is ex-
tracted from the C% — C% versus Vg curve. This
value is almost identical with the targeted value ex-
~cted from ' ¢ diamond growth parameters. Systematic
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FIG. 3. Proper C(*’) measuren. "t indicates that diamond
are in depletion - ._ ve even for Vo —“V. Doping concen-
tration of diamond ¢, 'ayer is extract Jd from % (Va) curve
(MOS12 - sample #1).

meastu ements demonstrated the homogeneous and well-
contro. 'd “opant incorporation in B-doped diamond
epilayer

C. Ox '= charges

One nctable feature that can be seen from the C(V)
~urve aud C% - versus Vg curve is the shift of

1
%
the curves toward negative bias, compared to the ideal
case. In fact, this shift is possibly induced by the in-
“erface charges, the oxide charges and the work func-
tion difference between metal and semiconductor. How-
ever, since our C(V) measurements were performed at
100 kHz, we can exclude the a.c contribution from the
interface charges. As, the slope of é — C% versus Vg

in the range of examination has reliably reflected dia-
mond doping concentration, the DC contribution of in-
terface states is deduced to be negligible also for this gate
voltage range. The experimental flatband voltage Vg,
corresponding to the voltage at which the extrapolated

C% — C% straight line intercepts the horizontal axis, is

eoftllals to —7.3 V. This value is larger than the theoreti-
calone, i.e. Vpp = ¢ —dpsc = —2.6 V where ¢y = 4.3
eV is the work function of Ti metal and the semiconduc-
tor work function is ¢gc ~ Eg + Xsc — Er = —6.9 eV
with ys. = 1.7 eV the electron affinity of O-diamond'’,
FE¢ the diamond band gap and Er the Fermi level in the
neutral region of the B-doped diamond referenced from
the valence band (Ey = 0). This experiment demon-
strates that the measured flat band voltage includes a
contribution of charges in the oxide Q,,. By applying
the equation



Cow (0115 — ViB)

Qoac = thox

(2)

A net positive oxide charge density of Q,, = 6 X
10'® (em™3) is deduced for sample #1. The shift of flat-
band voltage in sample #2 is about —5.4 V where the
oxide charge is calculated as Qop = 3.5 x 10'8 (cm™3).

D. Fermi level pinning effect due to a strong interfaces
states density

MOSCAP is the suitable device to examine the effi-
ciency of gate controlled semiconductor structure. As
discussed by Vincent et al.'”, semiconductor surface po-
tential Wy is the critical quantity for this evaluation. W
corresponds to the electrical potential variation between
the neutral part of the semiconductor, where the Fermi
level is flat, and the semiconductor surface, i.e. at the
oxide interface. When WUy = 0 eV, the semiconductor is
in the flatband regime. Therefore, flatband regime is the
demarcation between accumulation regime and depletion
regime. In the flatband regime, the semiconductor charge
Qsc (Ve = Vpp) and consequently the semiconduct ~ ca-
pacitance Cg. (Vg = Vpp) is a function of the iatrn. =
semiconductor Debye length as:
€sc€0

Csc (VG = VFB) = B\ (3)
D

where ), is the semiconductor intriz-ic Debye leng h,
€sceokT 1/2
¢>Na

With N4 extracted from th. previous - ‘“ion, the
semiconductor flatband capacitar. ~ Cs (V; =V, ) can
be evaluated. Subsequently, the fla. ~v . capacitan. of

the MOSCAP Cyuros (Vo = Vep) is e« ~ated as:

which writes A\, = (

1 1 1
= —— 4"f7“““““‘* /4)
Cuos(Va=Vrg) Co " (Vg =Vrp) '
From these relationshinps a MOSC. P flatband ca-

pacitance of Cpros (Ve Veg) = 0.20 u.em™2 is

evaluated for MOS12 - samp.  #1. With t .e semicon-
ductor doping concentration be. ~ homogeneous'’, this
value is typical of ... " "OSCAP m. n”:d on the whole
sample. As sbown in Fig 3, the mw ximum measured
«pacitance o O-diamond . OSCAP at Vg = -8 V
(= 0.135 ‘F.em™2) is lo\ er than the flatband ca-
pacitan~e Crpg. Therefore, it can be concluded that the
diamond MOSC:. is always in depletion regime even
for high negative bias .., = —8 V). In previous reports,
Chicot et al.'”" and Kovi et al."” measured similar C(V)
characteristics an 1 deduced that their MOSCAP reached
the accumulation regime. However, the present study
shows that this a.signment is erroneous and the misun-
derstanding is ir duced by the parasitic frequency depen-
~mce.

Since diamond is always in depletion regime, semico..
ductor Space Charge Region (SCR) is proportional to the
square root of the surface potential ¥, in the whole
voltage range (+8 V to —8 V). Therefore, the semicon-
ductor capacitance is also proportional to the squa~~ ~not
of the semiconductor surface potential as

_ AN ess
Cy = 5, (5)

As the measured capacitance C,, a. "~ the oxide
pacitance C,, are determined, the semicon. ‘ctor capac-
itance Cg. and the semiconduc’or surface po =tial Wy
can be calculated. By perft v ag a simple mathe. ~*.cal
derivation of equations 4 an . . the surfac= potent’ .1 cor-
responding to a specific gave bias nltage cai: be written:

, \2
. q - 1EpEs (%:7 )
q:/S (‘Q}' = q(72 (6)

In principle, by p. ‘orming this calculation at differ-
ent gate biae. we can e. “blish the relationship between
semicor.ductor  rface pote . versus gate bias voltage
(Us — Vi), anr. so evaluate the efficiency of gate con-
trol se niconcactor. For negative gate bias (Vg : down
to -8V, W, stays positive showing that the Fermi Level
Pinning . “ct (FLPF)”' is observed. The semiconduc-

* regime a. ~ ‘.erface approaches but never reaches
the "atband voltage. This FLPE can be illustrated by
the oz~ 0%2)7 values, which are saturating and tending

to a posi .  value for gate bias lower than -6V.

The strong FLPE observed here is assumed to be due
to the presence of interface states in the semiconductor
we.[luen gap An evaluation of their density can
be done thanks to the quantitative analysis of the ca-
pacitance stretching due to FLPE. This is the main idea
of the high frequency-capacitance method developed by
Terman~“. With ¥, — V; evaluated from eq.6, the inter-
face states capacitance Cj; versus ¥y is calculated by the
high frequency capacitance method

(Zf,”;)_l - 1} —Cw) (1)

Subsequently, the interface states density D;; can be
evaluated by

Cit (\I!s) = Coz

(8)

An interface states density of less than 10'2
(eV~l.cm™2) is found in the midgap region and an abrupt
increase up to 4 x 10 (eV~l.em~2) for the interface
states near the valence band edge (E; — E, ~ 0.6 eV).
We will see later that this method is not adapted to our
case and overestimates the D;; values. Indeed, the leak-
age current through the oxide is too high to consider the
interface under equilibrium.



E. Electrostatics simulation

We performed the electrostatics simulation by imple-
menting the semiconductor charges qN 4 extracted from
the é — Vi curve, oxide charges @), extracted from the
shift of Vpp and interface charges o4 (V) extracted from
Terman method. Interface states charge is evaluated by
integrating the interface states density over the energy
band gap.

The electrostatics band diagrams of O-diamond
MOSCAP for a gate bias of -5V is shown in Fig. 4
a). One remarkable issue from electrostatics simulation,
which is not obvious from C-V measurement is the po-
tential distribution within the oxide. This electrostatic
band diagram is essential to identify the origin of leak-
age currents and capacitance-frequency dependence un-
der negative bias.

IV. GATE OXIDE LEAKAGE CURRENT MECHANISM
AND EQUIVALENT SMALL SIGNAL CIRCUIT

This section is dedicated to the analysis of the leakage
current from metal to semiconductor and the correspond-
ing equivalent small signal circuit.

A. Leakage current mechanism

In an ideal MOSCAP, the gate oxide prevents carr er
transport between the gate metal and »e semiconduct r.
Electrostatics gate control of carricr population at the ¢
ide/semiconductor interface is cr acial for semiconducto.
devices. However, in real situatic s, leakage _.. =nts are
usually observed and perturb the ~rrier control.

In order to understand the oriyy = of leakage « -
rents, the source of transporting ca .. * must be de
termined. For a p-type MOSCAP under = ~cative bias
regime, currents are initiated from either th. =ccumu-
lated semiconductor majority ¢~ ‘~rs or gate met. o ri-
ers reservoir”’. For O-diamoud MO. “APs, as evid aced
from C'—V — f analysis and electrostat. - band diagram,
we concluded that leaka . - rrent under 1. -at’ve bias is
initiated from carriers reseryv 'r of metal g e and not
from accumulated hole of diamo. ! semiconductor. This
conclusion is base< ... ™~ fact that "T.PZ preserved dia-
mond in depletion regime, <n at hig negative bias (e.g
~ = =8V, MOS 12 - sam; » #1). No majority carri-
er ‘hole) are ble to accumu te at the diamond-oxide
intertac=. The -ansport due o accumulated majority
carriers is therefo. ~rohibitec.

The next question .. e addressed is, how do these
carriers circulat> in the MOSCAP system? Thanks to
Nextnano electro: tatics band diagram, we proposed a 5-
steps current mecianism, as shown in Fig. 4a). In step
1, carriers from gite metal are tunneling into the oxide
trap states. Hor ping between traps to traps through the

-ide is takir , place during step 2. In step 3, hopping

carriers are captured by interface states. The charge
transferring between interface states and valence band
are taking place in step 4. Finally, these carriers drift
through the diamond epilayer to the back gate contact
(pT) and complete the transfer process.

Potentially, the flow at each step may includes difte
ent processes in parallel. In principle, the p1ocess witn
highest rate (slowest time con: nt) dominatex “he fow
at that step. On another hand, in order to complete & cir-
culation, different steps in series coul” “e involved. ‘he
step with the slowest rate (longest time . nstant) is .
limiting process.

In the proposed current mecb .nism (Fig. 4a), ~terface
states play a central role v '« a special interest. _hey
are able to communicate w.th oth the n.etal electrode
and the semiconductor valence b.. 1. In priaciple, each
charge transfer process is represente. “w its characteris-
tic time constant 7. ror . - sake of simy....cy and with-
out losing the gene-ality, we = ‘U firstly consider interface
states as a sing! level state at « ~rgy F;; — E, and den-
sity N;. In the fon, 7ing sections, . will discuss further
the charge transfer b. veen interlace states with metal
and semi~_. " ~tor bana Tge.

1. Ck rge transfer bet:veen metal and interface states

The cha.  transfe. between gate metal and interface
sv "es in a MUSUAP system was addressed by Dahlke
and . ¢*’. The complementary theory was then devel-
oped by "reeman and Dahlke In their theory, inter-
face states . e modeled as a potential well and communi-
cate with the gate metal by direct tunneling. The charge
transfer is considered as an overlapping process of two
wave functions. Kar and Dahlke experimentally stud-
ied the metal injection into interface states with a non-
"degenerate Si substrate and a moderate oxide thickness
(20 — 40 A) MOS capacitor system A notable pos-
sible consequence of carriers injection from gate metal
to interface states is that these carriers are possibly ac-
commodating at interface states and therefore modu-
lating Schottky barriers height at Metal-Semiconductor
contact

In our case, the oxide is too thick to observe direct
tunneling. Therefore, carriers injection from metal to in-
terface states is suggested to be a process of two consecu-
tive steps: the carriers tunneling from gate metal to oxide
trap states (represented by tunneling time constant Tyy,)
and then carrier hopping between trap sites happens in
the oxide (represented by hopping time constant Thop).
The two consecutive processes must happen in series and
so the tunneling time constant 7 (from metal/oxide to
oxide/semiconductor interface) writes:

TT = Tun + Thop (9)

a. Tunneling from metal to oxide trap states As
shown in Fig. 4 a), electrons from gate metal are sug-
gested to initiate the flow by tunneling into AloOg3 gate
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FIG. 4. (a) Finite element calculation of MOSCAP band diagram under negative gate bias Vg = —5V = The arro vs illustrate

the proposed current path mechanism including five steps: I. Electron tunneling from v

‘~1 gate electro. to ovide gate, II.

Hopping from traps to traps in the oxide, III. Recombination to surface trap states, 'v. Elec on from surface states emit to
valence band or hole from valence band captured to interface states, V. Carriers dr ft in diamc A epilayer to the back gate

contact. (b) Equivalent circuit of a MOSCAP without interface states and leaks
interface states and a gate oxide without leakage current (d) Equivalent circuic wi e the injected

current; (¢) ko ivalent circuit including
urriers from metal to

interface states and the charges transfer between interface states and valence band are tc ~n into acccunt.

oxide layer. Even if there are many possible proresses
for a carrier from gate metal to be injected i .. “he
gate oxide”’, most of them are practically not possib.
in our case. It is either direct tunneling, thermionic
emission (Schottky injection) or tunneling into many trap
states in the oxide. Considering the oxide thicknesses of
10 — 40 nm that were systematically used for O-diamc 1d
MOS capacitors, direct tunneling by verlapping wi e
functions (theoretically less thar 1 nm)“’ is not pos:
ble. Thermionic emission is a th¢ rmal activat’ »n process
where carriers from the gate met 1 have to cac a suffi-
cient energy to jump over the met. oxids barrier . ‘ght
and being injected into the oxide la, Regarding -
approximate 3 eV barrier height betr eer. Ti and Al;Osg,
this process is not realistic. Also, the tunne. o from the
gate metal into oxide trap states’’ of the gat. ~xide is
the most realistic process.

Tunneling current from tae gate 1. *al to oxid. trap
states can be approximat 'v described b,

I =Ny, (10)

where Ny is the density « ~earest tre .s contributing to
“he conductio t and vy, is he tunueling transmission
re > The tuns eling transmiss »n rate is:

1
Viunn ~——— = VofrTwkB (11)

Cewit

with vg ~ 103 'z the attempt frequency which repre-
sents the rate of escape of a particle from a confining
structure by qua:.tum tunneling through its outer bar-
rier. fr is the F rmi-Dirac function representing the oc-

‘nancy prot .oility of a trap state in the oxide. It can

be exy ressed by:

fr=1/ (1 +exp (W)) (12)

w -re B, = By — r; is the electron barrier between metal
elec. de and trap states, Ej is the electron barrier be-
tween 1. *al electrode and oxide conduction band, F; is
the energy 1 the traps in the oxide, F is electric field
in the ox'de and z is the distance from the metal/oxide
to the trap where the electron is tunneling (Fig. 4a)).
1wk is the Wentzel-Kramers-Brillouin (WKB) trans-
mission coefficient and can be written as

\/%((Et +qF3:)3/2 - Et?’/2>>

(13)
with & is the reduced Planck constant and m* the
effective mass of electron in the oxide

4
Iwkp = exp <—3th

b. Hopping in the ozide Carriers transport in
the oxide could be the sum of multiple parallel
mechanisms™” One of two main mechanisms is the
thermal activation from deep energy traps to oxide con-
duction band, which is generally called Poole-Frenkel
emission. The second one is tunneling from traps to
traps, also called hopping. In order to determine the
dominant process, transfer rates of each process are nec-
essary to be evaluated. The Poole-Frenkel emission rate
is scaled versus T as vyexp (fECk}E”) where E; is the
energy of the traps in the oxide band gap’'. In the case
of Al;O3 oxide deposited by ALD, trap states are usu-
ally ascribed to the non-stoichiometry of the oxide. From
first principle simulation, the oxygen vacancy is found to
be the electron trap level which is the nearest from the
conduction band as F. — E; =1 eV




The trap to trap tunneling rate is calculated as

1 2R
Vhop = ? = Vg exXp (£> (14)
op

with ¢ the electron wave function localization length
¢ ~ 0.3 nm, R distance between trap sites” . Distance
between trap sites could be obtained by fitting the DC
non-linearity capacitance-voltage of MIMCAPs”". The
distance between trap sites in our ALD Al,Os3 is then
estimated to be approximately 5 nm

A rough evaluation shows that the tunneling rate from
trap to trap is almost 150 times faster than Poole-Frenkel
thermal activation rate from traps level to conduction
band at room temperature'’. In case that an oxide trap
level is deeper from oxide conduction band, which will
be found below, the injection rate in step I will be even
slower. It is therefore possible to conclude that tunneling
from trap to trap is the main transport mechanism in the
oxide.

2. Carrier readjustment

In step III, carrier readjustment is taking place The
readjustment process is a transfer from the energy lev =
of the oxide traps to the quasi-Fermi level of semicon-
ductor at semiconductor/oxide interface. As depicted
in Fig. 4 a), interface traps include two main part.:
Acceptor-like levels close to the conduction band aad
donor-like levels close to the valence band, defining a
Charge Neutrality Level (CNL). J{ the guasi-Fermi le 1
is below the CNL (as shown in Fg. 4 a) donor-like leve.
will be positively charged betwe 1 the quas’ . -mi level
and the CNL. The other interfact. “tates v.il be . “ttral.
In this case, the time for carriers re. 'iv . cment, tray_~d
by interface states (step III), will be .. -lected becaus.
its thermalization process is very fas. com, +ed to other
processes

3. Charge transfer between nterface st. s and
semiconductor band edge*

In step IV, the trapped elect. ns at interface states
emit to the semicouua  ~* valence « 7. We will firstly
consider the sirgle level in. face stat .3 model with den-
s*v N;; and e ergy E;s — E, -om the valence band.

2 serial ¢ arge transfers = "om gate electrode to in-
terface states a. ! from interf: ce states to semiconduc-
tor valence bana v be described by the differential
equation

dfy J

Ny— = -U, =. 15
tdt P+q ( )

where j is the <arrent injected from metal gate to in-
~face states U, is the charge transfer rate of trapped

carriers at interface states to semiconductor valence bamn.
. ?
and can be described by* :

itUp<Uth> (fps — fppl) (16)

with o, is the hole capture cross-section of the ti.
states, vy, is the carriers mean thermal velocity, f ard
fp are the occupation probabil” "=s of a trap s.2*= by an
electron and hole, respectively” . p, = ppexp (% ) is
the surface carriers density at therme -~quilibrium - ‘th
pp the bulk carriers density. p1 = IV, ex, {%) Ie.
resents the carrier denzity that establishea + the trap
states when the quasi-Fe. mi ler ¢l equals the t. ~ states
level”". E is the quasi-Fer. * .evel and N, isthe er. _tive
density of states of the vale.ice and.

The current in and out inte. “ce state: discussed
above is then described by the interfa. states occupancy
fss™ 5?7 which is:

Ueyp =

fss (TRfm +7rls, /(TP+TT) (17)

where f; and f,, are e bulk serr .«conductor and metal
occupanci-  “~spectively  7p is the recombination time
constarit of maj. ity carrier. 1th interface states and to
be cal ulated:

1
TR —- ——— exp(¥ 18
i OpUthPb p( s) ( )

4. Drift ..  .e diamond layer

The rrocess of electron being emitted to the valence
Dauu 1S equivalent to the process of holes from the valence
band to be captured by interface states. To replace the
evacuated hole, a hole from the back side (p+ layer) will
move to the diamond surface and be ready for a new
capture event In the reverse direction, electrons are
transferring to the back gate contact (p™) and complete
the circulation.

B. Equivalent circuit and approximation
1. Equivalent circuit

In order to model the measured impedance and admit-
tance of a MOS capacitor, linearized equivalent circuit
is a well-known concept. Lehovec and Sloboskoy”’ de-
veloped a comprehensive theory and derived a general
equivalent circuit for the MOS capacitors. Nicollian and
Golzberger’® paid special attention to the conductance
of interface states in “thick oxide MOS capacitor”: The
meaning of “thick oxide” is that the interface states are
in equilibrium and close communication with the semi-
conductor band edges. They also developed a model to
evaluate the equivalent conductance Gp/w that consists



only interface states density and its time constant from
the parallel capacitance-conductance (C, — R,,) circuit

For the special case where interface states communi-
cate with both gate metal and semiconductor band edges,
Freeman and Dahlke”" developed the theory as well as
the corresponding equivalent circuits. Different possi-
ble limiting processes were also discussed. The approx-
imated equivalent circuits corresponding to each limit-
ing case were also proposed. Since then, there were dif-
ferent discussions about the possibilities and opportu-
nities to employ gate tunneling into interface states to
measure a wide range of interface states density~’»"""".
Kar and Dahlke”” performed the experiments on Si/SiOq
MOSCAPs with moderate oxide thickness and a non-
degenerate Si semiconductor to investigate interface
states thanks to gate carriers injected to interface states.

In an ideal case, where only the unavoidable series re-
sistance of the drift layer is involved, the equivalent cir-
cuit of MOSCAP can be represented by Fig. 4b). In
case of single level interface states involved in thick ox-
ide MOSCAP (without leakage current), the equivalent
circuit is represented as in Fig. 4c).

In our O-diamond MOSCAPs, corresponding to the
current mechanism suggested in Fig. 4a), we introduce
an equivalent circuit as in Fig. 4d). Non-perfec’ gate
oxide with gate leakage currents is modeled by a1 o. Te
conductance G,; and an oxide capacitance C,; in para.
lel. The flow of carriers from metal to semiconductor is
injected to the mid point of the interface states recombj:
nation circuit, as proposed by Freeman et al.

This general equivalent circuit can be further simplif =d
by the approximations correspondiug - the leakage ¢ -
rent limiting process.

2. Approximation

The O-diamond MOSCAP equivalent ¢. ~uit will be
simplified to the approximated equivalent c. -uits de-
pending on the limiting transpo* ~rocesses of the . k- ge
current. We remind that the :quivai. * circuit in thr gen-
eral case is shown in Fig. 4c. In the th. vetical model of
Freeman and Dahlke”" 2  *» the experin. ~ts ind anal-
ysis of Kar and Dahlke””, diti. ~nt limiting p ocesses and
their corresponding approximat. ~s were discussed. We
will briefly reintre<.. “hese appro. nat’ons here for the
purpose of clar’ncation.

As the carrsrs readjustme t to interface states (step
Tl and drift . » semiconducto (step V) are expected to
be mudch faster ~mpared to tw > other processes, we will
only consider the *erface st-tes recombination limited
and the oxide tunneii.,, “.uited.

a. Interface states recombination limited The inter-
face states recombination is limited when the interface
states recombinat on time constant is much longer than
the oxide tunnelir.g time constant (g >> 7r). In other
words, the oxide tunneling rate is much higher than the

tarface rece .abination rate. The interface states will

thus be in equilibrium with the gate metal. In this casc
the interface states recombination limited was found to
modify the Schottky barrier height due to the charge ac-
cumulated at the interface states . Therefore, a self-
consistent calculation is necessary to be performed - or-
der to not violate the Gauss’s law equations, as discussc
by Werner et al.”". The rigorous self-consistince calc -
lation was done by Muret™ an also Wegner ¢t 1.7 for
Schottky diodes with a thin oxide layer.

In case of a MOSCAP system, =~ approxim. =d
equivalent circuit for the interface recomr “ation limiv
was introduced by Freeman and Dahlke”” o 1 Kar and
Dahlke”. The approxima =d e, uivalent circuit  shewn
in Fig. b5a) where interfac :tates recombinatior .s in
equilibrium with the gate ».ete. and interince sta.es are
in the same potential as the oxide otential. In this cir-
cuit, Gy is equal to % One importa. ~ notic: is that, in
case interface states recow. ‘nation limitew, che measured
conductance is frecuency inu ~endent”

b. Ozide tu  ~ving limited  "her the oxide tunnel-
ing time constant . much longer .ompared to the in-
terface states recombi. tion time constant 74 >> 7g,
the limitiug , cess is the ~xic2 tunneling. This means
that irterface staites are con .dered to be in equilibrium
with 1 1e semiconductor”»° and so, the injection from
metal > in’erface staies is approximated by an injec-
tion fror. -he gate metl to the semiconductor. Interface

tates thei. -e will play a similar role as in the “non-
le. v thick oxide” model where the interface states are
in eq librium and close communication with semicon-
ductor » d ~dges. In this circuit, G4, is approximated
to Gop in 1 g. 4b. The approximated equivalent circuit
for oxide tunneling limited is shown in Fig. 5b).

A m-jor difference between interface states recombina-
tion limited (Fig. 5 a) and oxide tunneling limited (Fig.
5b) is the measured conductance-frequency characteris-
sics. For the purpose of comparison, the measured con-
ductance circuit is the parallel conductance-capacitance
C,— R, circuit in Fig. 5f). In case of oxide tunneling lim-
ited, the measured conductance is frequency dependent,
as shown in Fig. 5b). For the case of interface states
recombination limited (Fig. 5a), the measured conduc-
tance is frequency independent

Considering our O-diamond MOSCAP in this work,
the measured conductance frequency dependent'” indi-
cates that the oxide tunneling process is the limiting
process. The interface states recombination limited is
possibly responsible in case of high injection MOSCAPs
(e.g. current density > 1 A/cm? at -8 V). In that case,
the carriers injection from gate metal is sufficient to pre-
serve interface states in equilibrium with the gate metal.
The sample MOS #4 in Chicot et al.'” and the sample
4 x 10" em™2 boron doped diamond in Kovi et al.'” are
most probably interface states recombination limited.

As a consequence from the previous analyses, the oxide
tunneling process was identified as the limiting process in
our MOSCAP test devices. However, since oxide tunnel-
ing is indeed a two step process, a further approximation
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FIG. 5. Equivalent circuit for the O-diamond MOSCAP corresponding to the approxiration: (a) approxima
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f)

—_—GCp |G

equivalent

circuit for the interface states recombination limited case (7r >> 7r) where Gy = %ﬁ, (b) ay »roxir.ated equivalent -cuit for

the oxide tunneling limited case (7r >> 7r) where Ggc Gos.; (c) Circuit (b) transformed to :
states.; (d) Circuit (c) transformed to show capacitance corrected for series resistance (C.) and .he
Circuit (d) transformed to show C. and conductance corrected for series resistance (G.): (f) Circuiv

measured capacitance (Cp) and measured conductance (Gp):

is needed. Bearing in mind that the limiting process for
oxide tunneling is either bulk oxide limited (hopping be-
tween traps to traps) or interface limited (tunneling from
gate metal to oxide trap states). The difference is due to
the nature of the contact between metal and oxide, i.e. an
ohmic contact or an unsaturated contact” . Ohmic con-
tact indicates the strong injection of carrier fromwr . ~tal
electrode to oxide layer. Unsaturated contact indicav.
the low injection of carrier from metal electrode to oxide
layer. Depending on the nature of metal/oxide contact,
I(V) characteristics will exhibit a specific power law of
I = AV®. Therefore, in order to examine the power 1w
of MOSCAPs and the contact nature * metal/oxide 1-
terface, we introduce the I(V) curves in the log-log plc
Figure 6 a) and Figure 6 c) rep esent the pewer law os
two typical MOSCAPs: low injec ion MOSC ..x "™MOS50
- sample #1) and high injection TOSC'.P (MC ‘Al -
sample #1), respectively.

For the low injection MOSCAP .t k. (Fig. 6 a)),
the I ~ V?® law indicates that the metal-ox 'e contact
in this device is the unsaturated contact. The 1. ~rface-
limited traps assisted tunneling*- .. ~hanism is pro .ply
governing this low injection MOSCA. ~t RT.

To study the thermal _ "~ation process, ve neasured
the I(V) characteristic of the “w injection } .OSCAP at
different temperatures, ranging 1. ™ 160 K to 360 K. Fig-
ure 6b) represents (... * ~~henius plo "ur_ent density ver-
sus temperatur: of the low iection  JSCAP, measured
¢ * three differe at gate bias: v = -8V, -6V and —4 V.
By~ the slop the thermal & tivation energy at differ-
ent gayv> bias cc  be evaluatec. The thermal activation
energies are vary,  from E, = 260 meV at Vg = —4V
to B4 = 208meV at v, — —4V. As suggested from the
generalized thermionic trap assisted tunneling model™~,
this thermal activation energy is assigned to the barriers
between metal ard Fermi-Dirac occupancy function of
the oxide trap stetes (Fig. 4a). This thermal activation
energy variation with gate bias is in agreement with eq.

a

“ade a continuum of in  _face
c. conductance (C,e); (e)
~) transfor med to show

For high injecticn MOSCA: ‘MOSAL1 - sample #1),
the I(V) charec cie * tics at differc © cemperatures from
160 K to 360 K are si. vn in Fig. 6 ). At RT, the I ~ V2
of Child 12~ Space Ch. ~e Limited Current (SCLC)
is iden’ttied (r.  6¢). L. - power law indicates that
the m tal-oxide contact of .nis MOSCAP is an Ohmic
contac at B%' and th> limiting process is the trap-to-
trap hc »itg process i1: the bulk of the gate oxide.

Figure b ~nreseuts the current density measured at
Vi, = —8 V versus temperature of the high injection

MOS« *P. The J-T curve is well fitted by a ()
law, wh. characteristic of variable range hopping
(VRH) (his further confirms the trap-to-trap hop-
ping spare charge limited current in the high injection
TTOSC A Ps.

In summary, this analysis demonstrates that one of the
most important origin responsible for the leakage current
of O-diamond MOSCAPs is the trap states in the gate
oxide. To improve the gate control diamond semiconduc-
tor, the gate oxide leakage current must be minimized
by introducing a new process that could limit both the
metal/oxide interface injection and traps to traps hop-
ping in the bulk of the oxide layer.

V. INTERFACE STATES OF AL.03/0O-TERMINATED
DIAMOND

This section is dedicated to the investigation of inter-
face states properties at AlpO3z/O-terminated diamond
interface. Thanks to the small signal equivalent cir-
cuit discussed above, we will be able to use a corrected
conductance method in order to determine the interface
traps density and their energy location within the dia-
mond bandgap.
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mple #1). (b) Arrhenius

plot current density versus Temperature at different gate bias: Vg=-8V, -6V and -4V, indicates the ti.. 'mal activation energy
of the low injection MOSCAP. (c) Log-log plot I(V) characteristics of high injection MOSCAP (MOS1-san. 'e #1); (d) Current

density at Vg = —8V versus versus 71

A. Equivalent conductance G, /w

The conductance of interface states (Giz = R%t where
R;: is the one of Fig. 4c represents the energy loss due
to carrier transfer between semiconductor band ed- and
interface states after a disturbance of a small ac signal. ™
more details, it can be understood as the supplied smal.
ac signal in both halves caused the disturbance and drive
the system between semiconductor band edge and inter-
face states become to be out of equilibrium. Therefc ‘e,
there are carriers transferred between interface states ¢ 1d
band edge. However, the carrier trans._. is not instan. -
neous after the signal was suppl ed but lag behind an.
caused the loss. The losses are . nimized or conduc-
tance is maximized when the app ~d signe’ is eq. alent
to the resonant frequency of the in. -fe e states. . “th
the applied frequency lower than the r . nant frequenc,
carriers are stored at the capacitauce o “he interface
states but not transferred. Subsequently, 1. conduc-
tance of the interface states is derreased. There. e, the
conductance of interface states whic s bearing the .ror-
mation of interface states should have «. <ll shape. in the
conductance method, the ~clis to obtai. he equivalent
interface states conductance ~m measured - ,nductance
and capacitance (C, — R,).

In order to obtai~ *te equivalen. mterface states con-
ductance, meas.ured para. ~conducta. _e and parallel ca-
pacitance are -.ecessary to b. corrected in order to elimi-
n. ° the series resistance, the YC current and gate oxide
capac..ance. Ir. “his work, the . ircuit transformation fol-
lows the procedu = introduc:d by Kar and Dahlke et
al.”” and by Vogel ev

From the me:sured conductance and capacitance, the
corrected conduc ance with series resistance of Fig. 5f)
is given by:

Cp

¢ 2 2072 P2
(1= GpRs)" + w?C2ZR?

(19)

indicates the variable range hopping in the hig’: inje. 'on MOSCAF.

and the correcved « Hacitance by:

«7CeRs — G,

Ge=— =7 (20)
The v, G4 *a Fig. 53) is obtained by:
Gac = Gc - Gdc (21)

here the co. " ~~*-ce Gy, is determined from the slope
ot e DC current versus DC voltage curve at a given

dld(i
AR

Gac must « : corrected with the gate oxide capacitance
C\y to obeain the equivalent conductance Gp/w by using
*he equ-tion:

gate b. " voltage ( ) . Then, the ac conductance
Va

Gp wC2 Gy

= 22
W G2 4 w?(Copp — C,)? (22)

For the purpose of comparison the interface states den-
sity with Terman’s method, we will present here the data
measured on the MOS 12 on sample #1). The equiv-
alent conductance at different gate bias are shown in
Fig. 7a). The equivalent conductance shows the clear
bell shape feature with a clear maximum (%)max peak.
As mentioned above, the frequency corresponding to the
(%)max is equivalent to the resonant frequency of in-
terface states. By varying the gate bias from —8 V to
—4V (MOS 12 - sample #1), the (%)max are gradually
moving toward the lower frequency since the Fermi level

is moving away from the valence band.

B. Interface states properties

From the equivalent conductance G p/w, the interface
states density can be calculated as

ve=2(%2) (29
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FIG. 7. (a) Equivalent conductance Gp/w at different gate

bias ranging from -4V< Vg < —8V of the MOS 12 - Sample
#1, measured at RT. The single level interface state model is
employed to simulate the equivalent conductance and demon-
strate a good agreement. ; (b) Interface states density at O-
diamond/Al; O3 interface measured by conductance method
(open red circle curve) and by Terman method (open black
circle curve).

with (€2) the maximum of the (¢2) curve. The
_max . . w .

open red circle curve in Fig. 7b) represents the interface

states density extracted by conductance method versus

the corresponding energy of the trap states in d .. nd

band gap. The energy level of the trap states is the

calculated by using the equation:

Ey (VG) — B, =Y, (VG) + ¢IJ (QA)
where U, (V) is extracted in the previous electrostat cs
section and ¢, ~ %) In < 11\\;3
0.37 eV in the case of moderate Horon doped diamond.

A notable difference of the int rface state: « -sity ex-
tracted from the conductance me “od co .parea ~ the
interface density extracted from Te. = .’s method \ ™e
open black circle curve in Fig. 7b)" w, ~ears near the
valence band. While Terman’s method _"ves an ele-
vated interface states density up to 4 x 101 m~=2) at
E;+ — E, = 0.6 eV, the resu* ‘“om the cond. ‘o .ce
method are approximately oue orde. ~f magnitude ower
in the same energy range.

This discrepancy is at’ . - ted to the ga. le-kage cur-
rent and subsequently, the pc ntial drop in .ne gate ox-
ide. In Terman’s method”~, ti variation of semicon-
ductor surface pric..” ' Ug with ¢ ‘e ias Vg is com-
pletely attributed to the .. >rface sta s at the semicon-
Cictor /oxide ‘aterface. It is rue when leakage current
th 1gh the o. ide is negligible However, when the DC
curren, is suffic. ~t, the potentil drop in the gate oxide is
non-negligible. 1. -efore, in 'dgh injection regime, Ter-
man’s method highly ¢...cstimates the interface states
density and caniot be used to evaluate the interface trap
density.

In the conduct.ince method, the contribution of DC
current is actually excluded by equation 21. The final in-
terface states de .sity will therefore exclude the contribu-

“~n from D' _urrent. Electrostatic simulations ¥g — Vg

, v.hic.. s assumed to =

12

MIM HF MOS Gp/w 7 DCILV

Va(V) Cou(PF) Cic(pF) Cit(pF) Rit(MQ) Gae(pS5)
8 708 358 242 2.6 0.64
7 708 312 157 407  0.50

-6 70.8 26 20.9 4.8 J.33
-5 70.8 18.2 23.5 10.7 0.153
-4 70.8 13.36 < 2 19.68

"%

TABLE II. Input parameters for the LTSF “CE simulatior. nd
the corresponding extraction method.

using the interface states ' .sity extracted fro. ‘.er-
man’s method and from t} : nductancc metho . have
further demonstrated the accur. - of the conductance
method ' ”. We conclude that the imv. “ace states density
extracted from the cuuu. *ance metho. * w.aore reliable
than Terman’s method.

By assuming “h:t the interi. ~ states are single level
states’®, i.e. ire energy distri. ‘.on for the density
of the trap, the equ. ~lent condr tance Gp/w can be
simulated »-- nsing the ¢ ration:

g r_ ﬂ (25)
w 14+ w?r?

where is the characteristic time constant of inter-
"~ce states . e detormined at (%)max, where wr = 1.
1. interface states capacitance C; can be determined
from “e peak of the equivalent conductance Gp/w as
Cit =2\ ?P—\Anax . Knowing all parameters, the measured
equivalen: conductance can be simulated using equation
25 for the single level interface states model. The simula-
‘an e ves by using single level interface state model and
the parameters extracted from the conductance method
are in agreement with the experimental curves for the
Hias range -4V <V < —8V''”, as depicted in Fig. 7a).
We conclude that the single level interface state model
is sufficient to describe the interface states at the O-
diamond/Al,Og3 interface. The similar results are also
obtained for sample #2.

VI. CAPACITANCE-FREQUENCY DEPENDENCE

This section is dedicated to reproduce the capacitance-
frequency characteristic of the O-diamond MOSCAPs by
using the small-signal equivalent circuit introduced in the
previous section (Figure 5b). The impedance simulation
is performed with LTSPICE software.

One can note that all the parameters of the equivalent
circuit have been experimentally extracted. The oxide
capacitance C,, was measured by using the MIMCAP.
The semiconductor capacitance C,. (Vi) was evaluated
from MOSCAP capacitance measurements at “middle
frequency regime” (f = 100 kHz), as described in sec-
tion III. Series resistance R, can be determined from
the “real part” of impedance measurements in the “high



frequency regime” f = 1 MHz The DC conduc-
tance is obtained from the statics I-V characteristics of

the test device by using Gy4. = j{;"“ It must be no-

de

ticed that Gge (w) = Gop (W) + R%-t is frequency depen-
dent due to the hopping process which is represented
by Gox (w) . However, from MIMCAP measurements, a
negligible frequency dependence was measured in this
frequency range. The G,, variation from MIMCAP is
lower than 10 nS for frequencies ranging from 1Hz to
1kHz Finally, interface states capacitance C;; and
interface states resistance R;; were evaluated by conduc-

tance method (%) with Cy; = (%)max and R;; = g—’f‘t
Gp

where Tg is extracted at ( L )max.

Table II summarizes the parameters extracted by var-
ious methods at different gate bias for the impedance
simulation. The LTSPICE simulation results are plotted

MOS 12 — sample #1

-7 0
10 Y
O -7v
O -6V
8 O -8V
1075 O -av
— Simulation

Capacitance (F)
o

110 10>10° 10* 10° 10°
Frequency (F.-)

FIG. 8. Measured Capacitance-fre: 1ency depe' .. -~e of the
MOSCAP test device is reproduce. by LTs ice sin. 'ation
with all the parameters extracted expe. e _cally.

in Fig. 8 along with the capacitance-trequeir. - dependent
curves measured from MOS 12 - sample #1. "he simu-
lations using the proposed equi~ 'ent circuit ana M _x-
tracted parameters reproduc: the m.. sured capacit .nce-
frequency dependence of th: O-diamo.. * MOSCAP. We
conclude that the capac . ~-e-frequency . »e.dence of
the O-diamond MOSCAPs 1. ~riginated frc . the com-
plex charge transfer process fic ~ metal to oxide and
recombine with d*.... 7 valence . ~d at the interface
states.

In summary, the comprer nsive electrical character-
iz. 'on, analy is and simula ions have demonstrated
that vw.e comp x charge treasfer process from gate
metal to gate o. '~. traps ‘o traps hopping in bulk
oxide and the intertac., .aience band recombination is
the origin of th~ parasitic leakage currents, FLPE and
capacitance-frequancy dependence observed in the O-
diamond MOSCAPs. Therefore, in order to eliminate
these artifacts, it s very important to improve the oxide
crystallinity, to ‘acrease the oxide thickness to decrease
-~ hopping ~.te and to improve the interface of the O-

13

diamond/Al; O3 interface.

Vil. CONCLUSION

In summary, the comprehensive electrical characte.
ization, analysis and simulations have derionstrat.d
that the complex charge tra fer process i~ a gate
metal to gate oxide, traps to traps hopping in = ulk
oxide and the interface/valence ban/ acombinatic is
the origin of the parasitic leakage curre. -~ FLPE a.
capacitance-frequency Jdependence observew m the O-
diamond MOSCAPs. The ks #, this comprehe. ‘ve -
derstanding, we establishe: new method that .iows
the complete electrostatic. ga. controlled O-diamond
MOSCAP. This will open a new 1. “te towar1 gate con-
trolled diamond MOS devices for pow - electonic appli-
cations.
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3.1 Introduction

3.1.1 Transistor electrical characteristics

In Chapter 2, the comprehensive studies on boron doped O-diamond MOS capacitor test
device were detailed. Based on electrostatics model, current transport mechanism and
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a.c small signal analyses, the prominent electrical characteristics can be summarized as
follows:

1. When the O-diamond MOS capacitor is under negative bias, the FLPE was ob-
served due to interface states and carriers injection from the gate metal. The accumula-
tion of majority carriers (holes) was not obtained.

2. When the O-diamond MOS capacitor is under positive bias, an efficient control of
the Space Charge Region (SCR) width in diamond was obtained. This special feature
opens an opportunity to realize a depletion mode diamond MOSFET (D-transistor).

First, we will briefly introduce about the general concept of a transistor. The first
transistor is realized in 1947 at Bell lab by Bardeen and Brattain [25]. Transistors are cat-
egorized into two types: current controlled transistors (BJT, Thyristor, GTO) and voltage
controlled transistors (FET transistors as JFET, MOSFET, MESFET). The MOSFET
family consists in two main types: enhancement mode and depletion mode. Figure 3.1a
represents the typical structure of an enhancement transistor, with electron as major-
ity carriers. Basically, a MOSFET includes a Source (S), a Drain (D) and a Gate (G),
with a Bulk/Substrate contact (B). In a proper transistor, when Vpg is applied, the
current flowing between S and D (Ipg) is controlled by the voltage between G and S
(Vigs). An enhancement mode MOSFET is usually a normally OFF transistor where
the channel and/or Drain-Source regions have a high impedance for Vgs = 0 V. A de-
pletion mode MOSFET is usually a normally ON transistor where the channel has a
reduced impedance when Vg = 0 V. Even if there are certain differences between an
enhancement MOSFET and a depletion MOSFET, their typical electrical characteristics
are relatively similar. Typical electrical characteristic of a MOSFET is shown in Fig.
3.1b. For a small Vpg, Ipg increases linearly with Vpg. This is the linear region where
the transistor is working like a resistor. For a high Vpg, Ipg saturates with the increase of
Vps. This is the saturation region where the transistor is working like a current source.
The magnitude of the saturation current is actually controlled by Vgg. For Vg below
the threshold voltage (Vy,), only leakage current flow between electrodes - OFF state. In
this state, the transistor is working like an open circuit. By increasing Vpg, breakdown
of the device will be observed. Subthreshold leakage current is readily increased due to
breakdown event.

In fact, depletion mode transistors are the oldest members of the MOSFET family.
A depletion mode transistor is required in those applications that need a normally-ON
switch. Inverter, voltage follower or switch are the obvious applications with a depletion
mode transistor. However, most of the efforts in the past were pushed to the enhancement
mode transistors. It is because that most of the transistors were realized on narrow
band gap semiconductors like Si where the inversion is obtainable and deep depletion
is unobtainable. Moreover and to the application point of view, normally OFF devices
are preferred in power electronics to reduce the risk of power short circuit. The concept
of depletion mode transistors is widely considering recently on different ITI-V or II1-O
materials, as example in N-type $-GayO3 [126, 127, 128|.

3.1.2 Diamond FET devices

As discussed in Chapter 1, diamond is the ultimate material for power device applications.
Even if some others diamond MOSFETs were already realized, most of them are usually



3.1. Introduction 127

ip 4 Triode Saturation region (active region)
(linear region) |

-

Gate '/DS:VGSF Vip! Vs ? Vos— Vrn
a) Source :

Drain
T Oxide T T
\
: | AT \

b)

I Vg InCreases

I | | |
| p+ X—) | p+ l . Vg =V
< L > n Vos <Vrn TBV
é ' -

Body

Figure 3.1: a) Typical structure of an enhancement transistor; b) Typical electrical char-
acteristics of a Transistor

based on the concept of two dimensional hole gas (2DHG) at the H-terminated diamond
surface.

3.1.2.1 H-diamond MOSFET

A general device cross-section and plan view structure of the H-diamond MOSFET are
shown in Fig. 3.2.
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Figure 3.2: Structure of a transistor on H-diamond. a) Cross-section structure; b) Plan
view structure. Courtesy of Kawarada et al. [21]

A particular feature of a H-diamond MOSFET is that most of the time the substrate
is intrinsic or highly resistive. Therefore, the Breakdown Voltage (BV) is relatively fixed
by the distance between Drain and Gate (Lgp). The ON-state resistance is fixed by
the sheet carrier density, the carrier mobility in the 2DHG, the distance between Drain
and Source (Lpg), the distance between Drain and Gate (Lgp) and the Gate Length
(Lg). Even if there are remarkable results like ON-state current around 100 mA /mm at
Vps = —50 V and OFF-State breakdown voltage up to 1700 V [76][21], there are certain
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demerits in this kind of devices. As we pointed out in Chapter 1, its working mechanism
is based on an uncontrolled parameters (negative charges in the oxide). Moreover, tem-
perature effects typically increase the ON state resistance, similar to GaN HEMTs and
other transistors at typical temperatures. Since 2DHG and BV are not related, there
is another approach which can take benefits of bulk diamond properties: by optimizing
the drift region doping level (Drain-Gate, its doping and thickness), we can find a better
compromise in channel sheet carrier density versus BV. Indeed, using higher doping levels
can increase the peak electric field [23]. Moreover, boron doped channel resistance will
exhibit a negative then positive temperature coefficients, where as 2DHG based devices
will have a positive coefficient.

3.1.2.2 Bulk controlled diamond transistor

In bulk controlled MOSFET, the substrate doping concentration is optimized (BV vs. R,,
compromise). The BV is fixed by the Non-punch though (NPT) design. The ON-state
resistance is a consequence of the drift region design Lp, channel region Lg and conduc-
tion region Lgg. R,, typically exhibits a negative then positive temperature coefficient

123].
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Figure 3.3: Structure of the p-type diamond MESFET a) top view; b) cross-section.
Courtesy of Umezawa et al. [16].

Diamond MESFETS that were introduced by Umezawa [16] are the first properly bulk
controlled boron doped diamond transistors. Figure 3.3 represents the cross-section struc-
ture and top view structure of the diamond MESFETs. High breakdown voltages (>1500
V) were obtained [16]. ON-state currents were highly limited by contact resistance. The
ON-state is sufficiently improved by increasing the temperature, with an improvement
by a factor of 3 between RT and 300°C. The demerit of this structure is the constraint
in doping concentration (< 10 (em™2)) of the epilayer to limit the gate leakage current
of the Schottky contact [78]. As a consequence, the drift region can not be ideally op-
timized as in Chicot et al. [23|, targeting higher doping levels where BV of the order
of kV are desired. Also, in p-type MESFET device, only positive bias can be applied
by gate metal because the Schottky contact between gate metal and diamond epilayer.
Therefore, accumulation regime in p-type semiconductor can not be obtained. In some
moderate breakdown voltage device (about 1 kV), this limitation is undesired to improve
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ON-state current. The utilization of a gate insulator can circumvent these constraints,
allowing one to increase the doping level of the epilayer as well as biasing the gate metal
in negative bias voltage toward accumulation.

The aim of this chapter is to introduce the first design and proof of concept to realize
a depletion mode diamond MOSFET. After the introduction, we will present the design,
the fabrication process, the electrical measurements and the 2D finite element simulations.
The electrical measurements on the test devices such as Transmission Line Model (TLM)
and MOS capacitors will be presented in the next part. The electrical characteristics,
their analysis and the 2D simulation of the diamond transistor in both the ON-state and
OFF-state are followed. Finally, the chapter will be concluded.

3.2 Methodology

3.2.1 Transistor design

We will firstly present in details the design of our transistors in the following sections.

3.2.1.1 Cross-section

The conceptual cross-section structure of the device is shown in Fig. 3.4.
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Figure 3.4: Cross-section structural concept of depletion mode oxygen-terminated boron
doped diamond MOSFET.

There are two Space Charge Regions (SCR) in the p-type diamond epilayer: SCR at
oxide-diamond interface and the SCR of the p-n junction at substrate-epilayer interface.
Carriers are flowing in the neutral and conducting region between source and drain. The
ON-OFF regime of the device is controlled by modifying the SCR width under the gate
relying on the deep depletion through the MOS capacitor.
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The p-n junction is formed because 1b diamond substrates are highly Nitrogen (N)
doped with the assumed N concentration of 3 x 101 em™3 [22]. The expected depletion
width in the epilayer at substrate-epilayer interface is calculated by the relationship:

es kT 1 N4yNp
Wepi =2 | 3.1
P \/QQQND (1+NA/ND) n 7122 ( )

where Np is the [N] donor concentration of the substrate, N, is the [B] acceptor con-
centration in the epilayer, n; is the intrinsic carriers concentration. Figure 3.5 represents
the expected depletion width in p-type epilayer with different doping concentration [22].
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Figure 3.5: Expected depletion region width between substrate and epilayer with different
doping concentration. Considering the 1b substrate is highly nitrogen doped (Np =
3 x 10" em™3). Courtesy of Chicot’s PhD thesis [22].

In the first approach, we fabricated two samples with multiple diamond transistors
and test devices on a same substrate. In sample #1, a p-type diamond epilayer with the
target boron doping concentration of 2x 10" cm ™2 and a Al,O5 gate oxide with a 20 nm
thickness were employed. Sample #2 is fabricated to target higher breakdown voltages
device. Therefore, the epilayer doping concentration is decreased (target 5x10'¢ cm=3)
and the oxide thickness is increased (40 nm). Consequently, sacrificed SCRs width of 100
nm and 230 nm are expected for sample #1 and sample #2, respectively (Fig. 3.5).

The details of the two sample parameters and processing conditions are presented in
table 3.1

In principle, the channel is OFF when the two SCRs are collapsed and the whole
thickness of epilayer under the gate is depleted. The channel is ON when the neutral
region under the gate is existing. As we have mentioned, in some moderate breakdown
voltage applications (around 1 kV), the channel conductance can be improved by the
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Ohmic

Oxide

Name [B_]3 ey T°°ALD bo annealing | annealing
() | (m) | (O | (m) | e )
#1 | 2x10" 230 380 20 600 NA
#2 | 5x10'® 500 380 | 40 700 500°C-VC

Table 3.1: Details of substrate parameters and processing conditions of two sample.

free hole gas under the gate when the MOS structure are under accumulation regime.
Furthermore, if the accumulation regime can be obtained, one can design a normally-OFF
D-mode diamond transistor. However, as we have identified the FLPE of O-diamond
MOS capacitor toward accumulation in the Chapter 2, we designed here a Normally-ON
transistor, taking sufficient margins to guarantee that both a ON state and a OFF state
will be possible.

Regarding the dimensions of the device, the distance from Source to Gate (Lgg) is
kept constant as Lgs = 4 pm during this experiment. Two values of the gate width (Lg)
are chosen as Lg = 3 um and Lg = 4 pm. These values have been a consequence of
sufficient margin to the fabrication point of view, but both Lgg and Lg can be reduced:
Lgs must be designed to prevent gate to source breakdown (both in air and in diamond),
where Lg must be reduced as much as possible (lithography and gate technique limits).
We are then varying the distance from Gate to Drain as Lgp = 2 pum, 3 pum, 5 pm,
10pm. The Lgp = 10 pm is expected to obtain the highest Vzp for the low doped
sample (sample #2, with a dependence of BV on Lgp). For the highly doped sample,
short Lgp is expected to obtain a low Roy, where larger Lgp must not modify the BV.

3.2.1.2 Top view

We intentionally introduced different device structures to target high voltage, high to-
tal current and bidirectional devices (double gated transistors), while investigating the
effect of total active area and key parameters sweeping. The devices designed are the
stripe structure (one short finger), the circular structure (optimized 3D electric field dis-
tribution), the multiple-finger structure and double gate structure (bidirectional voltage-
current transistors).

For this first proof of concept, two lithography levels are considered: “ohmic” contact
(drain and source metallization - in red color in Fig. 3.6 to Fig. 3.7) and gate metal (in
yellow color in Fig. 3.6 to Fig. 3.7).

To target a high ON-current device, wide transistors are required. We employed
then the stripe structure and finger structure, as shown in Fig. 3.6. For the stripe
structure, three different channel widths (W = 30 pm, 100 pum, 150 um) were designed.
As explained herein below, finger based transistors are designed for the purpose of ON
state measurement.

A problem with the stripe and finger structures is the edge effects that could lead
to premature voltage breakdown. In order to minimize the edge effects, we designed
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Figure 3.6: Transistor structure target high ON-states current a) Stripe structure; b)
Fingers structure.

the circular structures to target the high voltage device and prevent premature 3D edge
voltage breakdown. The device structure is shown in Fig. 3.7.

Figure 3.7: Circular structure transistor target high OFF-state breakdown voltage.
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Along with the different transistor structures, we also introduced test devices like MOS
capacitors and TLM, with the limit of our two lithography fabrication processes. TLM is
inserted at the border to measure the contact resistance and sheet resistance. Different
device structures and test devices are included in a reticule. A complete structure of a
reticule is shown in Fig. 3.8a. The complete mask includes 3 x 3 reticules and the TLM.
The full mask structure is shown in Fig. 3.8b.
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Figure 3.8: a) A complete structure of a reticule included different device structures and
test device; b) The full mask structure includes 3 x 3 reticules and the TLM.

3.2.2 Fabrication

Boron doped diamond epilayers were grown on a 4 x 4mm? Ib High Pressure High Tem-
perature (HPHT) Nitrogen-doped substrate. Detailed conditions on diamond growth
and doping controlled were addressed in chapter 2 and also previous PhD of the group
[4, 22, 78, 24].

For the device fabrication, different processes in series are needed. The detail flowchart
of devices fabrication processes are shown in Fig. 3.9.

After the growth of epilayers, dusts were removed by using conventional solvent in
ultrasonic condition. Then, graphite and non-diamond phase were removed by using
conventional cleaning recipe of a three acid mixture (H2SO4, HNO3 and HCIOy) at
300°C, as shown in step 1, Fig. 3.9.

For the fabrication process, positive photoresist S1805 was coated on top of epilayer
by using conventional spin coating which produces a thickness approximately 5 um, as
shown in the step 2 - Fig. 3.9. Laser lithography (Heidelberg DWL66FS) was employed
to define the contact area. In order to obtain the expected device structure, two steps of
lithography were performed (step 3 and step 7 - Fig. 3.9). After lithography process, the
substrate is going through the develop and plasma etching to remove residual photoresist
on the patterned region before metal deposition. Plassys ebeam evaporator was used in
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Figure 3.9: The flow chart fabrication process of depletion mode O-diamond MOSFET.

the step 4 to deposit the stack of Ti/Pt/Au stack with thickness of 40 nm/10nm/40 nm
respectively (Fig. 3.9). Lift-off was done by rinsing the substrate in acetone solution.

Magnification check

Figure 3.10: Top view FESEM photograph of the completed boron doped diamond MOS-
FET and test devices (sample #1).

Since as-deposited Ti/Pt/Au on top of diamond does not show ohmic contact behav-
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ior, an annealing at high temperature was required [129]. In order to form ohmic contact,
the samples were annealed at high temperature (600° C for sample #1 and 700 °C for
sample #2) in vacuum environment with typical pressure of 107%(mbar) in the step 5 -
Fig. 3.9. The diamond surface were then oxygenated by using deep UV-ozone treatment
[79]. Al,O3 gate oxide were deposited at 380°C' by using Savannah 100 deposition system
from Cambridge NanoTech in the step 6 - Fig. 3.9. The precursor was Trimethylalu-
minium (TMA) and oxidant was water. The pulse and exposure duration were 15 ms
and 30 s, respectively. Typical chamber pressure was 1.3 x 107! (Torr).

Figure 3.10 represents FESEM image of the completed devices after the fabrication.

3.2.3 Measurements

Devices were probed by employing a homebuild micromanipulator system in the Field
Emission Scanning Electron Microscope (FESEM) chamber [124]. For the MOSFET
measurement, a two channel Keithley 2636 Source Meter Unit was used. For the test
devices (i.e. MOS capacitors) a Solartron Modulab was used, with an AC voltage V,. = 20
mV and the frequency ranging from 1 Hz to 1 MHz.

3.2.4 Simulation

For device simulation, Silvaco 2D Atlas [130] was employed. Simulation is performed
in this work for a two fold purpose: Firstly, thanks to existing models that were devel-
oped previously in our group [23, 131, 24|, a finite element analysis will be conducted on
diamond MOSFET. The simulation results will be compared with experimental results.
Thanks to the simulations in 2D structure, visualization is easier and further support for
the understanding. However, since the simulation models are not really completed (oxide
charges, interface states and leakage current were not included), a further improvement
will be required. In the second fold purpose, parameters that were extracted from the
experimental results will be provided for an empirical model. This is an important step
since diamond is a relatively new material. Many parameters are still unknown. Consid-
ering the fact that experiments for diamond power devices are costly and time consuming,
an as completed as possible simulation model is highly desired.

Since the efforts to build a simulation model for diamond power devices were started
previously and there are number reports in literature [131, 23, 24|, only brief details on
the models will be provided in the frame of this thesis. Interested readers could find more
physical insights of the simulation models in the corresponding references [131, 23, 24].

The 2D simulation configuration is shown in Fig. 3.11. We introduced the parameters
that are identical with experiment for the purpose of reproducing the experimental struc-
ture. A diamond epilayer with the doping concentration of 2 x 10'7 cm™3, compensation
concentration of 10% and the thickness of 100 nm were introduced (i.e. sample #1).
This epilayer thickness is introduced by subtracting the p-n junction depletion width.
Structure dimension with Lgs = 4 um, Lg = 4 pm and Lgp = 3 pm were used for the
simulation, but a larger numerical design of experiments has been simulated (different
Lgs, Lg, Lap, oxide thickness, doping and thickness of drift region, temperature, metal
work function, ...). Gate metal work function was kept as Ni work function W = 4.3 eV.
The substrate was considered as an oxide layer for the sake of minimizing the simulation
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Figure 3.11: Silvaco simulation configuration with diamond epilayer thickness of 100
nm and doping concentration of 2x10'7cm ™3, oxide thickness of 20 nm, Lgs = 4um,
Lg = 4um, Lgp = 3um, Lp = 1lum,Ls = 1lpum. Substrate were considered as an
insulator to minimize the simulation time constant.

time. The dimensions of the source and drain contact were minimized as Lp = 1 um,
Ls = 1 pum. In principle, this approximation will not affect the simulation results since
the current path is almost localized at the edge of the contact toward the channel. The
thickness of the oxide layer is ¢,, = 20 nm. Neither oxide charge nor interface states was
implemented in this first simulation. Temperature for the simulation was kept at Room
Temperature (RT) as 7' = 300 K but has been increased up to 550 K. The gate width in
this simulation is 50 pm.

In fact, in the simulation, the temperature can be swept to reproduce the experimental
condition. Also, the impact ionization coefficient [29][132] can be introduced [24] to
predict or reproduce the breakdown voltage dependent on avalanche mechanism.

3.3 Results and Discussion

Hereinafter, we will present the results of test devices and the diamond transistors ob-
tained, with a special focus on sample #1.

3.3.1 Test devices
3.3.1.1 MOS capacitors

In order to obtain the insight of the diamond transistors, test device MOS capacitors are
fabricated on the same substrate. Figure 3.12 represents the optical photograph of an area
in sample #1 where the MOS capacitors and MOSFET are exposed. Test device MOS
capacitors were fabricated by employing the structure that was introduced by Chicot et
al. [18]. Round shape MOS capacitors with the diameters of 100 um and 60 um are
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surrounded by the ohmic contact (lateral distance between ohmic and MOS capacitor
is fixed to 4 um). The following results were obtained from the MOS capacitor with a
100 pm diameter. A remarkable difference compared to our previous test device MOS
capacitor is the absence of metallic p+ layer. Consequently, as discussed in chapter 2,
the series resistance is expected to be much higher compared to the pseudo-vertical MOS
capacitors (chapter 2).

Figure 3.12: Top view of MOS capacitor structures captured by optical microscope.

Due to the high resistance issue, the C-V measurement is not trivial. In order to
perform a proper C-V measurement and eliminate series resistance effect, an appropriate
frequency is necessary. We performed Capacitance-frequency (C-f) measurement with a
fixed gate bias (Vz = —3 V) to determine the appropriate frequency range. Figure 3.13b
represents the C-f curve of a MOS capacitor test device. From the C-f curve, we can see
that the artifacts like leakage current (Fig. 3.13a), interface states and series resistance
strongly affect the capacitance measurement, as discussed in chapter 2. The C-f curve
also indicate that C-V measurements are necessary to be measured at the frequency range
of few hundreds hertz.

Figure 3.13c represents the C-V curve measured at three different frequencies (f = 300
Hz, 400 Hz, 500 Hz). The C-V behavior is almost identical with the C-V curve obtained
from the MOS capacitor with the p+ layer. Fermi Level Pinning (FPE) effect is observed
in negative bias regime at high leakage current. Capacitance-frequency dependent effect
is also observed. In positive bias, the SCR extension is clearly obtained. It is remarkable
that the capacitance value is significantly decreasing for Vi > +4.3 V. Then, the capaci-
tance is completely saturated at a very low value for Vg >-+7 V. This is an indication of
the collapse of two SCRs where the effective area of the capacitor is greatly reduced. The
transition is perhaps due to the non-homogenous charge distribution in the oxide region.
As we will show in the next part, this C-V curve is consistent with the pinch-off current
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Figure 3.13: Electrical characteristics of MOS capacitor test devices on the diamond tran-
sistor sample: a) Current-Voltage characteristic; b) Capacitance-frequency characteristic

at Vg = —3 V; Capacitance-Voltage characteristics measured at different frequency.
(Sample #1 - QRT).
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in DC electrical characteristic of the diamond depletion MOSFET.
Inverse square capacitance (1/C?) is plotted against Vg in Fig. 3.14 to extract the
doping concentration from the relationship:

-2 1
Ny — Np = 3.2
AT T e AzdC? AV (32)
where m is the slope from linear fitting of é — Vi curve in Fig. 3.14.
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Figure 3.14: Reciprocal square capacitance plotted with gate bias to extract effective
doping concentration (sample #1 at RT).

The linear fitting curve in Fig. 3.14 shows that there is an almost linear curve for the
gate bias ranging from —3 V < Vi; < +4.3 V. A doping concentration of approximately
1.75 x 10'7 em™3 is extracted by using the slope in this range. This extracted doping
concentration is close to the boron-doping concentration targeted during the diamond
growth.

By employing the technique we have introduced in the Chapter 2, the expansion
of the SCR with gate bias is also evaluated. First of all, we evaluate the variation of
semiconductor surface potential Wg with gate bias Vi, as shown in Fig. 3.15a. The
corresponding SCR variation with gate bias is shown in Fig. 3.15b. Oxide capacitance is
assumed to be C,, ~ 6‘;:50 with e,, ~ 9 oxide dielectric constant and t,, = 20 nm oxide
thickness.

From Fig. 3.15b, a SCR width of approximately 190 nm at Vg >~ +4.5 V' is deduced.
From this SCR width, we can deduced that a sacrificed epilayer thickness of h ~ 40nm
is initially depleted at the p-n junction of epilayer-substrate interface. The substrate is
probably less N-doped than the assumed value (Np ~ 3 x 101 cm™3).
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Figure 3.15: a) Surface potential variation with metal gate bias; b) Corresponding deple-
tion width variation with gate bias.

For an efficient transistor, along with the effectiveness SCR width modulation, ohmic
contact is also very important. In order to evaluate the contact resistance, we introduced
the Transmission Line Model (TLM) test device.

As in any semiconductor electronic devices, ohmic contact is very important to maxi-
mize ON-state current. TLM is fabricated to examine the ohmic behavior of the contacts
and also the sheet resistance of epilayer.

3.3.1.2 Transmission Line Model (TLM)

First, we will briefly discuss the working principle of TLM. TLM is an array of elec-
trode pads that have an identical size with different spacing between the pads, while
controlling the current spread between the contacts. The measured resistance between
two electrode pads is the summation of two contact resistances and sheet resistance. Ry
can be calculated as:

L
Rr =2Rq + RSW (3.3)

where L is the distance between two electrodes, W is the width of the electrodes,
R¢ is the contact resistance and Rg is the semiconductor sheet resistance. Assuming
the contact resistance and sheet resistance are homogeneous over the sample size, the
measured resistance is then a function of L. Therefore, in order to obtain the contact
resistance and sheet resistance, the measured resistances are plotted against L. A proper
measurement, should give a linear curve where the slope is corresponding to % and the
intercept to y-axis yield to the corresponding 2R.
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Figure 3.16 represents a typical conceptual structure of the TLM. In the current work,
TLM are the multiple electrode pads of Ti/Pt/Au with width of W=150 pm and spacing
between pads L of 10 um, 25 pm, 50 pm, 75 pm, 100 pm and 150 pm.

W=150 pm —
fe—2= —f

Figure 3.16: Conceptual description of the TLM test device.

For an accurate contact resistance measurement, mesa etching is required [129]. How-
ever, in the first approach, we tuned the fabrication processes to quickly demonstrate a
first proof of concept for depletion mode diamond MOSFET. Therefore, for the sake of
simplicity in the fabrication, mesa etching was not performed in the current study, as
this step was not necessary for the first designs of diamond transistors. The lack of mesa
etching step played a relatively important role on TLM electrical characteristics. For
instance and for the pads with a short spacing (L < 75 um), the measured resistance is
strongly deviated and the obtained value are usually unreasonable. This can be explained
as current spreading is not evenly distributed (W >> L), and a significant part of the
current flow is not perpendicular to the LTM contacts. Fortunately, the pads with a
long spacing (L > 75 pum), the TLM is worth of interest. The measured resistance is
consistent with the pads spacing.

Figure 3.17a represents the I-V characteristics at RT of three TLM at different spac-
ings: L = 75 um, 100 pm and 150 pm, respectively. The ohmic contact behavior of
the contacts was not obtained. Regarding the origin of non-ideal ohmic behavior, it
is important to refer to the comprehensive discussion by Tachibana et al. [133]. The
ohmic contact is actually formed thanks to a defective region at the interface between
diamond and metal electrode, which is mediating the carriers tunneling between metal
and diamond. Therefore, the non-ideal ohmic contact is likely indicating a good quality
of diamond at the interface. Also, there is a barrier of approximately 0.5 eV between
TiC/diamond [133], which is possibly responsible for the non-ideal ohmic contact. The
non-ideal ohmic contact will definitely affect the device performance, as we will show in
the following parts. Therefore, it is very important to improve the ohmic contact in the
upcoming approaches.
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Figure 3.17: a) Typical IV characteristics of the Ohmic contact after annealing at 600°C;
b) Measured resistance as function of electrode spacing with linear fitting to extract sheet
resistance and contact resistance

From I-V characteristics in Fig. 3.17a), the measured resistance is evaluated by the
derivation % and followed by an averaging of the derivative over negative bias direction.
Figure 3.17b) represents the measured total resistance with three pads spacing of L=75
pm, 100 pm and 150 pm, respectively. The linear fitting of the total resistance as a
function of the gaps gave a straight line with the slope of 26.4 kQ/um and an intercept

with y-axis at 11.7 M.

A corresponding sheet resistance of approximately Rgpeer ~ 4 M /0 has been eval-
uated. From sheet resistance, the resistivity of our sample is consequently being eval-
uated by using the effective epilayer thickness of ¢ ~ 190 nm that was evaluated from
MOS capacitance measurement on the same sample (Fig.3.15). From the relationship
p = Rspeer X t, a resistivity of p ~ 75 Q.cm was obtained.

A recent theoretical calculation from Traore et al. [10] based on the neutrality equa-
tion taking into account the main scattering mechanisms in boron doped diamond [11]
has pointed out the relationship between boron doping concentration N4, compensa-
tion concentration Np and resistivity p at different boron doping concentration. The
region corresponding to the doping concentration (N4 = 1.75 x 107 ¢cm™3 extracted
from MOS capacitor measurement - Fig. 3.14) and the resistivity (p ~ 75Q.cm evalu-
ated from TLM measurement- Fig. 3.17) is the transition from yellow to green region
(Fig. 3.18). This region is corresponding to a compensation concentration of around
5x10%em™ < Np <2 x 101 em ™3 (Fig. 3.18). This <10% compensation is consistent
with the previous reports by fitting the Hall measurements by Volpe et al. [6]

From the relationship between doping concentration, resistivity and compensation
concentration, we can project the hole concentration thanks to the exhaustive analysis
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Figure 3.18: The relationship between compensation concentration N and resistivity of
boron doped diamond at different dopant concentration N 4. Courtesy to Traore et al.
[10]

given by Traore et al. [10]. As shown in Fig. 3.19, for the range of resistivity measured
by TLM test devices, the hole concentration can be ranging from 3x10' (cm™2) for the
highly compensated sample to 2x10* (cm™2) for the slightly compensated sample.
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Figure 3.19: The relationship between compensation concentration Np and hole concen-
tration of boron doped diamond at different dopant concentration N 4. Courtesy to Traore
et al. [10]

By increase the temperature to 500 K for the same condition of doping concentration



Chapter 3. Depletion-mode Metal Oxide Semiconductor Field Effect
144 Transistor (MOSFET) on Oxygen Terminated boron doped Diamond

and compensation concentration, resistivity is projected to be decreased more than 10
times, as shown in Fig. 3.18.

From the interception of fitting curve with y-axis, contacts resistance 2R, ~ 11 (M)
has been determined for the TLM with the width W=150 um. A normalized contact
resistance 2R..W = 175 k{).cm is obtained. This normalization has been employed since
the 2D simulation has shown that all the carriers are being collected at the boundary of
the contact pads toward the another one (will be shown in Fig. 3.23Db).

3.3.2 Transistor Performance

Figure 3.20 represents the FESEM image of the fabricated transistors under measurement
configuration. Figure 3.20a represents the stripe structure transistor. The ON-state
current that will be presented below is measured from this device. The specific dimensions
of this transistor are: W=34um, Lps=10pum, Lg=3um, Lgs=4pm and Lep=3um.

Figure 3.20b represents the FESEM image of the circular transistor, from which the
OFF-state performance will be presented. The specific dimensions of this transistor are:
Le=4pum, Lgs=4pm and Lgp=10pum. From both transistors, the dimensions are the
designed values (mask), and do not take into account possible misalignments and process
variations.

09/06/2016 WD

Magnification check 160814 11000kv|2400x 165 mm|  Wagnfication check |

Figure 3.20: FESEM image of the boron doped diamond MOSFET. a) Stripe structure
MOSFET target high ON-state current; b) Circular structure target high OFF-state
breakdown voltage. Device dimension parameters were taken from mask design. Mea-
surements have been performed at RT in the vacuum chamber of FESEM system.

3.3.2.1 ON-State

Transistor transfer characteristics Ipg were measured by sweeping Vpg from 0 V to -10
V at different fixed Vg, ranging from —5 V to +10 V.

Figure 3.21 represents the transfer characteristic of the stripe structure transistor. The
transfer characteristic clearly shows three typical regimes of a proper transistor: linear
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regime, saturation regime and pinch-off regime. The diamond transistor is normally-ON
since Ipg # 0 at Vgs =0V and Vgp > 0 V. A maximum ON-state saturation current of
around 1,9 pA/mm is measured at RT. This ON-state saturation current at RT is com-
parable with the diamond MESFET reported by Umezawa [16]. However, this ON-state
current is much lower than the reports from H-diamond MOSFET [76][21] and inversion
diamond MOSFET [14]. One of the problems with this transistor is the non-ideal ohmic
contact which is highly limiting the ON-state current. Also, since the FLPE prevents di-
amond from reaching the accumulation regime, the ON-state current is partially limited.
Last but not least is the contribution from incomplete ionization of boron doped acceptor
at RT due to the deep ionization boron doped level. A projected ON-state current of few
10 times higher is expected for device working at the high temperature (500 K), assuming
contact resistance is not changing by increasing the temperature.
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Figure 3.21: Transfer characteristics of the stripe transistor -sample #1 measured by
sweeping Vpg from OV to -10V at different fixed gate biasVgs (Vps: -5V to 10 V, step
Vas : 1V). The measurements have been performed at RT in the vacuum chamber of
FESEM system.

The Gate to Source leakage current (Igg) is under the detection limited for the whole
Vgs range of measurements in this device, as shown in Fig. 3.22b. This negligible
gate leakage current demonstrates that this MOSFET is a complete electrostatics gate
controlled transistor with an insulated gate.

In the OFF-state, the Drain leakage current is below the apparatus detection limit
for a Vg > 7 V. The channel is completely pinched off. This behavior is in agreement
with the C-V characteristics of the test device MOS capacitor that we have shown in Fig.
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3.13. It is a clear evidence that the two SCRs were collapsed.

In order to obtain the transconductance of the device, we measured the transfer
characteristics of the transistor by varying Vgg at a fixed Vpg, at RT. At a fixed Vpg=-
10 V, the measured Ipg as a function of Vg and the corresponding transconductance are
shown in Fig. 3.22. An ON/OFF ratio of approximately 10° was obtained, as shown in
Fig. 3.22a, acknowledging an OFF state leakage current below detection limit (reduced
W of the transistor).
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Figure 3.22: a) Transfer characteristics of the stripe transistor -sample #1 measured by
sweeping Vgg from +10V to -5V at a fixed Vpg (Vps=-10V) ; b) Gate leakage current
[gs measured instantaneously with transfer I,. The measurement have been performed
at RT in the vacuum chamber of FESEM system.

Electrical measurements demonstrated that the device is a complete electrostatics
gate controlled transistor. In order to understand the physics involved in our devices, it
is important to visualize electrostatic parameters like potential distribution, electric field
distribution and hole concentration distribution. The 2D Silvaco Atlas finite element
based simulation tool is an ideal solution to access the electrostatics profile inside the
device.

Hereinafter, we will present the electrostatics profile of the device with the simulation
parameters introduced in Fig. 3.11. For the ON-state simulation, Vsp is kept as low as
possible (Vsp = 1 V in this case) to minimize the potential perturbation under the gate
region.

The potential distributions at three different gate bias (Vgg = —5V, 0V, 6V) are
shown in Fig. 3.23a-c), respectively.

The corresponding electric field distribution at three different corresponding gate bias
(Vgs = —5V, 0V, 6V) are shown in Fig. 3.23 d-f), respectively.

The corresponding hole distribution at three different gate bias (Vg = —5V, 0V, 6V)
are shown in Fig. 3.24 a-c), respectively.
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Potential Electric field
distribution distribution

Figure 3.23: Silvaco Atlas simulation the potential distribution at different gate bias a)
Vas=-5 V ; b) Vgs=0 V; ¢) Vgs=6 V; and electric field distribution at three different
gate bias: a) Vgs=5 V ; b) Vgs=0 V; ¢) Vgg=6 V. Simulation configuration were
presented in Fig. 3.11 and temperature is assumed at RT.
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Figure 3.24: Silvaco Atlas simulation of the hole distribution at different gate bias a)
Vas=-5V; b) Vgs=0V; ¢) Vgs=6 V; Cutline of the d) potential distribution; e) electric
field distribution; f) hole distribution. Simulation configuration were presented in Fig.
3.11 and temperature is assumed at RT.
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Figure 3.24d represents the cutline potential distribution, which is corresponding to
the potential distribution in Fig. 3.23a-c). Figure 3.24e represents the cutline electric
field distribution, which is corresponding to the electric field distribution in Fig. 3.23d-f).
Figure 3.24e represents the cutline hole distribution, which is corresponding to the hole
distribution in Fig. 3.24a-c).

The simulation results are relatively coherent with the experimental results. At
Vas=0 V, a part of the epilayer is depleted due to metal-semiconductor work function
difference. However, since the oxide charge was not included, the quantitative agreement
was not reached. At high negative gate bias Vgs=-5 V, the hole accumulation underneath
the gate is observed. As shown from the analysis in Part 1, Chapter 2 as well as the C-V
measurement on the MOS capacitor test device on this sample, this accumulation is not
obtained in experiment due to FLPE. In this simulation, interface states and gate oxide
leakage current were not implemented. Therefore, in order to have a better agreement
between simulation results and experiment results, it is important to either eliminate
interface states and/or leakage current in the experiments or include interface states and
gate oxide leakage into the simulation models.

Regarding the current path, from the simulation we can observe that most of the ON
state current is collected at the boundary of the source and drain contacts toward the
gate, as shown in Fig. 3.23 b. The simulated transfer characteristics (Ipg at a fixed Vsp
with Vgg varying) is represented in linear scale and logarithm scale in Fig: 3.25. The
ON-state current in the simulation results is considerably higher than the experiment
results, since perfect ohmic contact have been set in the simulation (Reontact = 0 §2).
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Figure 3.25: Silvaco simulation of drain current (Ip) for Vpg = —1V at different gate

bias (Vgs : =5V to +6V) in a) linear scale; b) semilog scale. Simulation configuration is
identical with the Fig. 3.11 and temperature is kept at RT.

One of the most interesting part in these simulations is the electrostatics distribution.
As we can see from Fig. 3.23, and Fig. 3.24, fully depletion is observed for a gate bias of
Vas = +6 V. Also, the extension of SCR width is almost localized under the gate region.
We believe this effect is originated from the low Vsp value that were applied, together
with a large L¢ value (larger than the lateral Drain-Gate SCR). In the following section,
we assume this effect is still valid for a small Vgp in the linear regime.
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3.3.2.2 Transistor parameters

As we discussed in the first part of this chapter, a transistor is working like a resistor
in the linear regime. It is therefore important to distinguish the linear-regime and the
saturation regime to extract the parameters of the transistor. In the linear regime, the
channel charge density is presumably substantial distributed along the channel [134].
Therefore, the charge transport is dominated by the drift phenomenon. There is no
diffusion transport even at low Vpg since there is no p-n junction at the contact like in
an inversion mode MOSFET [134]. Figure 3.26 represents the Ipg measurements with
Vs at different fixed Vsp values. From Fig. 3.21 and Fig. 3.26, the linear regime is
determined for a low Vpg range of approximately Vps—-0.4 V to Vps—=2 V.
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Figure 3.26: a) Transfer characteristics of the stripe transistor -sample #1 measured
by sweeping Vgg from +14V to -5V at different fixed Vps (Vpg: -0.1V to -6V). The
measurement have been performed at RT in the vacuum chamber of FESEM system.

The channel conductance in the linear region is defined as the slope of Ips — Vpg in
the Fig. 3.21 and can be evaluated by the derivation:

_dIps
- dVps

Inverse channel conductance is equivalent with the sum resistance between source and
drain.

9 (3.4)

3.3.2.3 Contact resistance of the diamond MOSFET

Figure 3.27 represents the descriptive device structure and the equivalent resistance be-
tween source and drain. We employed the hypothesis that the current flowing between
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source and drain is parallel and constant. As we have refined our analysis in the linear
region of the transistor where charge densisty is presumably substantial distributed along
source to drain [134], this hypothesis is reasonable.
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Figure 3.27: a) Descriptive cross-section of the depletion mode diamond MOSFET; b)
Equivalent Source to Drain resistance of the MOSFET corresponding to the cross-section
and non-negligible contact resistance.

From the equivalent resistance in Fig. 3.27b, the “source to drain resistance” can be
expressed as:

1/gD - RSD = 2Rc + Reon + Renannet + Rd'r‘ift (35)

This expression is introduced since the gate to source leakage current (Igs - Fig. 3.22b)
is negligible. The 2R¢ being the contact resistance of source and drain, which includes
any contribution from the metal resistance and the metal-semiconductor interfaces. R.,,
is the resistance in the conduction region between source and gate. Considering the cross-
section structure of the device in Fig. 3.26 and the top view structure in Fig. 3.6, R,
can be calculated by:

_,Les
PWid—n)

With Lgg is the gate to source distance. Rgy ¢ is the resistance in the drift region
between gate and drain. The current spreading is assumed to fill completely the epilayer

Reon (3.6)
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in the Gate to Source region (as suggested by the simulation from Fig. 23b), since
Lgs >> epilayer thickness). For a low Vgp voltage in the linear regime, the Ry is
calculated by:

B Lep
Rd’r‘zft - pW (d — h) (37)

Where Lgp is the distance from gate to drain. The channel region is defined as the

region under gate. The corresponding channel resistance is calculated as (hole distribution
is neglected and carrier distribution is supposed constant within w):

L¢g

W (d—w— h) (38)

Rchannel =p

By using the resistivity that was extracted from TLM test device at RT, the R, and
Rarife can be calculated. Equation 3.5 can be then rearranged as:

RSD - Rcon - Rdrift = 2RC + Rchannel (39)
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Figure 3.28: 2RC+Rchannel versus channel thickness (the width of neutral region under
gate) at different Vg (top x-axis).

As the parameters in the left side of the equation (Rsp, Reon, Rarift) were determined,
the unknown parameters in the right side of the equation (R¢ and Repanner) can be
determined. By replacing R panner in equation 3.8 into equation 3.9, equation 3.9 can be
rewritten as:

LG 1 LG 1

Rsp — Reon — Rdm‘ft =2Rc + Pwm =2Rc + ,OW; (3.10)
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where d, w, h are the thickness of epilayer, the SCR width at diamond/oxide interface
and the SCR width at epilayer /substrate p-n junction, respectively. = = (d —w — h) is
the neutral region width between the 2 SCRs (see Fig. 3.26).

As one can see in equation 3.10, the right side of the equation is a function of % and
is limited by the 2R¢. Therefore, in principle, the value of 2R can be found by plotting
Rsp — Ras — Rap against % With x is the value measured by MOS capacitor test device,
assuming the extension of SCR in the MOSFET is similar to the MOS capacitors. In fact,
the correlation between transistor electrical characteristics and MOS capacitor behavior
as well as 2D Silvaco Simulation have demonstrated this assumption is reasonable for the
linear regime. Therefore, the variation of drain conductance in linear regime versus gate
bias (Ips vs. Vg - linear region, Fig. 3.21 ) is similar to a TLM test device. In this case,
x (equation 3.10) is equivalent to L (equation 3.3).

Figure 3.28 represents the Rsp — Rgs — Rgp plotted versus channel thickness (the
width of neutral region under gate). By using equation 3.10 for fitting Fig. 3.28, contact
resistance of 2Ro ~31 M is determined. A normalized 2RcW ~ 110 k€2.cm is obtained.
This value is in agreement with the contact resistance evaluated by the TLM technique.
This contact resistance is very high and highly hinders the carriers collection between
source and drain. It is therefore very important to improve the contact resistance in the
next fabrication run.

3.3.3 Mobility

The carriers mobility between source and drain can be evaluated after eliminating the
contribution from contacts resistance 2RC. The intrinsic semiconductor resistance is ob-
tained after eliminating the contribution of the contact resistance as:

Rsemi = Rsp — 2Rc (3.11)
With Rgeni is as defined as in Fig. 3.27, it can be calculated as:
Lgs + Lap Lg

Rgemi = 3.12
s o | (F522) 4 725 o

The carrier mobility under low field in semiconductor region can be evaluated as:

1 Lgs + Lep Lg

— 3.13
s quSemiW |:( t ) * t—x ( )

Considering the hole concentrations that we have projected from TLM measurement,
the hole mobility of our device could ranging from g, ~300 cm?/V.s for the lowly com-
pensated sample to ~ 1700 ¢cm?/V.s for the highly compensated sample. These value
of hole mobility is typical for the bulk conduction of boron doped diamond at doping
concentration of 2x 10" cm™3 [11]. This mobility is around the highest reported mobility
in a diamond MOSFET, compared to inversion diamond MOSFET (u;, = 8 ¢cm?/V.s)
[14] and H-diamond MOSFET (30-100 ¢m?/V.s, this mobility has been measured by Hall
effect measurement) [76]. Even this mobility could bearing some source of errors (since
contact resistance were too high and compensation concentration has not been system-
atically quantified), this value highlights the clear benefits of a depletion mode diamond
FET with an insulated gate. An improved contact resistance as well as the fabrication
of the Hall bar test devices on the same substrate for the systematic investigation the
compensation of the sample are critical in the next fabrication run.
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3.3.4 OFF-State

One of the most unique feature of wide bandgap semiconductors is the endurability
against a high electric field in the OFF-state regime. In our device, breakdown voltage is
measured by applying a positive gate bias (Vgs = +12 V) to ensure the pinch-off of the
channel. Then, Vpg is swept in the negative direction from 0 V to -200 V (limit of the
apparatus). The current compliance is set as low as 25% ON-states current to limit the
destructive high power passing through the device. The measurements have been done
in the FESEM chamber under vacuum.
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Figure 3.29: Breakdown voltage measured with V5g=-12 V and drain voltage sweeping in
negative bias voltage to Vpg = —200 V (limit of the apparatus): a) first cycle breakdown
measurement; b) 5th cycle breakdown measurement.

Figure 3.29 represents the measured breakdown voltage of the circular device in Fig.
3.20b (Ip vs. Vpg and Ig vs. Vpg). Subthreshold leakage current is less than 10710 (A).
Subthreshold drain leakage current is found firstly decrease when Vpg is biasing from
0V to -40V and then increase for Vpg from -40V to -200V. This drain leakage current
could be related to the potential gradient between Source and Gate as well as Drain and
Gate. Since subthreshold leakage current is an important factor could initiate the prema-
ture breakdown of the MOSFET devices, a systematic investigation of the subthreshold
leakage current mechanism is highly suggested. The device is able to withstand an OFF
state voltage up to -200 V without any catastrophic voltage breakdown (sudden increase
of subthreshold leakage current). By using the linear electric field approximation between
gate and drain, a lower bound electric field is evaluated at less than 1 MV /cm for a bias
of -200 V. However, since the drift layer is moderately doped (1.75 x 107 cm™2), this
approximation is highly underestimating the peak electric field of the drift region.

In order to evaluate the breakdown electric field of the device, we performed a Silvaco
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Atlas simulation by fixing Vg = +6 V and sweeping V pg to -200 V without implementing
the impact ionization and avalanche breakdown mechanism. The temperature of this
simulation is kept at RT. The simulation results are shown in Fig. 3.30 and Fig. 3.31.
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Figure 3.30: Silvaco Atlas simulation critical electric field for Vps=-200 V without impact
ionization a) in linear scale; b) logarithm scale

Figure 3.30 represents the electric field distribution in the structure plotted in the
linear scale (Fig. 3.30a) and in the logarithm scale (Fig. 3.30b). The 2D field profiles
show a spike electric field as high as 4 MV /cm beneath the gate, in diamond layer
and toward the drain. This significant spike electric field could potentially initiate the
premature breakdown effect. Figure 3.31 represents the cut-line of electric field in the
diamond region and in the oxide region. As we can see in the Fig. 3.31b, there is an
electric field as high as 3.4 MV /ecm in the oxide region. Even if this electric field is
lower than the critical electric field of AlyOs, it could potentially lead to the premature
breakdown of the device. Therefore, the implementation of a field plate is necessary
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to dissipate the spike electric field at the drain side of gate contact. Nonetheless, the
estimated peak electric field in our fabricated transistor is close to 4 MV /cm at -200 V,
which is already a high value in a lateral design without any field plate.

Also, as shown in Fig. 3.30, there is wide SCR under the gate region. This wide
lateral SCR under the gate could potentially be an origin of the premature breakdown
and the increase of the leakage current. These effects seem maximized since Lg is very
close to Lgs and Lgp. Therefore, by reducing the gate length, it could be possible to
improve the breakdown of the device.
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Figure 3.31: Cut line of Silvaco Atlas simulation critical electric field for Vps=-200V
without impact ionization a) In diamond epilayer; b) In oxide layer

When the device experiences several OFF state measuring cycles (5 cycles), the first
onset current is observed at around 197 V, as shown in Fig. 3.29b. More investigation
are required for the OFF state analyses: applying different Vg values and measuring
the different BVs, trapped charges discharging sequences, modifying the temperature,
observing the destructive breakdown.

3.4 Benchmarks

In order to compare to other diamond transistors [16] [21], the Figure of Merit (RonS
vs. BV) of this work is benchmarked Fig. 3.32 and projected toward device optimiza-
tions. The open circles are corresponding to devices performance at RT. The crosses are
corresponding to the device performances at high temperatures.

The magenta spots represent the performance at RT (measured) and 573 K (mea-
sured) of the best diamond MESFET developed by Umezawa et al. [16] (the dimensions
are estimated from the publication). These MESFET are based on a bulk conduction,
therefore limited by the incomplete ionization of boron at RT, similar to the MOSFET
developed in this PhD. Contrary to our MOSFET devices, the MESFETSs are limited by
the Schottky gate, preventing them to achieve good performances on highly doped boron
layer.

The cyan spots represent the performances of the H-Diamond MOSFET (measured)
developed by Kawarada et al. [21], where the conduction is based on 2DHG and not bulk
conduction (dimension taken from the publication). Based on different current conduction
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Figure 3.32: Specific ON-resistance versus breakdown voltage of different diamond tran-
sistors.

mechanisms, the ON state resistance of the MESFET exhibits a Negative Temperature
Coefficient (NTC), whereas the 2DHG based devices have a Positive Temperature Coef-
ficient. This difference is due to the increase of free carriers with higher temperatures in
MESFET, whereas a higher temperature reduces the carrier mobility in 2DHG without
positive effects compensating this mobility reduction.

The D-mode MOSFET in this work is represented by the blue circle (measured at
RT) and the blue cross (this spot is expected). As we have discussed in the previous
section, the ON-state current of this device is highly limited by the contact resistance. In
fact, the contact resistance represents more than 90% of the total resistance of the device.
An improvement of the contact resistance will strongly improve the ON-state current of
this device. As shown by Chen et al. [129], using a proper post treatment or regrowth a
highly doped p-+ layer for ohmic contact, the specific contact resistance can potentially
be reduced to less than 10~° Q.cm?. Taking into account the improved contact resistance,
the FOM of our MOSFET at RT is expected to move to the open red circle in Fig. 3.32.
The ON-state current is therefore potentially comparable with the ON-state current of
the H-diamond MOSFET [21], albeit with a smaller BV.

Regarding the OFF-state breakdown voltage, as we have shown in the previous part,
a spike electric field at the drain side of gate contact could potentially caused the pre-
mature breakdown. In order to reduce the peak electric field, a field plate technology
is critical in such lateral high voltage devices. It has been demonstrated that by using
the field plate, breakdown voltage is highly improved in the lateral design [135|. There-
fore, the implementation of field plate(s) is required in the transistor design to allow the
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diamond reaching its theoretical avalanche breakdown voltage. Assuming that the break-
down is only due to the avalanche effects (impact ionization), a maximum breakdown
voltage using the same epilayer doping concentration (1.75 x 107 cm™2) is expected at
approximately 1000 V in the Non Punch Through condition [23].

In the optimized structure for typical high voltage power devices, the ON-resistance
is generally mainly due to the resistance of the drift region, which is the smallest total
resistance possible for a BV value. Any other source of series resistance must be further
eliminated. If one can achieve both the reduction on series resistance along with field plate
structure to maximize the breakdown field, the FOM of our MOSFET can be improved
as the green spots in the Fig. 3.32. Further reductions on the RonS for the same BV
can be achieved, but it would require a thicker drift region, where the channel would
consequently be more difficult to fully deplete.

The critical challenges with our device architecture is to achieve a high electric field,
and to combine a thick drift region, with a channel exhibiting distinctive ON and OFF
states. Nonetheless, new lateral architectures can be further optimized, and the theoret-
ical minimum RonS FOM at RT is plotted in Fig. 3.32 (this is the limit of the vertical
devices). The theoretical breakdown voltage vs. specific ON-resistance has been de-
termined by considering the ideal mobility where the scattering mechanisms are purely
phonon and doping dependent [11][6].

As far as breakdown voltage is concerned, Chicot et al. [23] introduced an optimization
calculation breakdown voltage based on avalanche effect with the up to date ionization
coefficients [132][29]. As shown in Fig. 3.33, for different breakdown voltage 1 kV, 3 kV,
6.5 kV, 10 kV, the optimized doping concentration and drift region is 1.8x 107 (cm™3),
1.9%10% (em™2), 5.5%10% (em™2), 2.5x10'° (em™3) and 1.9 um, 10 pm, 27 um, 48 pm,
respectively, in a NPT configuration. The question of avalanche breakdown in diamond
devices remains however open, since most observed breakdown mechanism are destructive
and non-reproducible, or based on excessive leakage current.

Since our MOSFET architecture is based on free carriers from boron doped diamond,
the ON resistance can be reduced at higher temperatures. However, the increase of free
carrier is compensated by the decrease of carrier mobility, as presented in chapter 1. For
each targeted voltage breakdown (i.e. doping level and length of the drift region), it
exists therefore an optimal temperature where the Ron is minimized. Such points are
presented in Fig. 35 (the black crosses). The key challenges will be now to push the
FOM towards those theoretical values, with outstanding performances relatively to other
semiconductors devices.

3.5 Conclusion

In summary, by using the oxygen terminated boron doped diamond and an optimized
MOS capacitor technology, we have demonstrated a lateral diamond MOSFET. This tran-
sistor is normally ON and is working in depletion mode. A clear transistor action with
both ON and OFF states was achieved. By fabricating and analyzing the test devices
like TLM, MOS capacitors and the combination of 2D simulation and electrical models,
the physical parameters of the transistors are evaluated. The high contact resistance
is currently limiting the ON-state current, which was expected. The simplified process
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Figure 3.33: Specific ON-resistance vs. different breakdown voltage of NPT boron doped
diamond devices. Courtesy to Chicot et al. [23]

was selected for the sake of reducing the fabrication time, albeit with large contact resis-
tances. After excluding the contribution from the contact resistance, the hole mobility is
quantified. A high hole mobility (from 300 cm?/V.s to 1700 cm?/V.s has been evaluated.
It is among the highest carriers mobility in a diamond transistor. A breakdown voltage
higher than 200 V is measured. The 2D simulation illustrates a corresponding critical
electric field of 4 MV /cm at the gate edge. The device performance is benchmarked with
other diamond transistors, highlight further optimizations. There is still an open road to
improve the performances of lateral and vertical transistors based on CVD diamond.
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3.6 General Conclusion and Perspective

3.6.1 General Conclusion

This thesis has been dedicated to investigate the boron doped oxygen terminated diamond/Al,O3
MOS capacitors for unipolar diamond transistor devices.

In chapter 1, we have shown that boron doped diamond is a fascinating semiconductor
with multiple superior physical properties for power electronics devices. The 2DHG
surface channel diamond MOSFET is seemly not sufficient to fulfill all the potential.
Controlling the bulk of impurities doped diamond to realize the transistors is therefore
crucial.

Chapter 2 has been dedicated for the understanding of oxygen terminated boron doped
diamond MOS capacitor. This chapter is including three main parts:

Part 1 introduced a new technical approach to reduce series resistance and improve
gate oxide in fabricating O-diamond MOS capacitor test devices. We introduce the com-
plementary measurement techniques to obtain a proper C-V measurements. Systematic
measurement were performed to ensure the reliability and reproducibility of the system.
Crucial information on the MOS capacitor system were obtained. An effective gate con-
trolled diamond SCR width was demonstrated. It is promising to fabricate a depletion
mode diamond MOSFET.

Part 2 elucidated the typical electrical characteristics of O-diamond MOS capacitor.
Forward current mechanism is proposed where the oxide tunneling and semiconductor
interface states recombination played an important role. Oxide tunneling limiting process
were identified and the corresponding approximation were made. By subtracting DC
current, equivalent conductance % and interface states density D;; were extracted. Single
state model was found sufficient to correlate with experiment results. Impedance and
capacitance measurements are well reproduced by simulating the equivalent circuit with
all evaluated input parameters. Simulation results demonstrated that gate leakage current
via interface states caused the capacitance-frequency dependence in O-diamond MOS
capacitor. Complete electrostatic model for O-diamond MOS capacitor has been also
established.

Part 3 investigated the origin of reverse current in O-diamond MOS capacitors. The
correlation between substrate profile with MOS capacitors electrical characteristics were
done. Diamond-like defective leakage spots with bunch of dislocations inside were found
to be responsible for the reverse current. Localized A-band peak in CLL measurement are
not necessary representing the killer defects. Hole injection from metal gate are suggested
as the origin of reverse current in O-diamond MOS capacitor. Reverse current caused
the capacitance-frequency dependence on C-V measurements. The impedance simulation
by using the equivalent circuit with all quantified parameters has unambiguously demon-
strated the relationship between reverse current and capacitance measurement. Minority
carriers inversion claimed by Kovi and co-authors [20] is most probably an effect from
parasitic reverse current.

In Chapter 3, by using the oxygen terminated boron doped diamond and an opti-
mized MOS capacitor technology, we have demonstrated a lateral diamond MOSFET.
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This transistor is normally ON and is working in depletion mode. A clear transistor
action with both ON and OFF states was achieved. By fabricating and analyzing the
test devices like TLM, MOS capacitors and the combination of 2D simulation and elec-
trical models, the physical parameters of the transistors are evaluated. The high contact
resistance is currently limiting the ON-state current, which was expected. The simpli-
fied process was selected for the sake of reducing the fabrication time, albeit with large
contact resistances. After excluding the contribution from the contact resistance, the
hole mobility is quantified. A high hole mobility (from 300 cm?/V.s to 1700 cm?/V.s)
has been evaluated. It is among the highest carriers mobility in a diamond transistor.
A breakdown voltage higher than 200 V is measured. The 2D simulation illustrates a
corresponding critical electric field of 4 MV /em at the gate edge. The device performance
is benchmarked with other diamond transistors, highlight further optimizations. There
is still an open road to improve the performances of lateral and vertical transistors based
on CVD diamond.

3.6.2 Perspective

To realize the higher OFF-state breakdown voltage (few kVs), drift region doping concen-
tration are necessary to be reduced and oxide thickness are necessary to be increased (like
transistor sample #2). As shown in Fig. 3.34, the transistor of our sample #2 exhibits
the clear electrostatics gate modulates source-drain current effects. However, since the
epilayer has not been optimized, the OFF-state regime of this device can not be obtained
(since reverse leakage current start to appear at high positive gate bias). Therefore, the
thickness of epilayer have to be further optimized to ensure that both the ON-state and
OFF-state regime of the transistor can be obtained.
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Figure 3.34: Electrostatics gate controlled the current between Source and Drain at
different gate bias. Transistor sample #2.
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Nevertheless, sample #2 is very interesting since accumulation regime in O-diamond
MOS capacitor were observed for the first time. As shown in chapter 2, due to interface
states and leakage current, FLPE prevents the O-diamond MOS capacitor reach accu-
mulation. In our transistor sample #2, by using thick oxide (40 nm) and the annealing
at 500 °C', we have removed the forward leakage current, as shown in Fig. 3.35a and
reduce interface states. The O-diamond MOS capacitor exhibits a proper C-V curve
with the clear accumulation, flatband, depletion and deep depletion regimes, as shown in
Fig.3.35b.
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Figure 3.35: a) DC leakage current and b) Capacitance-voltage characteristic measured
at 100 Hz of MOS 100um, sample #2.

Investigate the accumulated hole gas will be important to improve the depleted mode
boron doped diamond MOSFET, especially in the ON-state. Therefore, fabricate the Hall
bar test devices on the same sample to investigate the accumulated hole gas is needed in
near future. This Hall bar test device is also required to investigate the compensation of
the boron doped diamond epilayer. It will allow us to be more quantitative on transistor
analysis.

Regarding ON-state current, as we have demonstrated, the ON-state current of this
device is highly limited by the contact resistance. An improvement of the contact re-
sistance is critical. Therefore, optimizing the ohmic contact annealing temperature or
performing the selective etching and then regrowth the p+ diamond for ohmic contact is
highly desired. Also, optimized transistor structure to eliminate parasitics resistance to-
ward a smallest total resistance possible for a given BV value is highly desired to improve
the device performance.

Regarding the OFF-state breakdown voltage, as we have shown in the previous part,
a spike electric field at the drain side of gate contact could potentially caused the prema-
ture breakdown. A field plate technology is critical in such lateral high voltage devices.
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Therefore, the implementation of field plate(s) is required in the transistor design to al-
low the diamond reaching its theoretical avalanche breakdown voltage. Identifying the
subthreshold leakage current is also equivalently important. Since subthreshold leakage
current can be the origin of premature breakdown voltage. Therefore, additional electri-
cal measurements to identify the subthreshold leakage current is critical to understand
the premature breakdown voltage and further improve the OFF-state performance.

In the end, thanks to the mastering diamond/oxide interface, the first proper bulk
controlled boron doped diamond power MOSFET has been realized. This will open the
new path to realize the other bulk controlled diamond MOSFETs for power devices.



Deep-depletion mode boron doped monocrystal:‘ne
diamond metal oxide semiconductor field effect
transistor

Thanh-Toan Pham, Julien Pernot, David Eon, Etienne Gheeraert and Nicolas Rouger

Abstract—A p-type deep-depletion mode monocrystalline di-
amond MOSFET is demonstrated for the first time, with a
190nm-thick controllable channel. Such a device offers new
opportunities for a better optimization of the bulk doping versus
designed breakdown voltage and the resulting figure of merit.
Diamond MOSFETs with Boron doping of 1.75 x 10'7¢m ™3
and using 20nm ALD deposited Al-O3 as the gate oxide show
promising IV characteristics, with a clear ON and OFF state
operation. The MOSFETs have a normally-ON operation with
typical threshold voltages of Vi = +7V and a ON-state drain
current of Isp = 1.9uA/mm at Vgp = 10V and Vgs = —5V,
at room temperature. A high hole mobility from 300cm? /V.s
to 1700cm?/V.s has been extracted both for channel and bulk
regions. Just before the experimental voltage breakdown at 200V,
the gate leakage is still below 0.6nA/mm at room temperature
and the peak electric field in diamond at the gate edge is
simulated at 4MV/cm. Beyond this first experimental y ~f of
concept, these combined values show the high potential of a. ~-
depletion mode Boron doped diamond MOSFETs.

Index Terms—Diamond transistor, Boron doped monocrys-
talline diamond, depletion mode diamond MOSFET.

I. INTRODUCTION

Diamond has unique properties st *h as a wide andgap ot
5.5eV, a high thermal conductivity « © 20W/cr .K, .. “h free
carrier mobility and hopping conduct:  r cchanisms. The
classical doping techniques of diamond re', ~n incorporatic
during growth of impurities with high activatic  energies (p-
type Boron 0.38¢V and n-type Phosphorous 0.. V), with
consequently p-type doping as th- main approach. Th _se
properties can have a high impuct in ¢ ~tronics and - ower
electronics applications, where liamond (p. -er) devices can
have better performances at ..._* temperatures ‘0 K-700K),
with outstanding figures of mer.. ‘lower speci .c ON state
resistance Ron S, higher breakdown -oltages BV). Several
diamond transistor architec s have b. = proposed in the
litterature, with ¢ special foc  on tw. dimensional hole
gas "DHQG) basc 4 Field Effect Transistors (FET) [1], [2],
suncuow, YETs [3; [4] and MEtai Semiconductor FETs [5],
[6]. Diamond 2DH. FETs requi.e a Hydrogen (H) termi-
nated diamond surface ... * ~ <zocific control of H-terminated
surface and adsorued ions during the fabrication. The ON
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state resistance in such transistors depena. ~a surface
duction (sheet free carrie: concentration and he  mobility in
2DHG, typical resistivity w *h a positive tempera. = coeffi-
cient) whereas the OFF state  'tage breakdown is ¢ .verned
by typically unintentional dopea ‘‘amond. in other p-type
diamond transistors as MESFETs, the ™-ift regicn is designed
accordingly to the R,,,.~ versus BV v <mi-ation (typical
resistivity with a nezative te. ~erature coefficient), but with
limitations due tc e.:cessive gaw. 'eakage for higher doping
levels. Typical h e bilities in pre. - «s diamond transistors
were 8cm?/V.s [7] a. 30 — 100c.n?/V.s [8] (hall effect
measureme~"" ~howing rov ~ for improvements. On the other
hand, several eftc s on the v 3 gate stack on Oxygen (O)
termina ed mon~crystal'ine d.amond have been done in [9],
[10], ot ‘ring new oppo tunities for diamond MOSFETs on
O-termin. 1 surfaces ard better FET channel control. Novel
- "OSFET ai. “*~cture have been also demonstrated in other
wit  bandgap materials, as with n-type 5—GagOs depletion
mode . “OSFETs [11]-[14]. In this work, we design and
develop a 'er, depletion mode diamond p-type MOSFET
with a MCS gate on O-terminated diamond - figure 1. This
normally-ON MOSFET will be grown on a nitrogen doped (n-
v,, . ~.onocrystalline diamond substrate. This depletion mode
MOSFET offers new opportunities for a reliable fabrication
and better Ron S versus BV compromises over a wide range
st breakdown voltage and temperatures (in comparison with
2DHG FETs), and with a strongly reduced gate leakage (in
comparison with MESFETS).
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Fig. 1. Conceptual cross-section structure of the depletion mode oxygen-
terminated boron doped diamond MOSFET.

II. FABRICATION

As a first proof of concept, two mask levels are processed,
namely for ohmic contacts (drain and source contacts) and for
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Fig. 2. Top view of the fabricated boron doped diamond MOSFET and ‘est
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gate regions (gate metal on top of hig. - gate oxide) - ~oure
2. First, a CVD Boron doped diamond . “ayer was gro =
on a 4 x 4mm? Ib High Pressure High Tcmy -ature (HPHT)
Nitrogen-doped diamond substrate. Detailed c. ditions on
MPCVD diamond growth and doping control were « "Jressed
in our previous publications [9] |lv;, “15]. A 230nm .ick
boron doped layer was grown using a gas . ‘xture of methane
((CH4]/[Hs] = 1%), dibor = ([B]/[C] = 7=00rom) at a
pressure of 33 Torr and a tem, -ature of 870" ., targeting
[B] = 2 x 10'7em~3. Oxygen w. used in tne gas phase
([02]/[Hz] 0.25%} © order to in. ~as. the crystalline
quality of the laye.. After the = ~wth of e (ayers, dusts were
ren. “ved by using conventional sc 7ent in ultrasonic condition.
Then  -rgphite a. 1 non-diamona phase were removed by
using a couvention. cleaning recije of a three acid mixture
(H2S04, HNO3 ana  "77104) =« 300°C. Laser lithography
(Heidelberg DWLG6FS) was employed. Plassys electron beam
evaporator was usec to deposit the stack of Ti/Pt/Au (thick-
nesses of 40 nm/10n:0/40 nm respectively), followed by lift-
off in acetone solutio 1. Since as-deposited Ti/Pt/Au on top of
diamond does not skow ohmic contact behavior, an annealing

~igh temperatv . is required [16]. The sample was then an-
neaic.. C in vacuum environment with typical pressure

Type, Device * " Lgs Lg oL ' W |
P pmo pmpum

Finger, #1 4 3 3 34

Corbir  #2 4 ‘10 176
TABLE 1

PARAMETERS OF SELEC "D TRANSISTC &S - MASK DIMENSIONS.

of 10~ ‘mba~). The divmond surface was then oxygenated
by using ~p UV-ozone treatment [17]. A 20nm thick Al2O3
_ate oxide = -~ deposited at 380°C by using Savannah 100
ac, «ition system rrom Cambridge NanoTech. The precursor
was ‘1. methylaluminium (TMA) and oxidant was water. The
pulse ana norure duration were 15 ms and 30 s, respectively.
Typical chan.oer pressure was 1.3 x 10~ (Torr). As shown
in figure 2 and table I, both MOSFET fingers and cylindrical
~hine structures have been fabricated, respectively for better
ON state characterization and electric field management in
OFF state. The dimensions have been targeted as a first proof
« concept, with a limited stress on lithography and fabrication
steps.

III. RESULTS AND DISCUSSION

Key parameters have been extracted with test structures on
the same sample (MOS capacitors): the boron doping is 1.75 x
10*7em 3 and the SCR extension in the CVD p-type diamond
towards the n-type substrate is 40nm (C-V). The consequent
sheet resistance and resistivity of the p-type neutral region
is estimated at Rgpeer = 4MQ/0, pepi = 75Q.cm (room
temperature, doping compensation).

A. ON-State and OFF-State

Figure 3 shows the clear ON-state and OFF-state opera-
tions of the depletion mode diamond transistor (#1), with a
normally-ON behavior: the maximum drain saturation current
is Ipg = —1.91uA/mm at Vpg = —10V and Vgg = —5V,
a threshold voltage Vry = +7V and a gate leakage below
detection limit over the swept biasing conditions. In the
linear regime, the measured specific ON resistance is 162



Q - em? (active region, without contact areas). Due to the
FESEM setup, it was not possible to measure the temperature
effects on the transistors. A Roy.S of 8 - em? is expected
at higher temperatures. As evidenced by Conductance-Bias-
frequency analyses, Fermi Level Pinning Effect (FLPE) due to
interface states prevents however to achieve the accumulation
regime in ON state ([1REF]). The breakdown and OFF-state
characterization of the Corbino #2 transistor is presented in
figure 4: the maximum breakdown voltage is close to 200V,
with a low leakage current close to the breakdown (107104
or 0.6nA/mm). Figure 4c) shows the simulated electric at
200V, with the gate biased in deep depletion regime. The
simulated peak electric field in diamond is 4MV/cm, with a
SCR width towards drain of 2.5um. These values show great
opportunities for further improvements, with already attractive
performances.
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Fig. 4. Breakdown voltage measured with Vgg=-1. 7 and drain voltage
sweeping in negative bias voltage tc ~ = —200V (lin.. ~fth apparatus):
a) first cycle breakdown measurement; v, “th cycle breakdow measurement.
¢) 2D simulation at Vpg = —200 Vand . < >Vrpg

B. < vrrier mobil. y

Assum,tions: cc stant doping p ofile + no carrier gradient
+ no 2D/3D current . -eading. The carriers mobility between
source and drain can be c........ed after eliminating the contri-
bution from contac:s resistance 2RC Rgem: = Rsp — 2R,
whereas Rg..,; 1 as a2fined as in Fig. 1, it can be calculated as:
The carrier mobility inder low field in semiconductor region
can be evaluated as:

L 1 Lgs + Lep n
a 1t’ii5’emiW d—h

Considering the hole concentrations that we have extracted
from TLM measurement, the hole mobility of .. device
extracted at different gate biases is ranging from g - 200
cm?/V.s for the lowly compensated sample to ~ 1700 cm?/v
for the highly compensated sample. These values of hole
mobility are typical for the bulk conduction of boron doped
diamond at doping concentration of 2x10'7 ¢cm~3 [181. This
mobility is around the highest reported mobility i%. a diai. nd
MOSFET. Even if this mobility could bearing some soric
of errors (since contact resistance ’ere too high «r~ cor.pen-
sation concentration has not been systematically quan’ fied),
this value highlights the clear benefits ° a depletion 10ode
diamond FET with an insulated gate. An ~oroved co.
resistance as well as the fuhrication of the Hall v - test devices
on the same substrate for ‘he ystematic inves._“tion the
compensation of the sample a -ritical in the next fat ication
run.

C. Benchmark

In order to compzre to othe. Yiamond transistors [6] [19],
the Figure of M '« (RonS vs. b ™ of this work is bench-
marked in figure 5, .. -hlighting mea ured performances and
foreseen improvements \ ‘rcles and crosses are respectively
performa~.ces a. ~T and hig. ‘e peratures). Combining these
attractiv 2 figures of merit with cxtremely low leakage current
and hig 1 temrerature cperation capability, depletion mode
diamona ‘rausistors are demonstrated for the first time as
~ealistic sc. “ons.

Sy ific Resis’t‘ance RonS vs. BV at Optimal Temperature and RT
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Fig. 5. Specific ON-resistance vs breakdown voltage.

IV. CONCLUSION

In summary, by using the oxygen terminated boron doped
diamond and an optimized MOS capacitor technology, we
have demonstrated a lateral diamond MOSFET. This transistor
is normally ON and is working in the deep depletion mode.
A clear transistor action with both ON and OFF states was
achieved. A simplified fabrication process was selected for
the sake of reducing the fabrication time, albeit with large
contact resistances. After excluding the contribution from the



contact resistance, the hole mobility is quantified. A high hole
mobility (from 300 cm?/V.s to 1700 cm?/V.s has been eval-
vated. It is among the highest carriers mobility in a diamond
transistor. A breakdown voltage higher than 200V is measured.
The 2D simulation illustrates a corresponding critical electric
field of 4 MV/cm at the gate edge. The device performance
is benchmarked with other diamond transistors, highlighting
further optimizations. There is still an open road to improve the
performances of lateral and vertical transistors based on CVD
diamond. Such improvements will focus on the reduction of
series resistance and interface state density, annealing at high
temperature to improve the gate oxide crystallinity, reaching
the accumulation regime, adding an efficient field plate and
optimizing transistor dimensions.
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