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Abstract 

Impact ionization coefficients play a critical role in semiconductors. In addition to silicon, silicon 

carbide and gallium nitride are important semiconductors that are being seen more as mainstream 

semiconductor technologies. As a reflection of the maturity of these semiconductors, predictive 

modeling has become essential to device and circuit designers, and impact ionization coefficients 

play a key role here. Recently, several studies have measured impact ionization coefficients. We 

dedicated the first part of our study to comparing three experimental methods to estimate impact 

ionization coefficients in GaN, which are all based on photomultiplications but feature 

characteristic differences. The first method inserts an InGaN hole-injection layer, the accuracy of 

which is challenged by the dominance of ionization in InGaN, leading to possible overestimation 

of the coefficients. The second method utilizes the Franz-Keldysh effect for hole injection but not 

for electrons, where the mixed injection of induced carriers would require a margin of error. The 

third method uses complementary p-n and n-p structures that have been at the basis of this 

estimation in Si and SiC and leans on the assumption of a constant electric field, any deviation 

would require a margin of error. In the second part of our study, we evaluated the models using 

recent experimental data from diodes demonstrating avalanche breakdown.  

Introduction 
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Electron and hole impact ionization coefficients are critical parameters in the design of high field 

applications of semiconductors, such as impact ionization avalanche transit-time (IMPATT) 

diodes, avalanche photodiodes (APDs), and power switches [1]. Impact ionization in gallium 

nitride (GaN) is a topic of obvious interest because the material is a forerunner of that used in 

many high-power applications. Avalanche breakdown in GaN power diodes was first reported in 

2013 on a p-n junction fabricated on free-standing substrates [2]. Since then, there have been 

several other studies on it and showing impact ionization coefficient measurements [3–20]. Other 

avalanche-based devices, such as IMPATT diodes and APDs, have also been reported [21–28].  

Researchers began to measure impact ionization coefficients in GaN in the 1990s. In 1999, 

Kunihiro et al. first reported an electron’s impact ionization in GaN using lateral AlGaN/GaN test 

structures grown on a sapphire substrate [29]. Those authors extracted the electron’s impact 

ionization coefficient using a gate-current analysis of AlGaN/GaN HEMT. In 2006, Tut et al. 

measured impact ionization coefficients in AlxGa1-xN based on an APD structure grown on 

sapphire, adopting a photomultiplication method [30]. In 2012, Ozbek et al. reported impact 

ionization coefficient measurements using an electron beam-induced current technique in a 

Schottky diode grown on both sapphire and free standing GaN substrates [31]. These early studies, 

conducted with the best possible GaN structures, did not confirm the avalanching phenomenon but 

set the stage for future work. No conclusive avalanche, supported by the positive temperature 

coefficient of the breakdown voltage, was reported until 2013, when Avogy Inc. demonstrated 

their 2600 V vertical GaN p-n diodes grown on free-standing GaN substrates [2]. Multiple studies 

since that time have found avalanche breakdown in GaN p-n diodes based on free-standing GaN 

substrates. Following the availability of avalanching diodes, attempts to measure impact ionization 

coefficients have been made and reported [9, 11, 15–17], and are ongoing. The impact ionization 

coefficient sheds light on the performance limits of GaN for power devices [32]. However, a 

critical analysis of these methods is both interesting and important. Because none of these 

measurement methods are direct, it is to be expected that each will have its own sources of error. 

In this paper, we explored and compared these methods. 

One of the methods examined is based on photomultiplication, a standard technique that is used in 

Si, GaAs, and SiC for impact ionization measurements and that has been implemented in GaN as 

well [33–36]. The two key criteria for impact ionization studies conducted using 
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photomultiplication methods in Si and SiC are: 1) the device should exhibit a robust avalanche 

breakdown, and 2) the electrons and holes should be separately injected so that the electron and 

hole impact ionization coefficients can be extracted separately. Thanks to the high-quality epitaxial 

growth on high-quality freestanding substrates, a robust avalanche breakdown in the GaN p-n 

junction is now routinely possible, satisfying the first criterion. However, creating separate 

electron and hole injection is the key challenge in the measurement of the impact ionization 

coefficients.  

The photomultiplication method uses light with a photon energy that is larger than the bandgap of 

a semiconductor to create electron-hole pairs, where only photon-excited electrons are injected to 

the drift region when the anode region is illuminated (p-GaN), and only photon-excited holes are 

injected into the drift region when illuminating on the cathode region (n-GaN). The structure used 

in the photomultiplication method can be either a single p-n diode or complementary p-n diodes, 

as shown in Fig. 1. Fig. 1(a) shows electron and hole injection in the same device structure, where 

part of the substrate must be removed to enable hole injection via back illumination. Fig. 1(b) 

shows the electron and hole injection in complementary device structures, where both electron and 

hole injections are triggered by top illumination. However, neither method is easy to establish. The 

substrate removal technique suffers from various mechanical stress issues, and p-GaN substrates 

are not readily available. This prompted exploration of other techniques that can be used to apply 

the photomultiplication method to GaN. 
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Figure 1. (a) Creating electron and hole injections using a single device structure; (b) creating 

electron and hole injection using separate device structures.  

 

Discussion of different methods 

In 2012, Ozbek et al. reported impact ionization coefficients in bulk GaN using a Schottky diode 

[31], as shown in Fig. 2. An electron beam was used to excite both electrons and holes inside the 

low-doped drift region. With the help of TCAD simulation, Ozbek et al. found that the impact 

ionization coefficients of the electron and hole could be separately extracted by changing the depth 

(tex) of excitation. When tex is less than 50 nm, the impact ionization coefficient of the electron 

could be extracted, while the hole coefficient was required tex to be larger than 300 nm. The 

electron beams excited both electrons and holes inside the drift region, particularly where the 

excitation depth was large, which therefore could not enable the separation of the impact ionization 

coefficients of electrons and holes.  
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Figure 2. The GaN-on-GaN Schottky diode used in the electron beam-induced multiplication 

method [31].  

 

In 2018, Cao et al. reported the impact ionization coefficients in bulk GaN using the 

GaN/In0.07Ga0.93N/GaN heterostructures, as shown in Fig. 3 [11]. A photomultiplication method 

was adopted, where a 310 nm UV light source, whose photon energy is larger than the bandgap of 

GaN, was used to illuminate the GaN/In0.07Ga0.93N/GaN structure. Because the absorption 

coefficient of the 310 nm light in GaN is 1.25×105 cm-1 [37], the light could not penetrate the top 

layer of p-GaN, resulting in electron injection into the reverse-biased p-n junction. For hole 

injection, a 390 nm UV light, with a photon energy that is less than the bandgap of GaN but larger 

than the bandgap of the inserted In0.07Ga0.93N layer, was used to illuminate the device. Most of the 

light penetrated the top layers of the GaN and reached the In0.07Ga0.93N layer, exciting electron-

hole pairs inside the In0.07Ga0.93N layer. Due to the presence of an electric field in the depleted 

region, the holes moved toward the anode region, while the electrons traveled toward the cathode 

region, thereby creating a hole injection in the GaN drift region, as shown in Fig. 3. This method 

separated electron and hole injections, but there are certain limitations of this method that are 

discussed here. First, it could be argued that the presence of a 80 nm In0.07Ga0.93N layer might have 
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affected the material quality of the top GaN p-n junction due to the lattice mismatch between 

In0.07Ga0.93N and GaN. Second, as the 80 nm In0.07Ga0.93N layer was undoped, the electric field 

remained constant in the In0.07Ga0.93N layer and induced impact ionization inside the In0.07Ga0.93N 

layer. Where the 80 nm of In0.07Ga0.93N was not relaxed, the presence of the polar charge induced 

by the piezoelectric effect made the case more difficult by keeping the electric field high in the 

In0.07Ga0.93N layer. This implies that the impact ionization coefficients of In0.07Ga0.93N were more 

likely to be extracted, rather than those of GaN. The distribution of the electric field is shown in 

Fig. 4, where the differences in the peak amplitudes of the electric field inside GaN and 

In0.07Ga0.93N are around 0.1 MV/cm. The bandgap of the In0.07Ga0.93N is 3.24 eV [38], which is 

less than the value for GaN, namely 3.5 eV. According to a previous study [39], the empirical 

expression for the critical electric field based solely on bandgap values can be written as 

𝐸𝐶 = 1.73 × 105(𝐸𝐺)
2.5       (1) 

The critical field in In0.07Ga0.93N, EC,InGaN, is thus around 82% of EC,GaN. Therefore, there is a 

high probability that the impact ionization occurred inside the In0.07Ga0.93N rather than GaN.  

 

 

Figure 3. Schematic of the photomultiplication method adopted by Cao et al. [11]. 

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/5

.00
83

11
1



 

Figure 4. Electric field distribution inside the depleted region when the devices are reverse-biased. 

The polarization field is not included. 

 

In 2019, Maeda et al. reported an impact ionization coefficient measurement using a similar 

photomultiplication method [15, 16]. However, it was assumed that the electron and hole had the 

same impact ionization coefficient ( = ) and the authors did not try to separate the electron- and 

hole-initiated impact ionization. This assumption, although it is often used in Si, is an 

oversimplification in GaN because the unique energy band diagram leads to a significant 

difference in the effective masses of the electron and hole, which in turn leads to a large difference 

in their impact ionization coefficients in GaN that cannot be ignored. Nonetheless, it adds value to 

this discussion and leads to improved methods. 

In 2020, Maeda et al. improved on their former methods by separating the electron- and hole-

initiated impact ionization [17]. Maeda et al. utilized the Franz-Keldysh effect for hole injection, 

as shown in Fig. 5(a). The Franz-Keldysh effect describes how the absorption threshold of a 
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semiconductor can shift to lower photon energies when an external electric field is applied, as 

shown in Fig. 5(b). The intrinsic GaN has a threshold absorption photon energy of around 3.5 eV, 

while the absorption thresholds of photon energy shift to 3.3 eV and 3.2 eV, respectively, when 1 

MV/cm and 2 MV/cm external electric fields are present in GaN. Although the Franz-Keldysh 

effect can create hole injection using light with lower photon energy, more than 80% of the carriers 

are generated inside the depletion region, and only 20% are generated in the first 50 nm region 

close to the p-n junction interface, as shown in Fig. 5(c). This creates a mixed-injection issue for 

impact ionization coefficient measurement, with the possibility of some errors in the result, as 

discussed in a previous study [40].  

 

 

Figure 5. (a) Schematic of the p-n structure used in Franz-Keldysh-induced photomultiplication 

methods; (b) the absorption rate of GaN under a different external electric field of 0 MV/cm, 1 
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MV/cm, and 2 MV/cm; and (c) the generation rate along the depletion region, indicating 20% 

generation in the first 50 nm depletion region close to the interface.  

 

According to the theorization of the Franz-Keldysh effect, the absorption coefficient under an 

electric field (E) is given by: 

𝛼(𝜔, 𝐸) =
𝑒2|𝒆∙𝒑𝒄𝒗|

2

2𝜀0𝑚0
2𝑛𝑐𝜔

(
8𝜇∥𝜇⊥

ℏ3
)
1/2

× √ℏ𝜃[𝐴𝑖′
2(𝜂) − 𝜂𝐴𝑖2(𝜂)],  (2) 

where 𝜇∥ =
𝑚𝑒
∥𝑚ℎ

∥

𝑚𝑒
∥+𝑚ℎ

∥ , 𝜇⊥ =
𝑚𝑒
⊥𝑚ℎ

⊥

𝑚𝑒
⊥+𝑚ℎ

⊥, 𝜂 =
𝐸𝑔−ℎ𝑣

ℏ𝜃
, ℏ𝜃 = (

𝑒2ℏ2𝐸2

2𝜇∥
)
1/3

. 

The accurate prediction of Franz-Keldysh-induced absorption depends on the accuracy of several 

material parameters, including the momentum matrix element |𝒆 ∙ 𝒑𝒄𝒗|, the refractive index n, and 

the reduced effective mass 𝜇∥ and 𝜇⊥. However, no data have been reported for |𝒆 ∙ 𝒑𝒄𝒗| in GaN. 

Furthermore, there is variation in 𝜇∥  and 𝜇⊥  [41–44]. Maeda et al.’s analysis [17] fits the 

absorption rate in GaN under E=0 V/cm reported by Muth et al. [37], and roughly obtains the value 

of |𝒆 ∙ 𝒑𝒄𝒗|. However, due to the nonlinear relationship between the absorption coefficient and the 

electric field, the fitting curve in the zero electric field and low electric field regions predict the 

absorption coefficient in the high electric field region and may have some errors. To validate this 

statement, the Franz-Keldysh-induced photocurrent was determined using the absorption 

coefficient as a function of voltage and is plotted in Fig. 6. When the applied voltage is lower than 

50 V, by varying the reduced effective mass from 0.14 m0 to 0.2 m0, no obvious difference appears 

among the calculated photocurrents, and all of the calculated photocurrents match to the measured 

data. However, when the applied voltage is higher, e.g., 200 V, the variation among the calculated 

photocurrent is four times as large, which leads to an error bar of 4× in the extracted avalanche 

multiplication, whose value can be obtained using the measured photocurrent divided by the 

calculated photocurrent induced by the Franz-Keldysh effect.  
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Figure 6. Franz-Keldysh-induced photocurrent as a function of applied voltage.  

 

In 2019, we reported an impact ionization coefficient study using the structures shown in Fig. 7 

[9]. We used a modified structure that resembles the concept given in Fig. 1(b). Both p-n and n-p 

structures were fabricated and used for coefficient extraction of the impact ionization. The n-p 

structure with buried p-GaN layer is challenging because of the formation of the Mg-H complex 

during the material growth, and it is difficult to activate the acceptors by breaking the complex and 

driving out hydrogen. We employed a method involving doping and activation that rendered the 

highly doped p contact layer conductive and compensated for the high field region. The substantial 

activation of Mg in the buried structure was verified with a combination of SIMS and p-contact 

layer resistivity measurements [9]. This allowed us to adopt the widely used photomultiplication 

method in Si, GaAs, and SiC [33–36]. A light that has a photon energy larger than the energy 

bandgap of a semiconductor was used to illuminate the top layers of the p-n and n-p structures, 

creating electron and hole injections into the drift regions. The multiplication factor can be 

obtained by comparing the photocurrent with impact ionization and the initial photocurrent without 
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impact ionization. In our study, hole-initiated multiplication occurred when the electric field 

reached 2 MV/cm, while the electron-initiated multiplication occurred when the electric field 

reached over 3 MV/cm, indicating that the ratio of the hole’s impact ionization coefficient over 

the electron’s is quite large when the electric field is relatively low (2 MV/cm to 2.5 MV/cm); 

therefore, an electron’s impact ionization can be negligible at a relatively low electric field, which 

can simplify the calculation. A similar strategy can be observed in Niwa et al.’s study of SiC [35] 

and Cao et al.’s study of GaN [12]. In our study, an n-p structure with a 1.2 µm thick, low-doped 

([Si] = ~1 × 1016 cm-3, [Mg] dopants were compensated) drift region was fabricated for the hole’s 

impact ionization coefficient extraction. By solving the Poisson equation when a voltage of 315 V 

was applied, we found that the electric field along the drift region was almost constant, with a 

variation of less than 10%; therefore, a uniform electric field distribution was assumed across the 

drift region during the calculation. The same simplification was also adopted in two previous 

studies [12, 35].  

 

Figure 7. The p-n and n-p structures used for impact ionization coefficient study by Ji et al. [9]. 
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Fig. 8. Projected and experimental breakdown electric field as a function of doping concentration in the 

non-punch through structures. Experimental data are all from non-punch through structures [3-17]. 

 

Discussion of experimental breakdown fields 

After this discussion and comparison of various methods of impact ionization extraction, it would 

be interesting to identify how far various measured critical breakdown electric fields agree with 

the models, observing that every method has its own limitations. One exercise that has proved 

beneficial in other examinations of semiconductor technologies involves collecting various device 

data and overlaying on the projected values obtained using various impact ionization coefficients. 

We performed a similar study in GaN. By solving the impact ionization integration equations (Eqs. 

3 and 4) in the non-punch through structures, we obtained the breakdown electric field as a function 

of the doping concentration [8, 12, 32, 45].  

 

 1 −
1

𝑀𝑝
= ∫ 𝛽𝑒−∫ (𝛽−𝛼)𝑑𝑥′

𝑥
0 𝑑𝑥

𝑊

0
   (3) 

and 

1 −
1

𝑀𝑛
= ∫ 𝛼𝑒−∫ (𝛼−𝛽)𝑑𝑥′

𝑊
𝑥 𝑑𝑥

𝑊

0
,  (4) 

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/5

.00
83

11
1



where α and β are the impact ionization coefficients of the electron and hole, Mp and Mn are 

hole- and electron-initiated avalanche multiplication factors, and 𝑊 =
𝐸𝐶𝜀

𝑞𝑁𝐷
 is the width of the 

depletion region.  

The solid curves in Fig. 8 indicate the projected breakdown electric field using various reported 

impact ionization coefficients [9, 11, 16, 17]. The different symbols indicate the experimental data 

reported by various groups [3–17]. It is critical to note that only data from devices demonstrating 

an avalanche were collected. For different impact ionization coefficients, the projected breakdown 

electric field as a function of doping concentration were plotted and compared to the reported 

experimental data, including our own data.  

The curves shown in the above figure indicate non-punch through drift region design, whose 

electric field distribution is triangular. The peak electric field was assumed to be uniform across 

the area of the p-n junction. It is important to note that due to the unoptimized edge termination 

design, the electric field across the p-n junction may not be uniform, which would decrease the 

breakdown voltage and the extracted average breakdown electric field as well. We therefore would 

argue that an even higher critical electric field is to be expected in GaN when uniform avalanche 

is achieved.  

Typically, when the carriers’ multiplication factor M reaches 100, this indicates that the avalanche 

breakdown occurs in the device [46,47]. M is proportional to the product of the thickness of the 

drift region and the electric field. In power devices, the design of drift region doping and thickness 

are critical for the device breakdown. A special case is that of the device with a punch-through 

drift region design. If the doping concentration is constant, in the punch-through drift region design, 

the drift region is thinner than the non-punch-through case, and the electric field across the device 

is a trapezoid, which differs from the triangular-shaped electric field distribution in the non-punch-

through design. Because the punch-through design has a thinner drift region, it requires a greater 

electric field to trigger the carriers’ multiplication, and this is not included in Fig. 8. 

An element to be taken into account in the calculation of GaN’s impact ionization coefficients and 

critical breakdown of the electric field is the role of the relative dielectric constant, εr. There are 

three relative dielectric constant values that are widely used in the literature, 8.9 [48–55], 9.5 [56], 

and 10.4 [57]. In the aforementioned methods, due to the assumption of a constant electric field, 
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differences in εr do not impact the hole’s impact ionization coefficient [9, 11]. Although the value 

of εr affected the peak electric field calculation in two previous studies with respect to the electron 

impact ionization coefficient [9, 11], the impact was not significant. The electric field in a non-

punch-through p-n structure can be written as 

𝐸𝑝𝑒𝑎𝑘 = √
2𝑉𝑏𝑟𝑞𝑁𝑑

𝜀𝑟𝜀0
.     (5) 

The peak electric field variation, 𝛿𝐸𝑝𝑒𝑎𝑘/𝐸𝑝𝑒𝑎𝑘, caused by different εr values, can be less than 8%, 

so it is not the main reason for the significant difference in the three studies noted above.  

 

Conclusion 

We investigated different experimental methods of estimating the impact ionization coefficients 

that have been recently used in GaN. The three main methods were as follows: Method 1, 

photomultiplication with a InGaN insert hole-injection layer; Method 2, photomultiplication with 

the Franz-Keldysh effect for hole injection; and Method 3, photomultiplication in p-n and n-p 

structures. In Method 1, our analysis suggests that the impact ionization may have occurred inside 

the InGaN layer; therefore, the extracted impact ionization coefficients belong to InGaN, rather 

than GaN, which may produce an underestimation of the critical electric field in GaN. In Method 

2, we suggest that because more than 80% of the carriers are generated inside the material, the 

distributed mixed injection could lead to errors in the extraction of both the electron and hole’s 

impact ionization coefficients. Moreover, the Franz-Keldysh effect has a mathematical 

formulation that depends on multiple parameters. The values of these parameters must be accurate 

or determined in multiple experiments. Any variation in these parameters could lead to additional 

errors. In Method 3, a n-p structure with a 1.2 µm thick low-doped ([Si] = ~1 × 1016 cm-3) drift 

region was fabricated for the hole’s impact ionization coefficient extraction. To simplify the 

calculation, it was assumed that the electron’s impact ionization coefficient is negligible compared 

to the hole when the electric field was less than 2.5 MV/cm, and the electric field across the drift 

region was assumed to be constant. It is worth noting that these mathematical simplifications were 

also used in other studies as well [12, 35]. A comparison of the results in Ref. 12 to those in Ref. 

11, where no simplification was assumed, found no obvious effects on the results. Finally, 
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experimental breakdown fields were plotted from reports on various non-punch-through methods 

showing avalanche against modeled data to offer a view of the evolution of this discussion. As 

more data are gathered, these models can be tried and tested further, and their accuracy will be 

determined over time.  
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Figure captions 

Figure 1. (a) Creating electron and hole injections using a single device structure; (b) creating 

electron and hole injection using separate device structures.  

Figure 2. The GaN-on-GaN Schottky diode used in the electron beam-induced multiplication 

method [31].  

Figure 3. Schematic of the photomultiplication method adopted by Cao et al. [11]. 

Figure 4. Electric field distribution inside the depleted region when the devices are reverse-biased. 

The polarization field is not included. 

Figure 5. (a) Schematic of the p-n structure used in Franz-Keldysh-induced photomultiplication 

methods; (b) the absorption rate of GaN under a different external electric field of 0 MV/cm, 1 

MV/cm, and 2 MV/cm; and (c) the generation rate along the depletion region, indicating 20% 

generation in the first 50 nm depletion region close to the interface.  

Figure 6. Franz-Keldysh-induced photocurrent as a function of applied voltage.  

Figure 7. The p-n and n-p structures used for impact ionization coefficient study by Ji et al. [9]. 

Fig. 8. Projected and experimental breakdown electric field as a function of doping concentration in the 

non-punch through structures. Experimental data are all from non-punch through structures [3-17]. 
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