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Abstract 

 

        This paper presents the numerical evaluation of different multiphotonic absorption mechanisms to be used 

for backside laser testing of single-event effects in GaN-on-Si HEMTs. The optical transmission through the 

complete stack of layers of three commercial references is calculated. Experimental results illustrating the 

possibility to use three-photon absorption for charge injection in the GaN layer are presented. The possible 

contribution of higher-order optical absorption in the buffer layers is discussed. 

  
 

1. Introduction 
 

Gallium Nitride (GaN) is one of the most 

promising Wide Band Gap materials [1] thanks to its 

excellent physical properties. GaN devices are good 

alternatives to Si technologies as they present low 

ON-state resistance (RON) and high breakdown 

voltage [1] with respect to Si devices. GaN 

technologies are compatible with high-voltage 

operation thanks to the wide energy gap and the high 

critical electric field [2] with a reduction of the power 

losses. 

Single event effects (SEEs) are one of the main 

causes of devices failures in space and aeronautic 

power applications. The conventional technique for 

SEE characterization consists in using broad particle 

beams such as heavy ions. Laser testing is a 

complementary technique, which can provide 

interesting additional information on the failure 

mechanisms of the devices. It has been well 

demonstrated on Si technologies including power 

devices [3] but needs to be validated on commercial 

GaN devices. There are a few papers addressing SEE 

on research GaN HEMTs using single-photon 

absorption with UV laser [4] and two-photon 

absorption with visible light [5] through the device 

front-side. For commercial devices, the laser beam is 

not able to pass through the front-side metal layers, 

which prevents the use of the front-side approach. 

Thus, there is a strong interest for developing the 

backside laser testing approach on GaN COTS, which 

consist in focusing the beam through the backside 

layer stack to inject charge in the active layer of the 

device. 

In this paper, we present an analytical modelling 

of the backside laser testing technique performed on 

commercial GaN-on-Si HEMTs. This study allows to 

complete our previous experimental work [6] with 

supplementary modelling. The objective of the 

modelling is to identify the absorption mechanisms 

that allows generating charges in GaN HEMT and 

estimate the fraction of the amount of charge that 

reach the active layers. First, the laser energy required 

to generate charge in a block of GaN at wavelengths 

in the visible and near-infrared domains is estimated. 

 

Fig. 1. Structure of the GaN HEMTs under study. 
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Then, the transmittance of the backside layer stack of 

the HEMT is calculated. Experimental results are 

provided. 

 

2. Test vehicle  
 

The devices of interest for this study are named 

ref A, ref B and ref C. Fig. 1. shows the common 

backside structure of the devices and their respective 

detailed composition is presented in Table 1. The Al 

content of the AlGaN barrier layer is 27%. The Si 

substrate is considered as undoped and its post-

preparation thickness is fixed at 100μm for the three 

devices of interest. 

 

3. Theoretical models 

 

The photon wavelengths simulated are comprised 

in the range 345-1725 nm. The photon–

semiconductor interaction is based on a photoelectric 

mechanism that can be either linear, this is the Single-

photon absorption (SPA) or non-linear: Two-photon 

absorption (2PA), Three-photon absorption (3PA), 

Four-photon absorption (4PA) and Five-photon 

absorption (5PA). 

 

3.1. Multiphoton interband absorption coefficient 

 

Among the input parameters of the model, there 

is the absorption coefficient corresponding to the 

studied mechanism. The absorption coefficient βNPA 

governs the N-photon absorption mechanism. The 

theoretical model below from [7] allows to calculate 

the inter-band multi-photon absorption coefficient for 

direct-gap materials. 

 

𝛽𝑁𝑃𝐴(ћ𝜔) =  𝐶𝑁𝐹𝑁 (
𝑁ћ𝜔

𝐸𝑔
)
ћ𝑁−1𝑃2𝑁−3

𝑛𝑁𝐸𝑔
4𝑁−5

 (1)   

 

where n is the refractive index, 𝐸𝑔 the bandgap energy 

and the Kane parameter defined as 𝑃 =  ћ√𝐸𝑝 2𝑚0⁄  

with 𝐸𝑝 the Kane energy and 𝑚0 the electron mass. 

𝐶𝑁 is a dimensionless factor, as well as 𝐹𝑁 which is a 

function of 
𝑁ћ𝜔

𝐸𝑔
 which will thus give the dependency 

of the absorption coefficient with respect to the 

wavelength. They are defined according to whether N 

is even or odd. 

Other factors not taken into account in the 

equation must be added to obtain an exact amplitude 

of the absorption coefficient [7]. For 2PA mechanism, 

the factors were estimated to 12 and 1/5, which are the 

adjustment factor generally used in the literature. All 

of these additional factors tend to increase the 

amplitude of the absorption coefficient 𝛽𝑁𝑃𝐴. 

 

3.2. Thin layers stack transmittance  

 

Considering a beam that propagates through a 

superposition of layers with complex refractive index 

ñ𝑖 and thickness 𝑑𝑖, the transmittance can be obtained 

with a matrix-based calculation. The approach 

consists of using the characteristic matrix of each 

layer [8] for beam normal incidence: 

 

𝑀𝑖 = [
cos 𝜑𝑖 (i/ñ𝑖)sin𝜑𝑖
iñ𝑖sin 𝜑𝑖 cos 𝜑𝑖

] (2)   

 

where 𝜑𝑖 = 
2𝜋

𝜆
ñ𝑖𝑑𝑖 is the phase shift inside the layer. 

The overall characteristic matrix of the layer 

stack is: 

𝑀 = [
𝑚11 𝑚12

𝑚21 𝑚22
] =  ∏𝑀𝑖

1

𝑖=𝑞

 (3)   

The amplitude of transmission coefficient is 

given by:   

 

𝑡 =  
2η𝑖𝑛𝑐

η𝑖𝑛𝑐𝑚11 + η𝑒𝑥𝑚22 + η𝑖𝑛𝑐η𝑒𝑥𝑚12 +𝑚21

 (4)   

 

Table 1 

Layer stack composition and thickness of the three references 

  

Ref A Ref B Ref C 

Material Thickness Material Thickness Material Thickness 

GaN 0.9 µm GaN 2 µm GaN 1.8 µm 

Al0.06Ga0.94N 

Al0.2Ga0.8N 

Al0.3Ga0.7N 

Al0.5Ga0.5N 

 

0.5 µm 

0.5 µm 

0.4 µm 

0.2 µm 

AlN/GaN superlattice 

 

Al0.06Ga0.94N 

2 µm 

 

0.2 µm 

Al0.25Ga0.75N/GaN superlattice 0.8 µm 

Al0.1Ga0.9N 0.6 µm 

Al0.2Ga0.8N 0.6 µm 

Al0.4Ga0.6N 0.3 µm 

 Al0.7Ga0.3N 0.1 µm 

AlN 0.3 µm AlN 0.2 µm AlN 0.2 µm 

 

 



 

 

where η𝑖𝑛𝑐 and η𝑒𝑥 are pseudo-indices of incident and 

exit mediums. 

The overall transmittance of the stack is given by 

𝑇 = (𝑅𝑒{ñ𝑒𝑥} 𝑅𝑒{ñ𝑖𝑛𝑐})⁄ 𝑡𝑡∗ where * is the complex 

conjugate and 𝑅𝑒{ñ𝑒𝑥,𝑖𝑛𝑐} the real part of the 

refractive index. 

 

4. Modelling methodology and results 

 

To identify the different absorption mechanisms 

(SPA, 2PA, 3PA, etc.) that can be used for laser 

testing and the optical parameters to be used, a 

calculation tool in C based on the above models has 

been implemented. The approach was to divide the 

modelling into several levels. The level 1 estimates 

the order of magnitude of the required laser energies 

in GaN material. The level 2.1 calculates the total 

transmittance of the backside layer stack of GaN 

HEMTs using only layer attenuation due to linear 

absorption and interface reflections. The level 2.2 

takes into account the layers interferences in the 

transmittance calculation if a plane wave is used. The 

level 2.3 takes into account the convergence of the 

Gaussian beam by combining level 2.1 and 2.2. An 

additional level that takes into account the non-linear 

propagation would provide a more accurate 

estimation of the transmittance but it is left for future 

works. 

 

4.1. Level 1: Estimation of the laser energies in GaN 

material 

 

We compare the order of magnitude of the 

required laser energies for charge injection in Si and 

GaN materials. For a given laser energy, the charge 

distribution amplitude in Silicon is calculated for the 

SPA mechanism. Then, the laser energy required to 

obtain the same charge distribution amplitude in GaN 

is calculated using the SPA, 2PA, 3PA, 4PA and 5PA 

absorption mechanisms following this equation: 

𝐸𝐿 =
𝜋3/2𝜔0

2𝜏

2
(
𝑁𝐸𝛾𝑁0𝑆𝑃𝐴
𝛽𝑁𝑃𝐴√𝜋𝜏

)

1 𝑁⁄

 (5)   

where Eγ is the photon energy, 𝑁0𝑆𝑃𝐴 is the reference 

charge distribution amplitude in silicon, ω0 is the 

waist of the Gaussian beam and τ is the pulse duration. 

 

4.1.1. N-photon absorption coefficient 

 

The absorption coefficients β2PA, β3PA, and β4PA 

calculated with Eq. 1 are presented in Fig. 2. The 2PA 

coefficients is consistent with the calculation results 

of Sun et al. [9] and Chen et al. [10] in terms of 

absorption coefficient and wavelength dependency. 

To obtain an agreement in terms of amplitude, the 

correction factors 12 and 1/5 were introduced for the 

2PA as did Sun et al. and Chen et al. For higher order 

absorption coefficients β3PA to β5PA, the correction 

factors remain unknown, thus in our calculations they 

are considered to be equal to 1. 

 

4.1.2. Comparison of required laser energy for Si and 

GaN material 

 

For the SPA and 2PA mechanisms, the laser 

energy is calculated for a pulse duration of 30ps and 

0.32ps respectively. For the 3PA, 4PA and 5PA 

mechanisms, the pulse durations used are 0.32ps and 

0.1ps. The beam waist is fixed to 1µm. 

For Silicon and GaN, the SPA absorption 

coefficients used for the calculation are provided by 

databases in the literature. The absorption 

mechanisms with even N are more efficient because 

the required energy is lower than those with odd N as 

we can see in Fig. 3. The 3PA mechanism seems to be 

 

Fig. 2. N-photon absorption coefficient as a function of 

normalized wavelength in GaN.  
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Fig. 3. Required laser energy at a given wavelength for 

each absorption mechanism. 
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possible for GaN at 1030 nm, which is close to 

wavelengths commonly used for SPA in Si (1064 

nm). The 4PA mechanism at 1380 nm is more 

efficient than 3PA but laser source at this wavelength 

is more difficult to obtain in femtosecond regime.  

 

4.2. Level 2.1: Calculation of the total backside layer 

stack transmittance of GaN HEMTs 

 

For backside testing approach on GaN HEMT, 

the beam passes through the substrate and buffer 

layers. During its propagation through the different 

layers, the beam is attenuated and part of the flux is 

reflected at each interface. 

The transmittance calculation of this stack allows 

to estimate the proportion of the beam intensity at the 

level of the GaN active layer. 

The transmittance calculation takes into account 

only the attenuation due to the linear absorption in 

each layer and the transmittance of the different 

interfaces. It does not take into account attenuation 

due to multi-photon absorption, Kerr effect, etc.  

The calculated transmittance in Fig. 4. is 

dominated by the absorption in the Si substrate and 

the contribution of each interface transmittance. 

 

4.3. Level 2.2: Considering the interferences in the 

transmittance calculation 

 The reflected part of the laser beam on each 

interface can generate interferences. To take into 

account these interferences, the matrix-based model is 

applied. In this part, the convergence of the beam is 

not taken into account yet. The beam inside the layer 

stack is assumed to be a plane wave.  

We can see in Fig. 5. that interferences introduce 

strong oscillations in the transmittance but this result 

is not realistic for our case studies. This model is only 

valid for plane waves; hence, for Gaussian beam it is 

necessary to take into account the convergence of the 

beam to obtain realistic results. 

 

4.4. Level 2.3: Considering the beam convergence in 

the transmittance calculation 

 

To take into account the beam convergence, an 

additional step in the calculation is necessary. The 

composite Rayleigh length related to the beam 

convergence is calculated to know the DUT layers 

where the beam can be considered as plane wave. The 

beam waist is supposed to be at the AlGaN/GaN 

interface. Thus, if the sum of the buffer and the GaN 

active layers thickness is lower than the composite 

Rayleigh length, we can consider the beam as a plane 

wave and then take into account interferences in 

buffer and GaN layers. Moreover, if the substrate 

thickness is higher than the composite Rayleigh 

length, we can consider that no interference occurs in 

the substrate. For the three devices of interest, the 

composite Rayleigh length calculated is about 9 µm, 

which mean the considerations above can be applied. 

The beam width evolution inside the GaN HEMT is 

presented in Fig. 6. We can see the refraction change 

 

Fig. 6. Laser beam width through backside layer stack  

for ref C. 
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Fig. 4. Backside layer stack transmittance as a function 

of wavelength with Level 2.1 modelling for ref A, ref B 

and ref C. 
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Fig. 5. Backside layer stack transmittance as a function 

of wavelength with Level 2.2 modelling for ref C. 
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at the interface between the substrate and the buffer 

layer. The refractive indices of the different layers of 

the buffer and the GaN active layer are close. Thus, 

the change is not significant. 

Fig. 7. shows the intermediate calculations of the 

backside transmittance. The substrate transmittance is 

calculated with Level 2.1 modelling which doesn’t 

take into account interferences. The transmittance of 

the set buffer + GaN active is obtain withLevel 2.2 

modelling which consider interferences.  The total 

backside transmittance is obtained by multiplying the 

transmittance of the substrate and the set buffer + GaN 

active. We can see the attenuation is mainly caused by 

the Si substrate layer.  

The results in Fig. 8. shows that the transmittance 

of the three references are similar and is consistent 

with low impact of the buffer and GaN layers. SPA 

and 2PA mechanisms in GaN are not possible because 

of the attenuation in the Si substrate. The 3PA 

mechanism seems possible at 1030 nm with a 

transmittance of 46% for a Si substrate thickness less 

than or equal to 100μm. The 4PA and 5PA 

mechanisms also seem possible with a transmittance 

of 60%. For the reasons mentioned in section 4.1.2, 

the 3PA approach is preferred. 

 

4.5. Longitudinal profile for Ref A 

 

Table 2 provides the bandgap energy and the 

lower absorption mechanism order possible in each 

layer at 1030 nm for ref A. The equivalent wavelength 

to the bandgap energy Eg corresponds to λg. At 1030 

nm, charge is generated simultaneously in the 

different layers. The NPA mechanism in each layer is 

possible with N∙λg higher than 1030 nm. For ref A, 

charge in GaN active layer is mostly generated via 

3PA while in AlGaN buffer with Al content higher 

than 7% the charge is mostly generated via 4PA. Note 

that in each layer higher orders NPA also contribute 

to the charge generation. 

Fig. 9. shows the estimation of the charge 

distribution amplitude N0 generated by the lower 

possible NPA mechanism in each layer. This 

calculation does not take into account the attenuation 

due to the non-linear absorption in the beam 

propagation. The charge induced in buffer is relatively 

important compared to that injected in GaN active 

layer.  

Table 2 

Layer bandgap and NPA absorption coefficient at 1030 nm for ref A 

 

Material 
Eg 

(eV) 

λg 

(nm) 
N  

N.λg 

(nm) 

Absorption 

coefficient 

GaN 3.42 363 3 1089 10-3 cm3/GW2 

Al0.06Ga0.94N 3.59 345 3 1035 4.1∙10-3 cm3/GW2 

Al0.2Ga0.8N 3.98 312 4 1248 4.5∙10-3  cm5/GW3 

Al0.3Ga0.7N 4.25 291 4 1164 2.5∙10-3  cm5/GW3 

Al0.5Ga0.5N 4.81 258 4 1032 2.2∙10-6  cm5/GW3  

AlN 6.20 200 > 5   

Si 1.12 1108 1 1108 30 cm-1 

 

 

 

Fig. 9. Charge distribution amplitude in each layer for ref A.  
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Fig. 8. Backside layer stack transmittance as a function 

of wavelength with Level 2.3 modelling for ref A, ref B 

and ref C. 
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Fig. 7. Backside layer stack transmittance as a function 

of wavelength with Level 2.3 modelling for ref A. 

 

 

0

0.2

0.4

0.6

0.8

1

700 900 1100 1300 1500 1700

Tr
an

sm
it

ta
n

ce

Wavelength (nm)

T2.1 [Si]
T2.2 [Buffer + GaN]
TTotal [Si+Buffer + GaN]

T2.1[Si]
T2.2[Buffer + GaN]
TTotal[Si + Buffer + GaN]



 

 

These results obtained without considering the 

non-linear effects are a first step in the modelling of 

the laser interaction with GaN HEMT. Taking into 

account the beam depletion due to non-linear 

absorption of the buffer layers, and the Kerr and 

Plasma effects would provide more accurate results. 

 

5. Experimental results 

 

We tested commercial power GaN HEMT with a 

breakdown voltage of 650V. Experiments were 

performed at the laser facility of IES, University of 

Montpellier. The electrical circuit of the test bench 

and the experimental setup is presented in Fig. 10. The 

laser source wavelength is 1030 nm. The laser pulse 

duration is 320 fs at the laser output. The beam is 

focused using a 100X objective lens down to a knife-

edge measured spot size of 1.0 µm. A 100 kΩ drain 

resistance and 1 kΩ gate resistance are used to limit 

the currents and to allow the observation of voltage 

transients. The source and the substrate contacts are 

connected to the ground. 

 Transients with amplitude of few mV and 

duration of few tens of µs have been observed on the 

gate channel as we can see in Fig. 11. Transients were 

also observed on the drain signal but were not 

exploited due to excessive noise from the power 

supplies. This confirm the possibility to inject charge 

in GaN HEMT. However, we demonstrated in [6] that 

the charge associated with the transient is dominated 

by SPA pair generation in the Silicon substrate. The 

contribution of the non-linear absorption in the GaN 

active and buffer layers needs to be further 

investigated. 

Fig. 2. presents a mapping of the transient collected 

charge across the “fingers” of the device for ref C at 

laser energy of 6 nJ, VDS = 600 V and VGS = -0.5 V. 

We can observe that the collected charge depends on 

the laser spot position along the device. The 

maximum signal is observed near the gate contacts 

and the field plates. This strong contrast between the 

different regions shows the possibility to identify the 

most sensitive zones of the device.  

 

6. Conclusion 

 

We have presented an analytical modelling of the 

backside laser testing on GaN HEMTs. The estimated 

laser pulse energy required to generate charge in 

active layers seems reasonable using wavelength 

compatible with 3PA in GaN. Charge injection in the 

buffer and substrate layers has been also modeled. 

The consideration of the non-linear absorption in the 

beam attenuation and the Kerr and Plasma effects may 

be necessary to further improve the modelling of the 

charge generation with femtosecond pulse durations 

in these devices. Experimental results confirm the 

possibility of generating Single Event Transients 

using backside laser testing on commercial GaN 

power HEMTs. 
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