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Abstract— The temperature dependence of the electron
and hole impact ionization coefficients in GaN has been
investigated experimentally. Two types of p-i-n diodes
grown on bulk GaN substrates have been fabricated and
characterized, and the impact ionization coefficients for
both electrons and holes have been extracted using the
photomultiplication method. Both the electron and hole
impact ionization coefficients decrease as the temperature
increases. The Okuto–Crowell model was used to describe
the temperature dependence of the electron and hole impact
ionization coefficients. Based on the measured impact ion-
ization coefficients, the temperature dependence of the
breakdown voltage of GaN non-punch through p-n diodes
can be predicted; good agreement with experimentally
reported results is obtained.

Index Terms— GaN, impact ionization coefficients,
non-punch through p-n diodes, temperature dependence.

I. INTRODUCTION

GALLIUM nitride is very attractive for high power RF
and mm-wave amplification and is emerging for lower

frequency power conversion and control applications, due to its
high mobility, high saturation velocity, and high critical elec-
tric field. The availability of high-quality bulk GaN substrates,
in conjunction with improvements in material quality, impurity
control, device design, and edge termination processes, has
led to vertical devices capable of approaching the funda-
mental material limitations of GaN [1]–[4]. In this context,
an improved understanding of impact ionization is needed in
order to develop device designs and concepts that fully exploit
the potential of GaN. In addition to optimizing the breakdown
voltage (BV) of rectifiers and transistors, a full understanding
of impact ionization is needed in order to harness the potential
of less conventional devices, such as ultraviolet avalanche
photodiodes (APDs) and high-power impact ionization transit-
time (IMPATT) diodes.
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Previously, very little experimental data on impact ioniza-
tion in GaN were available, and much of what had been
reported was on material with a high defect density grown
on non-native substrates [5], [6]. Recently, impact ionization
coefficients from devices fabricated on bulk GaN substrates
have been reported [7]–[11]. Cao et al. [7], [8] have mea-
sured the electron and hole impact ionization coefficients
using both wavelength-selective photomultiplication and noise
spectral density measurements based on p-n junctions with
a thin pseudomorphic In0.07Ga0.93N layer grown on bulk
GaN substrates, but no temperature dependence was reported.
Ji et al. [9] obtained the impact ionization coefficients using
the photomultiplication method based on p-on-n and n-on-p
(with a buried p-GaN layer) diodes grown on bulk GaN
substrates. However, the use of near bandgap illumina-
tion (350 nm) in this work leads to substantial photogen-
eration in the high-field region, complicating the analysis
and potentially underestimating the extracted coefficients.
Maeda et al. [10], [11] extracted the impact ionization coeffi-
cients utilizing the Franz–Keldysh effect based on the p−/n+
diodes grown on bulk GaN substrates. This approach requires
additional assumptions, particularly about the optical absorp-
tion profile in the material. Temperature dependence was
reported in [10] under the assumption that electrons and holes
are symmetric (i.e., α = β); the asymmetry was reported
in [11] but without temperature dependence.

In this article, the impact ionization coefficients of electrons
and holes in GaN were experimentally determined from 298 to
398 K using the photomultiplication method based on two
p-i-n structures grown on bulk GaN substrates. The temper-
ature dependence of the electron and hole impact ionization
coefficients was modeled accurately using the Okuto–Crowell
model. To validate the results, the measured characteristics
are used to project the avalanche-limited performance limit
for vertical devices and are compared against measured device
results from the literature. The temperature dependence of the
breakdown voltage of GaN nonpunchthrough p-n diodes has
also been predicted and compared to experimental results.

II. DEVICE DESIGN AND FABRICATION

Fig. 1 shows a schematic cross section of the device
structures used in this work. Fig. 1(a) shows the GaN
p-i-n diode with a buried In0.07Ga0.93N layer on the cathode
side for hole injection studies. Grown on 2-in bulk
GaN substrates by metal–organic chemical vapor depo-
sition (MOCVD), the structure (from top to bottom)
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Fig. 1. Schematic cross section of the fabricated photodiodes: (a) p-i-n
diode with a buried In0.07Ga0.93N layer, designed for pure hole injection
with 390-nm UV illumination; (b) p-i-n diode used for pure electron
injection with 193-nm UV illumination.

consists of a 10-nm p++ contact layer, a 100-nm
p-GaN layer (Mg: 2 × 1019 cm−3), a 300-nm n-GaN drift
layer (Si: 2 × 1016 cm−3), an 80-nm undoped pseudo-
morphic In0.07Ga0.93N layer, and 2-μm n+-GaN layer (Si:
4 × 1018 cm−3). The In0.07Ga0.93N layer is used as a photoab-
sorption layer to produce pure hole injection under 390-nm
UV illumination (Eg,InGaN < hv < Eg,GaN). The hole-
initiated multiplication factors are obtained from reverse-bias
photocurrent measurements of this structure. In this approach,
hole-initiated avalanche can be studied without complications
arising from activation of buried p-type layers or Mg diffusion
into the drift layer [9].

However, the insertion of narrower bandgap InGaN layers
in the structure leads to an increased dark current that makes
measurement of the electron coefficients more challenging.
In contrast to the case for holes, the low electron multiplication
factor and small electron injection density partially obscure the
photocurrent in the measurement, leading to appreciable scat-
ter in the extracted electron impact ionization coefficients [7].
Therefore, we have also fabricated p-i-n diodes without an
InGaN layer [see Fig. 1(b)] and extracted the electron impact
ionization coefficients using this structure. This structure is
nominally identical to the device shown in Fig. 1(a), except
without the InGaN layer. Under 193-nm UV illumination
(hv > Eg, GaN), a pure electron current is induced since the
absorption coefficient of GaN at this wavelength is estimated
to be 2.9 × 105 cm−1 and electron-initiated multiplication
factors can be obtained (>96% of the incident light is absorbed
in the 110-nm p-GaN anode layers) [12]. The use of this
structure also avoids complications associated with Mg activa-
tion in buried p-type layers [9]. For both structures in Fig. 1,
Ni/Au anode ohmic contacts to the p-GaN and Ti/Al/Au ohmic
back cathode contacts were used. The top p-contact was ring-
shaped to allow UV illumination. Edge termination with N ion
implantation was used to suppress edge effects. The fabrication
process details have been reported in [7].

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the measured reverse I–V curves of the
devices with InGaN layer under dark and 390-nm UV illu-
mination at 298, 348, and 398 K. Under illumination at
this wavelength (Eg, InGaN < hv < Eg,GaN), electron–hole

Fig. 2. (a) Reverse I–V curves of the devices with InGaN layer
under dark and 390-nm UV illumination at various temperatures. Inset:
expanded view in breakdown. (b) Electric field dependence of multiplica-
tion (Mp− 1) obtained from the above photocurrent measurements. Sym-
bols show the experimental results, and dashed lines show the simulated
values using ionization coefficients obtained here (as shown in Table I).
Inset: measured photocurrent (◦) versus extrapolated photocurrent (–)
at 298 K.

pairs are generated in the InGaN layer, and the holes are
swept into the n−-GaN layer, resulting in pure hole injec-
tion into the drift layer. An optical intensity of 2 mW/cm2,
calibrated using a power meter, was used. To ensure that
the photocurrent arises only from the InGaN layer, mea-
surements of the photoresponse of the GaN-only structure
in Fig. 1(b) under 390-nm illumination were performed. The
measured photocurrent was on the order of 1000 times
smaller than the InGaN-containing structures in Fig. 2(a),
confirming pure hole injection conditions. As can be seen
from Fig. 2(a), the device shows a positive temperature
coefficient of breakdown voltage, a signature of avalanche
breakdown. The dark currents (dashed lines) are much lower
than the photocurrents (solid lines) when the reverse bias is
higher than the flatband voltage (∼40 V) of the polarization-
induced barrier at the n−-GaN/InGaN interface. Above the
flatband voltage of the polarization barrier, the photocurrent
is dominated by holes injected from the InGaN into the
n−-GaN layer. At lower applied voltages (<34 V, corre-
sponding to electric fields below 1.1 MV/cm), the measured
photocurrent is consistent with Franz–Keldysh absorption.
For voltages above flatband, the photocurrent is nearly
independent of temperature below breakdown as expected.
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The small decrease in photocurrent at elevated temperature
is believed to be due to reduced nonradiative recombination
lifetime with increased temperature [13], [14]. In contrast,
for the low-voltage range below flatband, larger photocurrents
are observed at higher temperatures. This may be due to a
combination of increased hole thermionic emission over the
n−-GaN/InGaN barrier and enhanced sub-bandgap absorption
at elevated temperatures.

When the reverse bias is raised above the flatband voltage
of the n−-GaN/InGaN barrier, the photocurrent starts to
increase due to avalanche multiplication. As shown by the
inset of Fig. 2(b), the hole-initiated multiplication factors Mp

are extracted as the ratio of the measured current under illu-
mination (including amplification, shown by the blue circles)
to the baseline photocurrent (red broken lines). Measurement
of devices with different areas and as a function of bias (not
shown) indicated that the reverse current followed a ln(J ) ∼ E
trend, indicative of variable-range hopping dominated trans-
port below the onset of avalanche [15]. Consequently, the base-
line photocurrent was extrapolated into the avalanche region
using Jph,p = J0+J1exp(p1V ), where J0 = 9.60×10−2 A/cm2

accounts for the photogenerated current and J1 = 8.64 ×10−5

A/cm2 and p1 = 5.49 × 10−2 V−1 reflect the additional
current contribution with increasing field for variable-range
hopping conduction, as determined from least-squares fitting
to the measured photocurrent from 45 to 55 V [15]–[17]. The
hole-initiated multiplication factors are plotted as a function
of the average electric field in the n−-GaN layer at different
temperatures in Fig. 2(b). As can be seen, the breakdown
voltage increases, and the multiplication factors decrease at
elevated temperatures. Since the hole ionization coefficient is
much larger than the electron ionization coefficient for electric
fields ranging from 2 MV/cm (β/α = 218) to 3.3 MV/cm
(β/α = 5.26), the electron initiated multiplication is negligible
under the conditions for Fig. 2 (β/α exceeds ten for fields
up to 2.98 MV/cm) [7], [9], [11]. Due to the low background
doping, the electric field in the n−-GaN region changes
less than 4% (as calculated by solving Poisson’s equation
numerically [18]) and, thus, can be treated as uniform. Under
these conditions, the hole impact ionization coefficient β can
be obtained as [19]:

β = lnMp

W
(1)

where W is the depletion width of the p-n junction. This
analysis neglects contributions of the avalanche multiplication
in the InGaN region since the electric field in the InGaN is
appreciably smaller than the field in the n−-GaN region.

Fig. 3 shows the extracted hole impact ionization coeffi-
cients at 298, 348, and 398 K as a function of the inverse
electric field. The hole impact ionization coefficients decrease
with temperature due to the increased phonon scattering rate
at elevated temperatures [20]. The data were fitted using the
following equations based on the Okuto–Crowell model [21]:

α, β(E, T ) = a(T ) · exp

[
−b(T )

E

]

a(T ) = a0 · (1 + c(T − T0))

b(T ) = b0 · (1 + d(T − T0)) (2)

Fig. 3. Impact ionization coefficients for holes in GaN obtained from
measured Mp at 298, 348, and 398 K. Points show the measured impact
ionization coefficients, and solid lines represent the least-squares fits
based on the Okuto–Crowell model.

where E is the electric field (V/cm) and T is the temperature
in Kelvin (T0 = 298 K). In the Okuto–Crowell model,
the temperature-dependent coefficients a(T ) and b(T ) are
linear functions of temperature, and parameters a0, b0, c, and
d are constants. A least-squares fitting procedure was used to
determine these constants for hole-initiated impact ionization:

a(T ) = 8.53 × 106 cm−1

· [1 + 3.23 × 10−3 K−1 · (T − 298 K)]
b(T ) = 1.48 × 107 V · cm−1

· [1 + 7.02 × 10−4 K−1 · (T − 298 K)]. (3)

For the case of electrons, the low electron multiplica-
tion factor makes the extraction more sensitive to dark
currents [7]. Therefore, we have also fabricated p-i-n
diodes without an InGaN layer [as shown in Fig. 1(b)]
to reduce the dark current and investigated the elec-
tron impact ionization coefficients using this structure.
As shown in Fig. 5(a), a positive coefficient of breakdown
voltage is obtained, consistent with avalanche breakdown.
Fig. 4(a) shows the reverse I–V characteristics of the
p-i-n diode under dark and 193-nm UV illumination at room
temperature. For the data shown in Figs. 4(a) and 5(a), an inci-
dent light intensity of 2 mW/cm2, as calibrated with a power
meter, was used. As can be seen, the leakage current density is
much lower than the photocurrent, leading to good extraction
certainty. Due to the very short illumination wavelength, nearly
pure electron injection is achieved (estimated > 96%), and the
electron multiplication factor can be obtained directly. The
low drift layer doping (2 × 1016 cm−3) results in a uniform
electric field to within 4%. As with the holes, the electron
multiplication factor Mn was extracted as the ratio of the mea-
sured photocurrent (including amplification) to the baseline
photocurrent. The baseline photocurrent was then extrapolated
into the avalanche region by extrapolating the non-avalanche
contributions to reverse current with a variable-range hopping
model [15]. In this model, Jph,n = J0 + J1exp(p1V ), where
J0 = 3.20 × 10−4 A/cm2 accounts for the diffusion photocur-
rent, while J1 = 2.23×10−8 A/cm2 and p1 = 8.10×10−2 V−1
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Fig. 4. (a) Reverse I–V characteristics of the p-i-n diode in Fig. 1(b)
under dark and 193-nm UV illumination at room temperature. The red
broken line shows the extrapolated photocurrent. (b) Impact ionization
coefficients of electrons extracted from the photocurrent measurements
of the p-i-n diode. Symbols show the experimentally extracted electron
ionization coefficients (blue circles for extraction from p-i-n diodes without
InGaN and orange crosses for devices with InGaN), and solid lines show
the Chynoweth fits. The dashed line shows the Chynoweth fit for electrons
obtained from devices with InGaN from our previous report [7].

account for the variable-range hopping contribution to the
reverse current. These parameters were determined from least-
squares fitting to the measured photocurrent from 60 to 75 V
[15]–[17]. This extrapolation is shown in Fig. 4(a) by the red
broken line.

The electron impact ionization coefficients α can then be
extracted using the following equation [22]:

α = 1

W

Mn − 1

Mn − Mp
ln

Mn

Mp
. (4)

In (4), both electron (Mn) and hole (Mp) multiplication factors
are needed to extract α, in contrast to the situation above
for holes, due to the large asymmetry between electron and
hole impact ionization coefficients. Hole multiplication factors
(Mp) at 298 K from Fig. 2(b) were used in (4) to find α.
Fig. 4(b) shows the extracted electron impact ionization coef-
ficients of the p-i-n diode as a function of average n−-GaN
layer electric field. As can be seen, the extracted electron
ionization coefficients are well behaved and show little scatter.
For comparison, α extracted from measurements of devices,
including an InGaN layer, are also shown. These data exhibit
the same trend but with a larger scatter due to the higher dark

current as noted previously. The Chynoweth least-squares fit
for electron impact ionization coefficients at 298 K from these
measurements was found to be

α(E) = 2.77 × 108 cm−1 exp(−3.20 × 107 V · cm−1/E). (5)

The electron impact ionization coefficients extracted here
using the p-i-n diodes are very close to previously reported
data obtained using devices with an InGaN layer [7],
as shown by the dashed line in Fig. 4(b). This serves both as
a confirmation of previously reported values, as well as an
indicator that the active regions in the device structures in
Fig. 1(a) and (b) are indeed nearly identical.

The temperature dependence of the electron impact ion-
ization coefficients has also been evaluated. Fig. 5(a) shows
the reverse I–V characteristics of the p-i-n diode under dark
and 193-nm UV illumination at various temperatures. As can
be seen, the breakdown voltage increases with temperature,
indicating avalanche breakdown. It should be noted that the
breakdown voltage of the GaN-only structure in Fig. 5 is
approximately 11 V lower than that of the structure including
the InGaN layer (see Fig. 2), due to the increased total
depletion thickness in the latter case. From the photocurrent
and dark current measurements, the electron multiplication
factor Mn at different temperatures can be obtained, as shown
in Fig. 5(b). The hole multiplication factors Mp at different
temperatures were measured using the photocurrent method
from the devices with the InGaN layer, as shown in Fig. 2(b).
With the electron and hole multiplication factors at different
temperatures, the electron impact ionization coefficients at dif-
ferent temperatures were extracted according to (4). Fig. 5(c)
shows the extracted electron impact ionization coefficients at
298, 348, and 398 K. The measured electron impact ionization
coefficients were fitted using the Okuto–Crowell model. The
parameters in the model show a linear temperature depen-
dence, with least-squares fits resulting in

a(T ) = 2.77 × 108 cm−1

· [1 + 3.09 × 10−3 K−1 · (T − 298 K)]
b(T ) = 3.20 × 107 V · cm−1

· [1 + 5.03 × 10−4 K−1 · (T − 298 K)]. (6)

The temperature dependence results of the impact ioniza-
tion coefficients obtained here are in good agreement with
Maeda’s results; he reported c = 1.5 × 10−3 K−1 and d =
6.0 × 10−4 K−1 in (2) [10]. Due to experimental limita-
tions, Maeda has only reported the temperature dependence
of GaN’s effective impact ionization coefficients with the
assumption of αeff ≡ α = β, while we have reported the
temperature dependence of GaN’s electron and hole impact
ionization coefficients separately. The results of electrons and
holes are summarized in Table I. As a consistency check,
the coefficients in Table I were used to simulate the hole and
electron multiplication factors as a function of average drift
layer electric field for the device structures in Fig. 1. The
simulated hole multiplication factor (Mp) is compared to the
measured results in Fig. 2(b) and electrons (Mn) in Fig. 5(b).
As can be seen, very good agreement is obtained. In addi-
tion, we observe that the temperature dependence obtained in
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Fig. 5. (a) Reverse I–V characteristics of the p-i-n diode under dark
and 193-nm UV illumination at various temperatures. (b) Electron mul-
tiplication factors (Mn− 1) versus electric field at various temperatures.
Points show the experimental measured values, while dashed lines show
the simulated values using the ionization coefficients obtained here
(shown in Table I). (c) Impact ionization coefficients for electrons of GaN
at 298, 348, and 398 K. Points show the measured impact ionization
coefficients, and solid lines represent the least-squares fits based on the
Okuto–Crowell model.

Figs. 3 and 5(c) indicates that impact ionization is a weak
function of temperature for GaN. While the least-squares fit
shown in Figs. 3 and 5(c) are numerically distinct (i.e., the fit
lines are separated by more than the root-mean-squared error
associated with each fit), as discussed in [20], the longitudinal
optical (LO) phonon energy of GaN (∼92 meV) is appreciably
larger than that of many other semiconductors, leading to
reduced temperature dependence of the avalanche coefficients.

An important consideration for material parameter extrac-
tions is its predictive capability for structures other than those

TABLE I
OKUTO–CROWELL MODEL PARAMETERS OF

GAN’s IMPACT IONIZATION COEFFICIENTS

Fig. 6. Benchmark plots of breakdown voltage versus doping con-
centration for reported GaN power devices [(o: diodes, ×: FETs)]. The
experimental data are from [2], [4], [23]–[40], and lines correspond to
the predicted theoretical breakdown voltage based on measured impact
ionization coefficients from Ji et al. [9], Maeda et al. [11], and this work.

used for the extraction. To assess this, the breakdown voltage
of non-punch through p-n diodes was calculated using Fulop’s
power law approximation for the effective impact ionization
coefficients [41], [42]:

αeff = α − β

ln(α) − ln(β)
. (7)

For the 298 K α and β reported here, this results in

αeff (298 K) = 6.496 × 10−41 E6.881 (8)

where E is in V/cm and αeff is in cm−1. The theoretical
breakdown voltage of GaN non-punch through p-n diodes
based on the effective impact ionization coefficients gives

BV298K = 1.477 × 1015 ND
−0.746 (9)

where BV298 K is the breakdown voltage in V and ND is the
doping concentration (in cm−3) of the drift layer. Fig. 6 shows
a comparison of the breakdown voltage versus drift layer
doping for a range of devices reported in the literature from a
number of groups around the world, alongside the avalanche-
limited theoretical breakdown voltage based on the measured
coefficients. It should be noted that the positions of the data
points in Fig. 6 are those reported by the respective authors;
variations due to experimental technique for determining the
drift layer doping or breakdown criteria, as well as edge
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Fig. 7. (a) Normalized avalanche breakdown voltage versus temperature
for GaN non-punch through p-n diodes for different n-GaN doping
concentrations (ND). (b) Theoretical breakdown voltage temperature
coefficients (k ) of GaN non-punch through p-n diodes versus dop-
ing concentration based on measured temperature-dependent impact
ionization coefficients from Ji et al. [9], Maeda et al. [10], and this
work. The symbols are measured data from different research groups.
(�: ND = 1.9 × ��

17 cm−� [43]; ◦: ND = 5.5 × ��
16 cm−� [44]; and

�: ND = 2 × 1016 cm−� [45].)

termination and material nonuniformity effects, may contribute
to relative shifts in the positions of these points. The theoretical
limits based on measured impact ionization from other groups
(Ji et al. [9] and Maeda et al. [11]) are also provided for
comparison. As can be seen, our model accurately bounds the
experimental results from many groups—despite variations in
material growth techniques, device structures, and fabrication
approaches—over a wide range of both breakdown voltage
and doping concentrations. This suggests that the coefficients
obtained here may have wide applicability.

Using the temperature dependence of ionization coefficients,
the temperature dependence of the breakdown voltage of
nonpunchthrough p-n diodes was also calculated using
Fulop’s power law approximation. Doing so results in the
following effective impact ionization coefficients at elevated
temperatures:

αeff(348K) = 6.730 × 10−42 E7.029

αeff(398K) = 5.566 × 10−43 E7.191 (10)

where E is in V/cm and αeff is in cm−1. Fig. 7(a) shows
the projected temperature dependence of breakdown voltage
for vertical GaN nonpunchthrough p-n diodes as a function
of temperature and doping concentration using the measured
impact ionization coefficients. As can be seen, for drift-layer
doping from 1 × 1014 cm−3 to 1 × 1017 cm−3, the breakdown
voltage increases linearly with temperature from 298 to 398 K.
For the same temperature range, the predicted percentage
change in breakdown voltage increases with decreasing doping
concentration. The temperature dependence of breakdown
voltage can be expressed as [1]:

BV(T ) = BV298K(1 + k�T ) (11)

where k is the temperature coefficient. Fig. 7(b) shows the
theoretical breakdown voltage temperature coefficients of GaN
nonpunchthrough diodes as a function of drift layer doping
concentration based on measured temperature-dependent
impact ionization coefficients. Predictions based on measured
impact ionization results from Ji et al. [9] and Maeda et al.
[10] are also shown. As can be seen, based on our measured
coefficients, the temperature coefficient for breakdown voltage
increases from 3.72 ×10−4 K−1 to 1.08 ×10−3 K−1 when the
doping concentration is decreased from 1 × 1017 cm−3 to 1 ×
1014 cm−3. The measured temperature-dependent BVs of GaN
p-n diodes and their corresponding temperature coefficients
from different research groups are shown as symbols in Fig. 7.
Compared to Ji and Maeda’s results, the experimental results
from different research groups agree well with our calculated
results, indicating that the measured temperature-dependent
impact ionization coefficients may serve as a design guideline
for GaN power devices at elevated temperatures.

IV. CONCLUSION

The breakdown and avalanche multiplication characteristics
of GaN p-i-n diodes grown on native GaN substrates have been
investigated. Electron and hole impact ionization coefficients
for GaN epitaxial structures grown on bulk GaN substrates
have been extracted using the photomultiplication method.
The impact ionization coefficients of electrons and holes are
also measured at elevated temperatures up to 398 K. Both
the electron and hole impact ionization coefficients decrease
as the temperature increases. The temperature dependence of
the breakdown voltage of GaN non-punch through p-n diodes
has also been predicted using the measured impact ionization
coefficients. The experimentally validated impact ionization
coefficients reported here may be valuable for the design of
improved optoelectronic, microwave, and power devices.
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