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Abstract 
 Impact ionization imposes a fundamental limitation 
for devices in both RF power as well as power conversion 
and control applications.  Especially for high-power 
devices, understanding of the temperature dependence of 
impact ionization is critical for device design. We report 
the measurement of impact ionization coefficients for both 
electrons and holes in GaN, including the effects of 
temperature.  The extracted coefficients are found to be 
consistent with device breakdown measurements for a 
wide range of carrier concentration, device structures, 
and material growth techniques.   
 
INTRODUCTION 
 GaN and other III-N materials are of obvious importance 
for terrestrial RF power applications, and are emerging as 
candidates for space RF as well as power conversion and 
control applications.  As a result, developing an improved 
understanding of the fundamental physical limits of the 
technology is of increasing importance.  A fundamental 
physical limit to the high-field handling performance of 
devices in GaN is impact ionization.  We report measurement 
of the impact ionization properties of GaN, including the 
impact of elevated temperatures on impact ionization.  These 
coefficients also enable the projection of the fundamental 
limitations of GaN-based devices; we find that our 
coefficients agree well with measured breakdown voltages for 
devices over a wide range of device design and material 
growth techniques. 
 
DEVICE DESIGN AND CHARACTERIZATION 
 The experimental approach to measurement of impact 
ionization taken here is the use of the photomultiplication 
method, using the structures illustrated in Fig. 1.  The 
structure in Fig. 1(a) includes a buried pseudomorphic InGaN 
layer to absorb the incident light, allowing pure hole injection 
into the drift layer when illuminated with 390 nm light.  As 
illustrated in the band diagram in Fig. 1(a), the 390 nm 
wavelength illumination generates electron-hole pairs only in 
the InGaN layer, and the holes are subsequently injected into 
the drift layer.  In contrast, the structure in Fig. 1(b) is used 
for electron injection.  In this case, 193 nm wavelength light 
is used to generate electron-hole pairs near the surface of the 
p-GaN anode; the electrons diffuse to the drift layer resulting 
in pure electron injection into the drift layer.  By measuring 
the reverse-biased current-voltage characteristics both in the 

dark and under illumination at different temperatures, the 
carrier multiplication can be determined and the resulting 
impact ionization coefficients can be extracted vs. 
temperature.  For the devices reported here, the fabrication 
flow was similar to that reported in [1], including the use of 
an N(14) implant based edge termination. Device 
measurements were performed on-wafer in a shielded 
variable-temperature probe station.   
 Figure 2 shows typical reverse-bias dark and illuminated 
measurements for both structures from which the extractions 
were performed.  The devices show a positive temperature 
coefficient of breakdown, as expected for impact-ionization 
limited performance.  The “shoulder” seen in the photocurrent 
response in Fig. 2(a) is caused by the polarization-induced 
barrier at the InGaN/GaN heterointerface, and influences only 
the low-field behavior of the device away from the onset of 
impact ionization.   
 

 
 

 
Fig. 1.  Cross sections and illustrative band diagrams of 
device structures used for impact ionization coefficient 
measurement; (a) structure and band diagram for hole 
injection, (b) structure and band diagram for electron 
injection. 
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IMPACT IONIZATION COEFFICIENTS  
 From the measured characteristics in Fig. 2, the impact 
ionization characteristics can be extracted.  For holes, the data 
in Fig. 2(a) can be used directly [2] under the assumptions that 
the field is uniform in the drift layer, that no electrons are 
injected, and that the impact ionization for holes is larger than 
that of electrons [3].  For the case of electrons, feedback 
between the electron and hole generation must be considered; 
we use the approach outlined in [4]; additional details on the 
extraction methodology can be found in [5].   
 The resulting temperature-dependent impact ionization 
coefficients for holes and electrons are shown in Fig. 3(a) and 
(b), respectively.  Also shown in Fig. 3 are least-squares fits 
to the Okuto-Crowell model for temperature-dependent 
impact ionization [6].  In the Okuto-Crowell model, the 
impact ionization coefficients take the form of the Chynoweth 
model for impact ionization (equation (1) below) [7], but with 
temperature-dependent parameters a(T) and b(T) of the form 
shown in equations (2) and (3) [6]: 

 𝛼, 𝛽(𝐸, 𝑇) = 𝑎(𝑇) exp -− /(0)
1
2	 (1) 

 𝑎(𝑇) = 𝑎4(1 + 𝑐(𝑇 − 𝑇4) (2) 
 𝑏(𝑇) = 𝑏4(1+ 𝑑(𝑇 − 𝑇4) (3) 

 
 Table 1 summarizes the coefficients obtained and the form 
of the model.  Consistent with previous reports, the impact 
ionization coefficients for holes exceeds that of electrons (b/a 
= 5.3 at 3.3 MV/cm), in line with prior measurements and 
theoretical expectations [3, 8].  It is also noteworthy that the 
impact ionization coefficients are weak functions of 

temperature.  This is promising for achieving device 
performance at high temperatures or self-heating conditions 
without significant off-state voltage derating.   
 As a check for consistency between measurement and the 
extracted parameters, the coefficients in Table 1 were used to 
simulate the hole and electron multiplication factors as a 
function of electric field for the device structures in Fig. 1; a 
comparison between the simulated and measured 
multiplication factors is provided in Fig. 4. As can be seen, 
excellent agreement is obtained over the full electric field 
range evaluated for both electrons and holes.   
 A critical issue for material parameter extractions like 
these is their predictive abilities for structures other than those 
used in the extraction process.  Since the temperature 
coefficient of breakdown is controlled by impact ionization, 
this provides one means to assess the fidelity of the measured 

 

 
Fig. 2.  Measured reverse-bias dark and illuminated I-V 
curves for: (a) hole injection using the structure in Fig. 
1(a) with 390 nm illumination, and (b) electron injection 
using the structure in Fig. 1(b) with 193 nm illumination. 
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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 pseudomorphic In0.07Ga0.93N layer,
and 2 µm n+-GaN layer (Si: 4⇥1018 cm-3). The In0.07Ga0.93N
layer is used as a photoabsorption layer to produce pure hole
injection under 390 nm UV illumination (Eg, InGaN < hv <
Eg, GaN). The hole-initiated multiplication factors are obtained
from the reverse-bias photocurrent measurements.

However, large leakage currents were observed for these
devices due to the incorporation of the InGaN layers. In
contrast to the case for holes, the low electron multiplication
factor and the presence of large device leakage current (which
acts to obscure the photocurrent in the measurement) lead to
appreciable scatter in the extracted electron impact ionization
coefficients [7]. Therefore, we have also fabricated p-i-n
diodes without an InGaN layer and investigated the electron
impact ionization coefficients using this structure. The device
structure of the GaN p-i-n diode is shown in Fig. 1(b). The
structure is designed to be similar 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
larger than 2⇥105 cm-1 and electron-initiated multiplication
factors can be obtained [11]. For both structures, 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 reverse IV curves of the devices with
InGaN layer under dark and 390 nm UV illumination at 298
K, 348 K and 398 K. At this wavelength (Eg, InGaN < hv <
Eg, GaN), electron-hole pairs are generated in the InGaN layer
and holes are swept into the n--GaN layer, resulting in a pure
hole injection. 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 of the
polarization-induced barrier at the i-GaN/InGaN interface. For
the low voltage ranges below the flatband voltage, larger pho-
tocurrents are observed at higher temperatures, possibly due to
the shrinkage of the bandgap of In0.07Ga0.93N [12]. As the tem-
perature increases, the bandgap of In0.07Ga0.93N decreases and
therefore the absorption coefficient of In0.07Ga0.93N increases.
The photocurrent (IPh) is related to the absorption coefficient
as [13]

IPh / 1� exp(�↵ab(T ) ·Wab), (1)

where ↵ab(T ) is the temperature dependent absorption co-
efficient, and Wab is the thickness of the absorption layer.
According to equation (1), the photocurrent increases as a
result of increased absorption coefficients. When the reverse
bias is raised above the flatband voltage of the i-GaN/InGaN
barrier, the photocurrent starts to increase due to avalanche

Fig. 2. (a) Reverse IV curves of the devices with InGaN layer under dark
and 193 nm UV illumination at various temperatures. (b) Electric field
dependence of multiplication (Mp - 1) obtained from the above photocur-
rent measurements. Inset: measured photocurrent (�) vs. extrapolated
photocurrent (–) at 298 K.

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 illumination (including amplifica-
tion, shown by the blue circles) to the baseline photocurrent
(red broken lines). The baseline photocurrent was extrapolated
into the avalanche region using In(J) = p1 ⇤ V + p2, where
p1 = 0.007 and p2 = �2.740 as determined from least-
squares fitting to the measured photocurrent from 45 V to 55
V [14]. The hole-initiated multiplication factors are plotted as
a function of the electric field at various 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 to 3.3 MV/cm, the electron initiated multiplication
is negligible [7], [9], [10]. 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 [15])
and thus can be treated as uniform. Under these conditions,
the hole impact ionization coefficient � can be obtained as
[16]
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Fig. 4. (a) Reverse IV 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 elec-
tron ionization coefficients (blue circles for extraction from p-i-n diodes
without InGaN, 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].

2.23 ⇥ 10�8 A/cm2 and p1 = 8.10 ⇥ 10�2 V-1 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 V to 75 V [15]–[17].
This extrapolation is shown in Fig. 4(a) by the red broken line.
Fig. 5(b) shows the obtained Mn factors.

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

↵ =
1

W

Mn � 1

Mn �Mp
ln

Mn

Mp
. (4)

In equation (4), both electron (Mn) and hole (Mp) multiplica-
tion factors are needed to extract ↵, 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
↵. Fig. 4(b) shows the extracted electron impact ionization
rates of the p-i-n diode as a function of average n--GaN
layer electric field. As can be seen, the extracted electron
ionization rates are well behaved and show little scatter. For
comparison, the ↵ extracted from measurements of devices

Fig. 5. (a) Reverse IV characteristics of the p-i-n diode under dark and
193 nm UV illumination at various temperatures. (b) Electron multipli-
cation factors (Mn - 1) vs. 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 K, 348 K and 398 K. Points show the measured impact ionization
coefficients and solid lines represent the least-squares fits based on the
Okuto-Crowell model.

including an InGaN layer are also shown. These data exhibit
the same trend, but with 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

↵(E) = 2.77⇥108 cm�1 exp(�3.20⇥107 V·cm�1/E). (5)

The electron impact ionization coefficients extracted here

not
this mumrunrununu
yet

efficient

colefficients

 

 
Fig. 3.  Measured impact ionization coefficients for: (a) 
holes, b, and (b) electrons, a.  Fits to the Okuto-Crowell 
model are also shown. 
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elevated temperature is believed to be due to reduced non-
radiative recombination lifetime with increased temperature
[13], [14]. In contrast, for the low voltage range below flat-
band, 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 as well as 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 illumination (includ-
ing 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 transport below the onset
of avalanche [15]. Consequently, the baseline 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 V 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 (�/↵ = 218) to 3.3 MV/cm
(�/↵ = 5.26), the electron initiated multiplication is negligible
under the conditions for Fig. 2 (�/↵ exceeds 10 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 � can be obtained as
[19]

� =
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 K, 348 K 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],

↵,�(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 K, 348 K 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 multiplication
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 electron impact ionization coef-
ficients using this structure. As shown in Fig. 5(a), a posi-
tive coefficient of breakdown voltage is obtained, consistent
with avalanche breakdown. Fig. 4(a) shows the reverse IV
characteristics of the p-i-n diode under dark and 193 nm
UV illumination at room temperature. For the data shown
in Fig. 4(a) and Fig. 5(a), an incident 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 measured 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 photocurrent while J1 =

4 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. XX, NO. XX, XXXX 2020

Fig. 4. (a) Reverse IV 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 elec-
tron ionization coefficients (blue circles for extraction from p-i-n diodes
without InGaN, 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].

2.23 ⇥ 10�8 A/cm2 and p1 = 8.10 ⇥ 10�2 V-1 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 V to 75 V [15]–[17].
This extrapolation is shown in Fig. 4(a) by the red broken line.
Fig. 5(b) shows the obtained Mn factors.

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

↵ =
1

W

Mn � 1

Mn �Mp
ln

Mn

Mp
. (4)

In equation (4), both electron (Mn) and hole (Mp) multiplica-
tion factors are needed to extract ↵, 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
↵. Fig. 4(b) shows the extracted electron impact ionization
rates of the p-i-n diode as a function of average n--GaN
layer electric field. As can be seen, the extracted electron
ionization rates are well behaved and show little scatter. For
comparison, the ↵ extracted from measurements of devices

Fig. 5. (a) Reverse IV characteristics of the p-i-n diode under dark and
193 nm UV illumination at various temperatures. (b) Electron multipli-
cation factors (Mn - 1) vs. 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 K, 348 K and 398 K. Points show the measured impact ionization
coefficients and solid lines represent the least-squares fits based on the
Okuto-Crowell model.

including an InGaN layer are also shown. These data exhibit
the same trend, but with 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

↵(E) = 2.77⇥108 cm�1 exp(�3.20⇥107 V·cm�1/E). (5)

The electron impact ionization coefficients extracted here
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Table 1.  Impact Ionization Model and Extracted 
Parameters for GaN 

Model: 𝛼, 𝛽(𝐸, 𝑇) = 𝑎(𝑇) exp -−/(0)
1
2 ; 		𝑎(𝑇) =

𝑎4(1 + 𝑐(𝑇 − 𝑇4); 	𝑏(𝑇) = 𝑏4(1+ 𝑑(𝑇 − 𝑇4); E is 
electric field (V/cm), T is temperature (K). 

Parameter Electrons (a) Holes (b) 
ao 2.77x108 cm-1 8.53x106 cm-1 
bo 3.20x107 V/cm 1.48x107 V/cm 
c  3.09x10-3 K-1 3.23x10-3 K-1 
d  5.03x10-4 K-1 7.02x10-4 K-1 
T0 298 K 298 K 

 

(a) 

(b) 

(a) 

(b) (b) 



coefficients to experiment.  The temperature dependence of 
breakdown in avalanche-limited devices is given by 𝐵𝑉(𝑇) =
𝐵𝑉=>?@(1 + 𝑘∆𝑇), where k is the temperature coefficient [9].  
Figure 5 shows the temperature coefficient of breakdown 
extracted as a function of drift layer doping expected using 
the measured data reported here, as well as comparisons to 
measured avalanche-limited devices reported in the literature.  
As can be seen, good agreement between the measured 
temperature dependence of breakdown voltage and drift layer 
doping is observed. 

 To further assess the generality of the impact ionization 
coefficients reported here, Fig. 6 shows a comparison of the 
breakdown voltage vs. drift layer doping for a range of 
devices (FETs and diodes) reported in literature from a 
number of groups around the world [5, 13-32], as well as the 
avalanche-limited theoretical breakdown voltage based on the 
measured coefficients reported here.  As can be seen, the 
model accurately bounds the experimental results from many 
groups, despite variations in material growth techniques, 
device structures, fabrication approaches, breakdown voltage, 
and carrier concentrations.  This suggests the model and 
coefficients may be broadly applicable to GaN devices 
generally.  
 

 
CONCLUSIONS 
 The impact ionization coefficients for GaN as a function 
of temperature have been measured experimentally and 
compared to device performance.  This will facilitate 
optimization of future RF and power device designs. 
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III. RESULTS AND DISCUSSION 
Figure 2 shows the results of photomultiplication 

measurement of typical GaN p-n junctions for electrons and 
holes.  A large asymmetry between electrons (a) and holes (b) 
is observed, and good consistency between devices with 
different drift layer thicknesses is obtained.  Least-squares fit to 
these characteristics lead to the Chynoweth fits [2]: 

!(#) = 4.48 × 10,-./ 0−3.39 × 456
7 8     (1) 

9(#) = 7.13 × 10;-./ 0−1.46 × 456
7 8     (2) 

As an alternative approach, the noise current spectral density 
as a function of bias was also characterized. An example of 
selected measured spectra is shown in Fig. 3; the current-
voltage characteristic is also shown.  As can be seen, for applied 
biases below breakdown, the noise is dominated by 1/f noise, 
while at elevated biases a strong increase in white avalanche 
noise can be observed.  This signature can be used to 
independently extract the excess noise factor arising from the 
impact ionization process [3].  As shown in Fig. 4, the results 
of these noise measurements agree closely with those obtained 
from photomultiplication.   

An important consideration for material parameter 
extractions is their predictive capability for structures other than 
those used for the extraction.  To assess this, Fig. 5 shows a 
comparison of the breakdown voltage vs. drift layer doping for 
a range of devices reported in literature from a number of 
groups around the world [1, 4-23], alongside the avalanche-
limited theoretical breakdown voltage based on the measured 
coefficients in Eqs. (1)-(2) above.  As can be seen, the 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 may have wide 
applicability. 

IV. CONCLUSIONS 
A detailed understanding of impact ionization is critical to 

fully exploiting the potential of GaN for power device 
applications.  The multi-technique study presented here 
provides a unified framework for understanding impact 
ionization in GaN, and may be beneficial for the design and 
optimization of advanced device structures. 
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Fig. 3.  (a) Measured dark current noise spectra for a p-n diode vs. reverse bias 
current; (b) bias points corresponding to the spectra in (a). 

10-6 10-5 10-4 10-3

Current (A)

10-26

10-24

10-22

10-20

10-18

10-16

Po
w

er
 S

pe
ct

ra
l D

en
si

ty
 S

I (A
2 /H

z)

Thermal noise
Shot noise
Measured noise

0 20 40 60 80 100 120
Reverse Bias (V)

10-10

10-8

10-6

10-4

10-2

C
ur

re
nt

 (A
)

101 102 103 104 105 106

Frequency (Hz)

10-25

10-23

10-21

10-19

10-17

Po
w

er
 S

pe
ct

ra
l D

en
si

ty
 S

I (A
2 /H

z)

1/f
5.0x10-7 A
1.0x10-6 A
2.1x10-6 A
9.5x10-6 A
4.7x10-5 A
1.6x10-4 A

(a) (b) (c)

 
Fig. 4.  (a) Excess noise factor vs. multiplication gain for hole injection.  (b) 
α/β vs. inverse electric field. The large asymmetry leads to low noise 
operation. 
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Fig. 5.  Device breakdown voltage vs. doping concentration for GaN power 
devices (o:	diodes, ´: FETs, —: projection from Eqs. (1-2)). The experimental 
data is from [4-22], the blue line corresponds to the predicted theoretical 
breakdown voltage based on the measured impact ionization coefficients. 
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Fig. 2.  Impact ionization coefficients for electrons (blue) and holes (orange). 
Solid lines represent the Chynoweth equation fit to the experimental results. 
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Fig. 5.  Drift-layer doping density dependence of the 
temperature coefficient of breakdown from the reported 
coefficients (solid line) compared to literature reports for 
avalanche-limited devices [10-12]. 
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Fig. 4.  Measured and simulated carrier multiplication 
factors for (a) holes and (b) electrons.   
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