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A B S T R A C T

In this work, current multiplication at high electric field in epitaxial boron-doped diamond with high acceptor
concentration is analyzed, including self-heating effect and impurity impact ionization. Quasi-static current-
voltage (I-V) characteristics were measured using a transmission-line pulse setup with 100 ns pulse duration on
samples with two Ohmic titanium/gold electrodes. Unambiguous exponential and super-exponential behaviors
are observed in the I-V curves along with, in some cases, negative differential resistance. The self-heating effect is
analyzed using transient interferometric mapping of the thermal energy distribution between electrodes with a
ns time scale. Measured I-V characteristics are modeled by finite element method and by considering boron
acceptor ionization due to self-heating effect and impurity impact ionization. Simulated I-V characteristics, in
particular the appearance of the negative differential resistance region attributed to self-heating, are in good
agreement with experimental data.

1. Introduction

Diamond is a semiconductor with intrinsic properties particularly
promising for power electronics with high thermal conductivity, high
carrier mobility and high breakdown field [1]. The development of
diamond-based electronic devices is currently supported by steady
progress in n-type [2] and p-type [3] doping and hetero-epitaxial [4]
diamond growth. These achievements have enabled demonstration of
various diodes [5–7] and transistors [8,9]. Knowledge of diamond
electrical properties in high electric fields is crucial in the design and
fabrication of power electronic devices. Contrary to other low band gap
semiconductors, used in microelectronics, only a small part of dopants
(boron or phosphorus) is ionized at room temperature in diamond [10].
Recent experimental studies at high electric fields of boron-doped
diamond reported a rapid current multiplication above a threshold
voltage, which is a function of the inter-electrode gap, the boron con-
centration and the temperature [11,12]. This phenomenon has been
attributed to Impurity Impact Ionization (III), a freeze-out regime effect,
which has been also reported for germanium and silicon carbide
[13,14].

In this article, we analyze by finite element simulation the experi-
mental transient voltage/current response and related quasi-static I-V
characteristics of boron-doped diamond devices. We discuss different
mechanisms to interpret the observed exponential I-V characteristic and
Negative Differential Resistance (NDR) regime: Poole-Frenkel Effect
(PFE) [15], Phonon-Assisted Tunneling Effect (PATE) [16], III, and Self-
Heating Effect (SHE), and we discuss their role regarding the observed
current multiplication.

2. Experimental setup

Epitaxial boron-doped diamond (100) layers were grown by mi-
crowave plasma enhanced chemical vapor deposition using a com-
mercial ASTeX 5010 reactor (Seki Technotron, Japan) in a hydrogen
plasma with a minute addition of methane and trimethlyborane [12].
The boron concentration [B] of the layers, which ranges from
3.2 × 1018 cm−3 to 6.3 × 1019 cm−3 (details are given in Table 1), was
calculated from the incorporation ratio determined from Secondary Ion
Mass Spectroscopy (SIMS) measurements of boron-doped diamonds
samples from reference [12]. The error on the calculated boron
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concentration is about 2 × 1018 cm−3. Transient response and quasi-
static current-voltage (I-V) characteristics were measured using a
100 ns transmission-line pulse setup [9] on concentric ring-and-disk
electrodes test structures with an inner disk electrode diameter of
150 μm and an inter-electrode gap of around 15 μm. The ring-disk
concentric electrodes have Ohmic contacts consisting of a titanium
(10 nm) and gold (200 nm) bilayer deposited by e-beam evaporation in
an Edwards Auto 500 vacuum coater and annealed at 450 °C for 20 min
[17]. The electrodes were patterned by photolithography and wet
chemical etching of the titanium and gold bilayer. The transient heat
energy distribution between the electrodes was measured by Transient
Interferometric Mapping (TIM) method [18]. The temperature-varia-
tion in the boron-doped diamond layer was measured via the change in
the diamond refraction index, which results in a change in phase shift of
a probing laser beam [19]. The probing beam goes through the sample
from the backside, reflects on the top surface, and returns to the mi-
croscope objective. The optical phase shift, which is detected inter-
ferometrically, is proportional to the heat energy density in the sample
[18]. The samples are stressed by 100 ns long voltage pulses at a 1 Hz
repetition frequency (assuring cooling to room temperature before the
next pulse) while transient phase shift is recorded. The phase dis-
tribution is determined point-by-point by moving the beam position. As
the system does not allow measurements on test structures with circular
geometries, TIM measurements were carried out on 75 μmwide parallel
titanium/gold electrodes with a 14.3 μm inter-electrode gap patterned
(Table 1).

3. Experimental results

Fig. 1 shows typical characteristic voltage and current waveforms of
boron-doped diamond sample B ([B] = 3.8 × 1019 cm−3) during
voltage pulses with different charging voltages Vch. At applied voltages
lower than 100 V, the voltage and current waveforms are nearly flat
during the 100 ns pulse, which indicates that there is no significant
heating and temperature variation in the device. At larger applied
voltages, both the voltage and current vary in time, which is char-
acteristic of thermal runaway due to SHE and the current intensity
further increases with the increasing Vch until catastrophic breakdown.
This phenomenon is also visible in Fig. 1c in which I-V curves have been
plotted for four different averaging periods during the voltage pulse.
For a voltage lower than 100 V, the I-V curves are very similar while a
divergence is observed for a voltage higher than 100 V. The later the
averaging is done during the pulse, the higher the resulting current is. A
NDR region in the I-V curve also emerges for longer times at currents
above 1 A. The spike at the beginning of the current pulse (observed in

Fig. 1b) is an artefact due to the propagation of the signal in the cable
between the probe and the sample.

Fig. 2 shows quasi-static I-V characteristics for all samples in linear
(a) and semi-logarithmic (b) scale determined from waveforms with
different Vch (cf. also Fig. 1). The average value of voltage and current
were calculated at the end of each pulse, i.e. between 85 ns and 95 ns
from the beginning of each pulse. Each curve exhibits a short linear part
up to approximately 50 V which transitions to an exponential behavior
as the voltage increases. Finally, the current increases even further with
a super-exponential evolution until the breakdown voltage (Vbd) in-
dicated by dashed lines in Fig. 2 and reported in Table 1. Sample B
shows a NDR region at currents above 1.0 A, i.e. for Vch superior to
150 V, cf. also Fig. 1c. The instantaneous voltage decreases rapidly
while the instantaneous current increases (Fig. 1), causing the NDR.

Besides the III effect, the origin of the non-linear increase in current,
especially the NDR regime, and the following breakdown observed in I-
V characteristics could be attributed to SHE. Therefore, TIM measure-
ments were carried-out on boron-doped diamond layers with parallel
electrodes to investigate the possible self-heating effect. Thermal en-
ergy distribution maps were obtained through multiple pulsed mea-
surements. Since repeated pulses in the NDR regime gradually degrade
the electrodes, TIM measurements were performed below and at the
onset of the NDR region.

Fig. 3a shows the phase shift distribution in the inter-electrode gap
space of sample D below the NDR regime's onset, i.e. at a constant
(final) current 50 mA in the exponential region. This condition is in-
dicated by the left arrow in the I-V curve of sample D in Fig. 2. The
phase shift increases non-linearly with time until the end of the pulse
(t = 100 ns), where it is at maximum (0.05 rad) and then decreases.
The uniform phase shift along the device's electrodes width (X-direc-
tion) demonstrates a uniform current distribution.

Fig. 3b shows TIM measurement made at the onset of the NDR, i.e.
at a current of 250 mA (see the right arrow label in the I-V curve of
sample D in Fig. 2). While the phase shift at t = 50 ns is still homo-
geneous along the X-axis, it becomes non-uniform at longer times and
forms two peaks at the end of the pulse with a maximum value of ap-
proximately 0.24 rad. The two peaks are attributed to the formation of
two hot spots between the electrodes due to current filamentation and
thermal runaway [22].

Fig. 3c represents the measured phase shift between the electrodes
along the electric current path, i.e. perpendicularly to the electrodes,
for the current of 0.25 A and positive polarity on the right electrode.
The heat distribution peaks in the region between the electrodes. The
phase shift distribution is nearly identical for the opposite polarity
between the electrodes. The sharp negative peaks of the phase shift at

Table 1
Physical characteristics of diamond samples and simulation parameters used in the finite element method simulation.

Sample A Sample B Sample C Sample D

Physical characteristics
Geometry of electrodes Circular Circular Circular Parallel

Inter-electrode gap (μm) 16.6 12.8 14.8 14.3
Doped diamond layer thickness (μm) 3.36 5.50 3.27 1.36

Boron concentration (estimated from SIMS data in reference [12]) (cm−3) 3.2 × 1018 3.8 × 1019 6.3 × 1019 3.6 × 1019

Breakdown voltage (V) 110 125 215 255

Simulation parameters
PATE Carrier lifetime [20] (s) 1.2 × 10−11

Carrier capture cross section [21] (cm−2) 10−14

SHE & III Donor concentration (cm−3) 4.8 × 1016 1.9 × 1018 4.1 × 1018 3.0 × 1018

Aα (cm−1) 1.4 × 103 1.2 × 103 1.0 × 103 1.2 × 103

Bα (V.cm−1) 8.4 × 104 4.6 × 104 6.2 × 104 4.6 × 104

AcV (J.cm−3.K−1) 4.0 × 10−1

BcV (J.cm−3.K−2) 1.1 × 10−2

CcV (J.cm−3.K−3) −4.0 × 10−6

DcV (J.K.cm−3) −1.1 × 105

vsat (cm.s−1) 1.1 × 107

βsat 9.5 × 10−1
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Fig. 1. Measured (a) voltage and (b) current waveform of sample B ([B] = 3.8 × 1019 cm−3) for different charging voltage Vch, and I-V characteristics (c) calculated
for different averaging periods in the voltage (a) and current (b) waveforms. The initial peak of current in (b) and small voltage steps in (a) are artefacts due to
different spatial position of voltage and current probes and reflections. The lines in (c) are for eye-guiding.
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Fig. 2. Current-voltage characteristic of studied devices in linear and semi-logarithmic (b) scales. In sample D, two measurement conditions (50 mA and 250 mA) at
which TIM measurements were performed are indicated by pink arrows and crosses. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the electrodes edge (i.e. at Y = 3 and Y = 17 μm) are optical artefacts.
Unfortunately, they are at the positions where the phase shift dis-
tribution has the largest gradient and therefore prohibit establishing its
exact shape.

The spreading of phase shift with time and its apparent increase
after the end of the pulse outside the spatial limits of the inter-electrode
gap are due to thermal diffusion. The diffusion length in Fig. 3c is es-
timated as the distance from the edge of the electrode for which the
temperature decreases by around 90% and it is consistent with the
diamond diffusion length (Lth = 11 μm for t = 100 ns) as estimated
from

=L k
c

t ,th
T

V (1)

with the thermal conductivity (kT = 22 W.cm−1.K−1) (reference [23]),
the volumetric heat capacity (cV = 1.83 J.cm−3.K−1) and the time (t).

4. Modeling

The I-V characteristics, and voltage/current transient waveforms
were modeled by the finite element method (Atlas by Silvaco) using the
drift diffusion and thermo-dynamic approach (i.e. drift diffusion model
with thermal equation) based on the dependences of transport para-
meters and hole concentration on the electric field and the temperature.
The concentric electrodes with their cylindrical geometry simplify the

simulations to a two-dimensional problem in space. A substrate depth
of 100 μm has been considered. A 50 Ohm resistor has been used be-
tween the simulated device and voltage source to emulate the 50 Ohm
internal resistance of the transmission-line pulse generator's equivalent
circuit. The simulated area is a rectangle with a height of 150 μm and a
width of 100 μm with two Ohmic contacts on top of it. The mesh size
was set to 0.1 μm between the electrodes and in the doped diamond
layer and progressively set to 5 μm at the limit of the simulated area.
The default values of tolerance from the Atlas software (Silvaco) [24]
were used for the simulations (see Table A in the Appendix section).

As the super-linearity is observed at voltages for which no sig-
nificant heating is expected, additional mechanisms have to be con-
sidered to explain this behavior: Phonon-Assisted Tunneling Effect
(PATE), Poole-Frenkel Effect (PFE) [15,16], and Impurity Impact Ioni-
zation (III) [11,25]. The simulation parameters used for each model are
reported in Table 1.

Hole mobility μh and activation energy Ea dispersion with tem-
perature and dopant concentration are crucial parameters in modeling
the current and voltage in simulated devices. The temperature and
impurity concentration dependence of the hole mobility was modeled
using the equations derived by S. Kagamihara et al. [26] from the work
of D. M. Caughey and R. E. Thomas [27] (see Eqs. (2) to (5)):

= ⎛
⎝

⎞
⎠

−
μ T N μ T N T

( , ) ( , ) 300
,h imp h amb imp

β N

0

( )imp

(2)

Fig. 3. Phase shift measurement on sample D ([B] = 3.5 × 1019 cm−3) along a scanning line parallel to the electrodes for different times and a current of (a) 0.05 A
and (b) 0.25 A. (c) is the evolution of the phase shift distribution along a scanning line perpendicular to the electrodes, in the center of the device, for currents of 0.25
A with a positive polarity on the right electrode. The photographs are backside infrared images of the device active area including the scanning direction (black bold
line).
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where NA and ND are the acceptor and the donor concentrations, re-
spectively and Tamb = 300 K. The βmin, βmax, γβ, Nβ, μmin, μmax, γμ, and Nμ
parameters based on reference [28] are reported in Table 2.

The dependence of the mobility on the electric field E and the sa-
turation velocity vsat is given in (see reference [27])

=
⎛

⎝

⎜
⎜ +

⎞

⎠

⎟
⎟( )
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1

1
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0
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(6)

The drift velocity for holes is then given by:

=v E T N μ E T N E( , , ) ( , , ) .d imp h imp (7)

vsat and βsat were obtained by fitting the hole-drift velocity data from
reference [29] measured on (100) diamond samples at 300 K using Eqs.
(6) and (7). The resulting fitting is given in Fig. 4.

The activation energy Ea of boron acceptors decreases with in-
creasing doping concentration due to the interaction between carriers
and ionized impurities [30]. In this work, we used a modified Pearson
and Bardeen [31] model, see Eq. (8), which fits the experimental data
better:

= −E N E aN( ) ,a A I A
b (8)

with EI = 0.37 eV. The coefficients a (1.2 × 10−10 eV.cm3/2.15) and b
(1/2.15) were determined by fitting experimental values from the lit-
erature [32–39] using the least square method. In the original Pearson
and Bardeen model, only a is used as a fitting parameter and b = 1/3.
Fig. 5 shows that the modified model clearly offers a better fit of the
experimental data compared to the original model and gives boron
activation energy with a root mean square error of 7 × 10−3 eV.

PATE is a type of field emission due to the absorption of phonons by
electrons or holes trapped at an impurity level. Thanks to the energy
acquired from the phonon absorption and under the influence of an
external electric field, the trapped carriers can tunnel through the en-
ergy barrier and reach the conduction or valence band. PATE is de-
scribed by the equations presented in reference [40]. The comparison
between experimental data and simulated I-V curves using PATE model
is shown in Fig. 6 (black dashed lines). The simulated I-V characteristics
do not match the experimental data. The exponential behavior is not
observed and the simulated I-V curve barely deviates from a classic
linear Ohmic model. PATE alone cannot explain the behavior of the I-V
characteristics of the studied boron-doped diamond samples.

Besides PATE, PFE might also contribute to non-linear I-V char-
acteristics. In PFE, the energy barrier of a charged acceptor (or donor)
energy level and the valence (or conduction) band decreases because of
the dissymmetry in the impurity potential well in the external electric
field and facilitates carrier emission by PATE. PFE has been previously
reported in undoped diamond [15]. Since the boron impurities in dia-
mond are, for the most part, not ionized at room temperature, PFE
should not have a large influence on the I-V characteristics.

The modeled I-V characteristics, including PFE and PATE, are re-
ported in Fig. 6 (red dashed lines). PFE has been included in the si-
mulation using the model embedded in the finite element simulator
Atlas (Silvaco). These new simulated I-V characteristics are nearly
identical to the one including PATE only and they show that PFE and
PATE have a limited influence on the non-linear I-V characteristic of
boron-doped diamond at high electric field. This result is also consistent
with the study of A.K. Jonscher [41], which shows the negligible con-
tribution of PFE effect in electrical conductivity in crystalline semi-
conductors.

To determine the impact of III on the electrical properties of boron-
doped diamond, we followed the same approach as in reference [25]
using the classical band-to-band impact ionization equations to model
the current multiplication from the boron acceptor.

In this case, the current multiplication coefficient is given by

Table 2
Fitting parameters for the mobility model taken from [28].

μmin (cm2.V−1.s−1) 0
μmax (cm2.V−1.s−1) 2016
γμ 0.73
Nμ (cm−3) 3.25 × 1017

βmin 0
βmax 3.11
γβ 0.617
Nβ (cm−3) 4.1 × 1018
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,L

p
x
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where L is the distance between the electrodes and αp and αn are the

ionization rate for holes and electrons respectively. We assume
αp = αn = α [42] for simplification. The ionization rate α, which re-
flects the number of ionization events per unit of length is given by (see
reference [43])

= −α E A exp B E( ) ( / ),α α (10)

where E = U/L is the electric field, U is the voltage difference between
the two electrodes, and A and B are fitting parameters. This simplifi-
cation leads to a new expression of the current multiplication coeffi-
cient given in

=
−

M
Lα U
1

1 ( )
.

(11)

This model does not take into account the temperature dependence
of the ionization rate observed in Si and Ge [44]. However, L. Tirino
et al. [45] studied the influence of temperature for various wide band
gap semiconductors and reached the conclusion that the temperature
dependence of the ionization rate is mainly due to the temperature
dependence of the phonon scattering rates. He also found out that the
higher the optical phonon energy is, the less sensitive to temperature
the impact ionization coefficients will be. For example, 3C-SiC has an
optical phonon energy of 120 meV and its ionization rate was found to
be almost insensible to temperature variations from 300 to 500 K. As a
comparison, J. Pernot et al. [46] calculated an optical phonon energy of
165 meV for diamond from the data reported in [47]. Therefore, the
ionization rate in diamond should be independent of temperature.
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Ionization rates were determined by fitting the I-V curves using Eqs.
(6), (10), and (11) in the region of negligible SHE, i.e. without tem-
perature variation during the pulses (e.g. between 0 and 100 V for
sample B). To simplify the calculation, the electric field is assumed to be
constant between the electrodes, i.e. the edge effects due to the elec-
trodes are neglected. Fig. 7 shows the determined ionization rate as a
function of the inverse electric field for boron-doped diamond samples
A, B, and C. Although there is no clear variation with boron con-
centration, the variation of the determined ionization rate is consistent
for all boron concentrations, i.e. it increases and saturates at values of
ca. 103 cm−1 for voltages (electric fields) superior to 100 V
(70 kV.cm−1).

The finite element simulated currents due to the III effect using
determined ionization rates are compared to the experimental I-V
curves in Fig. 6 (black lines). They reproduce correctly the exponential
behavior of the current at low voltage, but are unable to reproduce its
steep increase at high voltage, which is attributed to thermal runaway
as indicated by TIM measurements.

To model the SHE, we used temperature dependent thermal con-
ductivity (see reference [24]) and volumetric heat capacity given re-
spectively by

= ⎛
⎝

⎞
⎠

−
k T k K T( ) (300 )

300
,T T

m

(12)

with m = 1, and

= + + +c T A B T C T
D
T

( ) .V c c c
c2
2V V V
V

(13)

The parameters AcV, BcV, CcV, and DcV were determined by fitting the
experimental values of volumetric heat capacity as a function of the
temperature from reference [48]. The heat generation H term is given
by

=
→

+
⎯→⎯

∙
⎯→⎯

H J J E( ) ,n p (14)

where Jn and Jp are respectively the electron (negligible) and hole
current density and E is the electric field. The concentration of donors is
adjusted so that the simulated and experimental I-V curves have the
same resistance between electrodes at low voltage. The resulting si-
mulated I-V curves using a combination of III and SHE satisfactorily
model the experimental non-linear current increase and the NDR for all
samples as shown on Fig. 6 (blue lines).

In order to confirm the significant role of the III effect, I-V char-
acteristics have been modeled using only SHE (see the red lines in
Fig. 6), i.e. without the III effect. Although the simulated characteristic
fits correctly the initial linear part, the current increases at a lower rate
compared to the experimental I-V characteristic. This result shows that

SHE is not accountable alone for the observed I-V characteristic, even
though it has a predominant effect at high electric field.

Fig. 8a shows the evolution of the simulated hole concentration at
t = 100 ns as a function of voltage for samples A, B and C. The hole
concentration exhibits super linear behavior, which is consistent with
the I-V characteristics shown in Fig. 6. Sample A shows a slowdown of
the hole multiplication above 165 V, which can be attributed to sa-
turation of the carrier velocity described in Eq. (6). Fig. 8b shows the
corresponding evolution of the maximum temperature as a function of
the dissipated power. The temperature increases proportionally with
the dissipated power for sample B and C. The temperature evolution in
sample A on the other hand has a sub-linear behavior. The difference
might be explained by the more dominant impact of saturation velocity
in sample A due to the higher mobility of holes in this sample.

As mentioned previously, the empirical model presented by S.
Kagamihara et al. [26] was used to calculate the hole mobility. The
main condition for this model to be applicable is that the evolution of
the mobility should be dominated by phonon scattering. In order to
make sure this is true in the case of this study, the temperature and hole
concentration from Fig. 8a and b were used to calculate the relaxation
time, i.e. the time between to scattering events, for neutral impurity
scattering, ionized impurity scattering, acoustic phonon scattering, and
optical phonon scattering. The calculation was done for both the
minimum and maximum power (i.e. the first and last point) of each
simulated curve in Fig. 8a and b. The formulas used for the calculation
are presented in the work of J. Pernot et al. [46], and D. M. Caughey
and R. E. Thomas [27]. The results are presented in Table 3. The
phonon scattering events have a relaxation time which is about four
orders of magnitude smaller than the ones of neutral and ionized im-
purities for minimum and maximum power. It means that the evolution
of the mobility is largely dominated by phonon scattering at low ap-
plied power but also for high power despite the increase in the number
of ionized impurities due to III and SHE. It also confirms the validity of
the mobility model used for the simulation.

Fig. 9a and b show respectively the simulated voltage and current
waveforms for sample B with Vch as the varying parameter. Fig. 9c
shows the corresponding evolution of the maximal temperature. For
device voltages less than 110 V (i.e. Vch < 125 V), the voltage wa-
veform is nearly flat over time, which is consistent with the assumption
used for the calculation of the ionization rate α, that the temperature
has little influence on the shape of the I-V characteristic at low voltage.
However, for higher initial device voltage (i.e. Vch > 125 V), the
voltage is decreasing with time, due to thermal ionization of boron
acceptor impurities, which decreases the resistivity of the sample
during the pulse. For pulses with a starting voltage value over 200 V,
the voltage value at the end of the pulse decreases when the starting
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voltage increases. On the other hand, in Fig. 9b, the value of the current
at the end of the pulse increases steadily when the loading DC voltage
increases. The combination of the decrease of the instantaneous voltage
and increase of the instantaneous current is responsible for the ap-
pearance of the NDR regime in sample B for high loading DC voltage
visible in Fig. 6b. A similar behavior is observable in experimental
waveforms measured on sample B in Fig. 1 and it is attributed to SHE,
which causes an increase in temperature with time and with Vch,

evidenced by TIM measurements in Fig. 3 and confirmed by simulation
in Fig. 9c for sample B. The simulation shows that temperature reaches
a maximum value of 407 K for Vch = 237.5 V.

Fig. 10a shows the simulated temperature distribution for sample D
under conditions similar to the ones used for TIM measurements in
Fig. 3c (i.e. for a current of 0.25 A) at t = 100 ns for two different
depths: black squares represent the surface temperature distribution
and the red dots the temperature for a distance of 10 μm from the
surface. The vertical dashed lines represent the limits of the electrodes.
Due to the stripe layout of samples used for TIM, in this case, the si-
mulation was performed in 2D rectangular geometry which is still a
good approach for the use of short pulses. One can observe that the
surface temperature peaks at the right electrode edge (the ground
electrode) with maximum value of about 440 K. The temperature dis-
tribution in the depth is smeared. The phase shift distribution from the
2D temperature profile was also calculated using equations in reference
[18] and taking into account diamond thermo-optical coefficient from
the work of V. Y. Yurov et al. [49]. In brief, the phase shift is the in-
tegral of temperature along the laser beam path weighted by the
thermo-optical coefficient [18,19]. The phase shift distribution at
t = 100 ns is plotted in Fig. 10b. The peak phase shift value near
0.14 rad is within the experimental error to the experiment in Fig. 3c.
The calculated phase shift maximum in Fig. 10b is also shifted toward
the right electrode but is smeared due to significant temperature con-
tribution from the bulk. This shift in the phase shift distribution is
however not distinguishable in experiment in Fig. 3c which can be

Table 3
Relaxation times calculated for neutral impurity scattering (τNI), ionized im-
purity scattering (τII), acoustic phonon scattering (τAC), and optical phonon
scattering (τOP) for samples A, B, and C for minimum and maximum applied
power.

Sample A Sample B Sample C

Relaxation times (minimum
power)

Neutral impurity τNI (s) 4.4 × 10−7 3.9 × 10−8 2.4 × 10−8

Ionized impurity τII (s) 8.4 × 10−8 2.3 × 10−9 1.1 × 10−9

Acoustic phonon τAC (s) 5.2 × 10−12 5.2 × 10−12 5.2 × 10−12

Optical phonon τOP (s) 1.5 × 10−12 1.5 × 10−12 1.5 × 10−12

Relaxation times (maximum
power)

Neutral impurity τNI (s) 4.6 × 10−7 4.1 × 10−8 2.4 × 10−8

Ionized impurity τII (s) 6.0 × 10−8 3.4 × 10−9 1.4 × 10−9

Acoustic phonon τAC (s) 4.5 × 10−13 3.3 × 10−13 3.8 × 10−13

Optical phonon τOP (s) 7.5 × 10−13 2.5 × 10−13 4.1 × 10−13
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attributed to experimental uncertainty [18] and/or model imperfection.
Fig. 10c shows the simulated temperature distribution for sample B
(electrodes with cylindrical geometry) for a current of 2.4 A (i.e.
Vch = 237.5 V) and give similar results to what was observed with
sample D. The surface temperature peaks at the positive electrode with
a maximum value of 407 K. This maximum is consistent with the
temperature value for the same condition at the pulse end (see top
curve in Fig. 9c). The temperature distribution in the depth is smeared
and the peak is shifted toward the middle of the inter-electrode gap.

The relatively good quantitative agreement between our experi-
ments and simulations indicates that our model describes the transport
quite satisfactorily. It means that hot carrier effects [50–53], like pos-
sible difference between the hot hole and lattice temperature does not
need to be included explicitly. In particular, the carrier thermalization
(energy relaxation) time constant in diamond is in the order of tens of
ps [53], which is much shorter than the time scale of 10–100 ns con-
sidered in this study. The hot carrier effects are, however, included
implicitly in our model since impurity impact ionization and velocity
saturation are in fact due to hot carriers.

5. Conclusions

The experimental exponential behavior at low current/field and
steep super-exponential (with NDR) behavior at high current/field of I-
V characteristics measured on boron doped diamond devices were

satisfactorily modeled by finite element simulation. The exponential I-V
behavior is attributed to III as previously suggested in reference [11],
whereas the high currents at high electric fields can only be explained
by including SHE. The short linear part of the curve for very low vol-
tages can be attributed to simple Ohmic behavior as the electric field is
not high enough to produce III. The role of SHE is supported by TIM
measurements, which show a thermal runaway effect at the onset of
NDR, which is consistent with simulations. In summary, the high
electric field I-V characteristics of boron-doped diamond are the result
of the III effect and its combination with SHE.
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Appendix A

Table A
Default values of tolerances used in the Silvaco Atlas finite element simulation [24].

PX.TOL Relative tolerance for the potential equation 10−5

PR.TOL Absolute tolerance for the Poisson equation 10−26

CX.TOL Relative tolerance for the continuity equation 10−5

CR.TOL Absolute tolerance for the continuity equation 5 × 10−18

TCX.TOL Relative tolerance for convergence of the carrier temperature equations 10−5

TLX.TOL Relative tolerance for convergence of the lattice temperature equation 10−5

TCR.TOL Absolute tolerance for convergence of the carrier temperature equations 100
TLR.TOL Absolute tolerance for convergence of the lattice temperature equation 100
IX.TOL Relative current convergence criteria 5 × 10−4

IR.TOL Absolute current convergence criteria 5 × 10−11
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