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Diamond is considered as an ideal material for high field and high power devices due to its high
breakdown field, high lightly doped carrier mobility, and high thermal conductivity. The modeling
and simulation of diamond devices are therefore important to predict the performances of diamond
based devices. In this context, we use Silvaco® Atlas, a drift-diffusion based commercial software, to
model diamond based power devices. The models used in Atlas were modified to account for both
variable range and nearest neighbor hopping transport in the impurity bands associated with high
activation energies for boron doped and phosphorus doped diamond. The models were fit to experi-
mentally reported resistivity data over a wide range of doping concentrations and temperatures. We
compare to recent data on depleted diamond Schottky PIN diodes demonstrating low turn-on vol-
tages and high reverse breakdown voltages, which could be useful for high power rectifying applica-
tions due to the low turn-on voltage enabling high forward current densities. Three dimensional
simulations of the depleted Schottky PIN diamond devices were performed and the results are veri-
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I. INTRODUCTION

Recent developments in controlling both the growth
quality and doping concentration in diamond grown using
plasma enhanced chemical vapor deposition (PECVD) have
led to the fabrication of a variety of diamond devices such
as Schottky diodes," p-n diodes,” field effect transistors
(FETs),>* and more recently bipolar junction transistors.>®
Diamond has several desirable properties for high power
electronics applications, such as a high theoretical break-
down field,” high electron and hole mobilities at room
temperature in lightly doped diamond,®*™'® high thermal
conductivity and extremely low intrinsic carrier concentra-
tion at room temperature. These properties lead to diamond
having high potential figures of merit in both active devi-
ces, such as high-frequency field-effect transistors (FETSs)
and high-power switches, and passive devices such as
Schottky and PIN diodes.'" The ability to accurately simu-
late such devices and predict the theoretical limits is there-
fore important. Prior attempts using Silvaco Atlas for
diamond device simulations have been reported,12 but with
limited success when attempting to experimental device
data.

In this work, we attempt to explain the early turn-on volt-
age measured in p-i-n diamond diodes assuming a Schottky
contact to the top P-doped n-layer which is depleted. A simi-
lar device has been reported'® and is referred to as an SPND
(Schottky PN diode). The difference from an SPND device is
that due to the presence of a thin lightly doped n-layer, the
n-layer is completely depleted. Transport is then solely due to
thermionic emission of holes making the device a unipolar
device with a low turn-on voltage. 3D Atlas simulations
with appropriately modified models for hopping transport in
diamond were performed and fit to experimental temperature
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dependent I-V measurements, which verify this Schottky
model for device performance.

In the following, Section II summarizes the growth and
fabrication of diamond the PIN diodes compared to here.
Section III discusses the simulation methodology including
all the models that need to be added/modified to correctly
simulate transport in P- and B-doped diamond materials.
Section IV discusses the fitting of the simulated results to the
experimental data for different devices including tempera-
ture dependent I-V data showing a good fit between theory
and experiment, followed by conclusions in Section V.

Il. DIAMOND GROWTH AND DEVICE FABRICATION

The growth and fabrication of the PIN diodes compared
to here is discussed in Ref. 14. To summarize, the semicon-
ducting layers are grown using the PECVD technique. The
B doped layer of the diode is grown with a concentration of
~10"cm ™ on a 3mm x 3mm type II-a insulating single
crystal diamond (100) substrate at the Fraunhofer USA
Center for Coatings and Diamond Technologies (CCD). The
intrinsic layer was grown using 2 sccm methane (CHy) as
the carbon source and 398 sccm of hydrogen (H,) as the car-
rier gas. To grow the P doped layer (n-layer), a gas mixture
of H, and Trimethylphosphine P(CH,4)3 (200 ppm/10 sccm)
is used as the P source. The surface is treated with an acid
mixture (HNO5:H,S0,4 = 1:3) to remove any surface conduc-
tive layer. Metal contacts to the P doped layer using Ti/Pt/
Au/Ni with 50 nm/50 nm/150 nm/50 nm thicknesses, respec-
tively, were deposited using bi-layer photolithography.
Square shaped contacts ranging from 50 yum x 50 um to
300 um x 300 um and circular diodes with diameters of
50 um-300 um were deposited on the P doped layer. To
reduce the impact of side-wall leakage, a single p-layer

Published by AIP Publishing.
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contact was placed at the edge of the sample as shown in
Fig. 1. The B doped layer was contacted using Ti/Pt/Au
with 50 nm/50 nm/150 nm thicknesses, respectively. Two
approaches were explored for growing the intrinsic layers in
these devices. The first approach involved growing the
intrinsic layer in a chamber used for growing N doped dia-
mond (Diode A). The second approach involved growing an
intrinsic layer in the same chamber used for growing the P
doped layer for both the samples (Diode B). We compare
the measured I-V characteristics of these two samples with
device simulations in Section IV.

lll. SIMULATION METHODOLOGY

The simulations performed in this work use Silvaco
Atlas. Atlas uses the drift-diffusion method to simulate the
electrical, optical, and thermal behaviors of semiconductor
devices. To properly simulate devices made from diamond,
various material models had to be added and/or modified
within Atlas. Our simulator incorporates the hopping trans-
port model'? for carriers trapped in impurity states reported
by Marechal et al. Due to the high reported activation
energies (several hundred meV) for both n-type (P doped)
and p-type (B doped) diamonds, it is essential to include an
incomplete ionization model to correctly capture the free and
trapped carrier concentrations. The free carrier concentra-
tions are calculated during runtime using the charge neutral-
ity equation,

Ny
" Ev + EAB —E
L GVB #)
+ exp( T
Np
=p+ ) (1)
Epy — Ec + EDB
1+ GCBexp <F ch+ )

where p and n are the hole and electron free carrier concen-
trations, N, and Np are the acceptor and donor concentra-

tions, GVB=4.0 and GCB=0.5 are the appropriate
B nlayer
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FIG. 1. Schematic representation of the device structures showing the side-
wall etch contact to the p* layer and the direction of current flow.
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degeneracy factors for the valence band (Ey) and conduction
band (E¢) of diamond, EAB and EDB are the activation ener-
gies for acceptors and donors, respectively, and Er, and Ep,
are the electron and hole quasi-fermi levels, respectively. In
the case of P doped diamond, a constant value of 0.57 eV for
the activation energy is used,'>'® while for the B doped dia-
mond, a significant variation in the activation energy as a
function of the B doping concentration has been reported.'’
To account for the variation in an analytical way, the activa-
tion energy as a function of doping concentration was fit to
the Pearson and Bardeen model'® according to

EAB (eV) = 0.416 — 5.4329 x 1078 x (N4)'.  (2)

The parameters are chosen to get 0.362eV activation
energyl9 at Ny=1x10"cm™> and zero at the metal-
insulator transition®® of 4.5 x 10°°cm™>. In modeling the
behavior of diamond devices, another important parameter is
the low-field mobility of electrons and holes. In general, they
depend on the doping concentrations and the lattice tempera-
ture of the diamond. An empirical model is used which is fit
to experimental Hall measurements for holes®' and for elec-
trons.” The empirical model is given by'? and is imple-
mented in Atlas using the built-in C language interpreter.
The temperature dependence of the band gap can also play a
role at high temperatures. The model is given by**

25 (ho)

E,(T) = E,(300) — (3)

where E,(300)=5.45¢V is the band gap at zero tempera-
ture, S=2.31 is a dimensionless coupling constant, and
(hw) =94.0 meV is an average phonon energy.

It has been reported in homoepitaxially grown diamond
that hopping conduction is prominent at high doping concentra-
tions. In diamond with a B concentration between 10"’ cm >
and 3 X 102°cm—3, it has been reported that the conduction is
of the variable range hopping (VRH) type.”> In Phosphorus
doped diamond with a doping concentration between
10" em ™ and 10" cm ™, the conduction is reported to be near-
est neighbor hopping (NNH) conduction.”* To model devices
with both n-type and p-type diamonds therefore requires an
accurate model of NNH and VRH conduction. These models
have been implemented in Silvaco via a built-in C language
interpreter. The equivalent electron mobility including NNH
hopping mobility in P doped (n-type) diamond is given by

N,
#n,eq = ,Ll(T, Nimp) + (np) :uhop,NNHa (4)
qR;, W
:Llhop,NNH = # Vph exXp (_2OCRh0p - kT(J]? ) (5)

where 1, vy 18 the nearest neighbor hopping mobility and
Nyep 1s the hopping carrier concentration given by 7y,
= Np — n where n is the free electron concentration. The
localization length of the wave function o~! is assumed to be
1.8 nm for donor impurities. Wj,, = 51 meV is the thermal
activation energy for the hopping process, Rj,, = N;l s
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the mean distance between impurities, and v, =2 X
10'' 57! is a factor related to the phonon frequency.

In Equation (5), if 2aR},, is not negligible compared to
qWhop/KT, the hopping probability is a maximum when
20Rpop + qWiop /KT is a minimum. This regime is called
variable range hopping. On the assumption that the density
of states near the Fermi energy is constant gr, the mobility
for VRH conduction in B doped (p-type) diamond is given
by

Pho,
tp.eq = (T, Nimp) + <—pp> Mpop, VRH > (6a)
CIR%/4 T4 Ea
:ulmp‘VRH = Typh exXp|— T ) (6b)

where p,, ygy 18 the variable range hopping mobility and
Dhop 1s the hopping hole concentration given by pj,, = Ny
—p where p is the free hole concentration and

9 12
Riopy—[—2
174 (SnockTgF) '

o3
T1/4 = ﬁF_k7 (6¢)
1/3
x (3N?
gF=?(4n“> ; (6d)

where f§ = 7.6 is given by Mott> and « is the dielectric con-
stant of diamond. o~ ! is assumed to be 1.0nm for acceptor
impurities and v, = 2 X 108 s71. To simulate the effect of
hopping conduction, a 1D resistor with uniformly doped
n-type or p-type diamond was simulated in Silvaco and the
resistance is extracted from the slope of the I-V curves for
very low voltages.'? Figure 2 shows the fit between the resis-
tivity obtained from Silvaco and the experimental data'® as a
function of temperature. A compensation of 10% was used
for all doping concentrations. At low temperatures, the resis-
tivity is significantly lowered due to the presence of hopping
conduction.

In Fig. 3, the range of doping concentrations where hop-
ping conduction is dominant at room temperature is shown
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FIG. 2. Temperature dependent resistivity for B and P doped diamond films
obtained from Silvaco (solid lines) plotted along with the experimental data
(symbols).19 The density (n) and (n") represent a P concentration of 1 x
10" cm ™2 and 8 x 10'em 3, respectively. The density (p) and (p*) repre-
sent a B concentration of 1 x 10" cm > and 2 x 10*°cm ™, respectively.
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FIG. 3. Doping dependent resistivity for B doped diamond at room tempera-
ture. The solid line is with 10% compensated diamond and the dashed line is
with 40% compensated diamond. Squares represent experimental data.'”

in Boron doped diamond. Depending on the percentage of
compensation of diamond, the resistivity can vary significantly.
At very high doping (~3.0 x 10°cm 4.5 x 10*cm ™), the
material becomes metallic in nature.

IV. SIMULATION OF DIAMOND DIODES

Verification of the numerical models was accomplished
by fitting the experimental data of diamond p-i-n diodes'*
with simulation of the same device structures in Atlas. As
discussed earlier, the diodes consist of a 5.0 um thick p-type
diamond with a B concentration of ~10*°c¢cm , an intrinsic
layer and then a thin lightly doped n-type layer with a P
doping concentration between 5 x 10'® cm ™ and 1 x 10'®
cm . Using the depth profile analysis technique,?® the total
thickness of the intrinsic layer and n-type layer can be deter-
mined from the C-V data using

2
NW) = et ey v (7
KA
W= ?» (7b)

where « is the dielectric constant of diamond. The depth pro-
file analysis technique is very useful when the doping profile
is unknown or slowly varying. Unfortunately the doping
profile near the surface cannot be determined this way as the
capacitance required would be too large. As shown in Fig. 4,
the depth at which the highly doped p-type layer present is
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FIG. 4. Carrier concentration as a function of the depth using the depth pro-
file analysis technique. The lower triangles represent Diode A and the upper
triangles represent Diode B.
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FIG. 5. I-V characteristics of the L-100 and D-250 device for Diode B.'* (b)
The top view of the device showing the different sized n-layer contacts. The
side wall (p-layer) contact is to the left of the figure.

around 0.65 um in Diode A and 1.3 um in Diode B. The
higher carrier concentration in the intrinsic layer of Diode A
as compared to Diode B is also shown. These results indicate
that Diode A has a higher impurity concentration compared
to Diode B due to the different approaches used in growing
the intrinsic layer."*

The device structure consists of many small n-layer con-
tacts and one large p-layer sidewall contact to minimize the
sidewall leakage current. The current-voltage curves of two
such devices from diode B is shown are Fig. 5.

To accurately simulate the series resistances, 3D simula-
tions were performed using Silvaco incorporating the models
described in Sec. III. 3D simulations were necessary since
due to the side-wall contact, the transport of current in these
diodes are not strictly vertical and the effect of current
crowding on the series resistance near the side-wall contact
may not be neglected. The side-wall contact to the p-layer
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extends along the whole side for 3 mm. The top n-layer con-
tacts are of different sizes depending on the device. The p-
layer contact is on the side as shown in Fig. 1. The thickness
of the n-layer was assumed to be 50 nm thick with a peak
Phosphorus doping concentration of 10'7cm ™ at the
surface.

Figure 6(a) shows the fit between experimental data and
Silvaco simulations at room temperature. A Schottky contact
at the n-layer with barrier height of 1.27eV was found to
provide a good fit to the early turn on voltage of the device.
The formation of a Schottky barrier diode is attributed to the
low P doping concentration and thinness of the n-layer'?
which causes the entire n-doped layer to be depleted. The
n-layer causes a small band bending as shown in Fig. 6(b),
but due to its low doping and small thickness, it is com-
pletely depleted. This is similar to the SPND device reported
by Makino et al.® except that in the SPND device, there is a
thick n-layer which causes the device to be bipolar and have
a greater than 4.0V turn on voltage. A shunt resistance of
Ry, =4 x 10® Q was added to account for the side-wall leak-
age and other leakage paths and to reproduce the low voltage
resistance, before the diode turns on. An ideality factor of
1.08 was obtained, which is very close to the ideal value sig-
nifying a very smooth Schottky contact.”” A background trap
density of 10">cm ™ in the intrinsic layer at an energy level
of 0.34 eV above the valence band was included in the simu-
lation to account for impurities during the growth process.

For diode B, the temperature dependent IV curves
obtained experimentally for the L-400 device are shown in
Fig. 7.

In an ideal Schottky diode, the current is given by

), ®)

where S is the surface area of the contact, A* is the
Richardson constant, T is the temperature, ¢, is the barrier
height of the Schottky contact, and V is the applied voltage.
According to Equation (8), a plot of In(//T?) vs (1/kT)
should be a straight line with a slope given by

ap

[ = SA*T?e T
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FIG. 6. (a) Comparison between the simulated I-V curves and experimental I-V curves for D-250 and L-100 devices of Diode B.'* (b) the band diagram at

equilibrium for Diode B.
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slope = —q(¢, — V). ) region. This pinch off causes the effective barrier height to
vary with voltage as well as temperature depending on the
nature of the low barrier regions. Using Silvaco, 3D simula-
tions of the L-400 device in Diode A were simulated and fit
to the experimental data. Figure 9 shows the experimental
and simulated data at different temperatures.

A shunt resistance of 1.6 x 10°> Q was added to the sim-
ulation to account for the side-wall leakage. In order to
obtain the fit, the barrier height had to be varied with voltage
and temperature as shown in Table I. Similar trends in bar-
rier height with voltage and temperature is predicted by
Tung’s model?’ and is observed in a variety of Schottky

oV 1 devices.

n= aIn(l) “1-9 . (10) The reverse characteristics of the devices in Diode A

n by /OV : g . .
and Diode B are shown in Fig. 10. The inset of Fig. 10 shows
Therefore, a positive variation in barrier height with voltage the forward characteristics of the devices. The cross-section
will lead to a larger than 1.0 ideality factor according to  of the device shown in Diode A is a circular diode of diame-
Equation (10). The reason behind the variation in barrier  ter equal to 113 um and the device shown as Diode B is a
height with voltage has been widely studied.”’*° Tung’s square diode of side 150 um. Due to the Schottky contact at
model?” attributes barrier height inhomogeneities to the the P doped layer, the leakage current is higher than that
non-ideal behavior of Schottky diodes. When a region of low from a PIN device. Nevertheless, the diodes show rectifica-
barrier height is surrounded by high barrier regions, the low tion behavior with an on to off ratio of over 10 at 4 V.'*
barrier region can become “pinched” off by the high barrier = Recent developments in the growth of the P doped layer and

The Richardson plot and the corresponding barrier height
calculated using Eq. (8) is shown in Figs. 8(a) and 8(b). The
straight line in Fig. 8(a) indicates the diode current is limited
by thermionic emission as shown in Equations (8) and (9).
This agrees with the Silvaco simulation of Diode A.

The variation of the barrier height with voltage also sig-
nifies the deviation from ideal Schottky diode behavior. This
leads to an ideality factor n> 1.*" If the barrier height ¢,
depends on voltage, then based on Eq. (8), the ideality factor
n is given by

-18 4 T 115 ! T T T T !
—V=750mV ' ;
A9k —V=745mV || —
—V=740mV > g :
—V=735mV :/1145 i
N‘- _20_ ............... —V=730mV | '_E’
£ - |—v=7125mvV o
E | |—v=720mV|| C
C | —V=715mV g 114+ i
—V=710mV e
| N [=—Vv=705mV | m
- |—v=700mV
2 35 20 a5 "1¥60 07 071 072 073 074 075 076
1(kT) (eV'K™) Voltage (V)
(a) (b)

FIG. 8. (a) Richardson plot of the experimental data® given in Fig. 7 showing the straight lines confirming the presence of a Schottky contact. (b) The varia-
tion of barrier height with voltage using Eq. (10).
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TABLE I. Change in ideality factor and barrier height with temperature
used in the Silvaco simulations.

Temperature (K) Barrier height (eV) Ideality factor (n)

273 1.059 1.3
323 1.085 1.25
373 1.098 1.25
473 1.112 1.23
573 1.139 1.17
673 1.053 1.20
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FIG. 10. Reverse current characteristics of Diode A and Diode B showing
the leakage currents. The inset shows the forward current characteristics of
the same devices. The contact area on the P doped layer was used to calcu-
late the current density. Device R113 is a circular contact with radius
113 um from Diode A and device L150 is a square contact with side 150 ym
from Diode B.

using a thicker intrinsic layer have reduced the reverse leak-
age of these diodes and devices with breakdown voltages
>600 V reported.*

There are several advantages to a diamond depleted
Schottky PIN diode over both the Schottky p-diamond diode
and the bipolar diamond diodes. Due to the unipolar nature
of the depleted Schottky PIN diode, the ideality factor is
close to 1.0 which is advantageous in switching applications

1.4

1 1
1.6 1.8 2

over the bipolar device in which the ideality factor is limited
by recombination. Also, having a low turn-on voltage leads
to higher forward current densities at low voltages. The dia-
mond depleted Schottky PIN diodes have been reported to
have a greater than 100 A/cm? current density at a forward
voltage of 4.0 V (Ref. 14) which is higher than any reported
bipolar diamond diode. Also, having an intrinsic layer leads
to a high breakdown voltage which is advantageous over a
simple Schottky p-diamond diode. A reverse breakdown
field of greater than 600 V has been reported in a diamond
depleted Schottky PIN diode.’® Having a low turn-on voltage
while maintaining a high reverse breakdown field is desired
in high power rectifying applications to minimize the power
loss in the forward direction.

V. CONCLUSIONS

Recent developments in the fabrication of depleted
Schottky PIN diodes show a high forward current density at
low voltages due to an early turn-on voltage and high reverse
breakdown voltages. These are desirable properties to have
in high power rectifying applications. In this work, 3D
Silvaco simulations of depleted Schottky PIN diamond
diodes have been accurately fit to experimental data for the
first time by the addition of models such as hopping conduc-
tion and partial ionization of impurities. The hopping
conduction, low-field hall mobility, and other temperature
dependent models have been extracted from experimental
data. Temperature analysis of the diamond diodes has shown
it to be Schottky in nature due to the low doping concentra-
tion of the n-layer and Silvaco simulations have verified this
claim. Variations in barrier height and ideality factor with
temperature and voltage have been explained using Tung’s
fluctuating barrier model.
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