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A B S T R A C T   

Performance and reliability of microelectronic devices are governed by the mechanical strain within the device 
layers. Typically, this is studied with uniformly distributed strain applied externally or internally. The focus of 
this study is on AlGaN/GaN high electron mobility transistors (HEMTs), which is expected to be more sensitive to 
strain due to its piezo-resistive and piezo-electric nature. Accordingly, we hypothesize that even small but 
localized strain may have significant impact on the overall behavior of a HEMT. To investigate this hypothesis, 
we introduce highly localized strain relief by milling a 20 × 30 μm2 micro trench about 70 μm deep on the 
backside of an 800 × 840 μm2 size HEMT die. The resulting local relaxation of in-plane residual strain was 
mapped using micro-Raman technique. Our results show that a decrease of only 0.02% strain can decrease the 
overall output saturation current up to ~20%. The drop of output current is attributed to reduced two- 
dimensional electron gas (2DEG) sheet carrier density and electron mobility due to the strain relief in the de
vice layers. However, the mechanistic process of strain relief also causes defect generation at the interfaces, 
which increases leakage current. Our technique for localized strain re-distribution could be an effective tool to 
surrogate the influence of inherent localized strain build-up across the channel of electronic devices.   

1. Introduction 

Gallium nitride based (AlGaN/GaN) high electron mobility transis
tors (HEMTs) provide unique combination of transport properties in 
terms of high carrier density, mobility, and critical electric field leading 
to simultaneously high voltage, high temperature, and high frequency 
operation [1]. Their attractive properties are attributed to the formation 
of two-dimensional electron gas (2DEG) at the heterostructure interface 
resulting from net spontaneous and piezoelectric polarization in the 
AlGaN and GaN layers [2]. Therefore, polarization induced 2DEG 
transport properties are greatly influenced by the strain that evolves 
during operation of AlGaN/GaN HEMT. Residual strain is originated 
during fabrication processes as a result of mismatch in the lattice con
stants and thermal expansion coefficients between the epitaxial layers 
and the substrate material [3–5]. The strain level is also influenced by 
passivation layer, the Al fraction in the AlGaN barrier layer, and the 

thickness of GaN buffer layer and AlGaN layer [3]. Several studies in 
literature have reported the effect of external strain on the 2DEG 
properties of AlGaN/GaN heterostructure [6–10]. Kang et al. [6] have 
reported the effect of external strain on the sheet resistance of 2DEG 
channel in AlGaN/GaN HEMT using cantilever geometry. Chang et al. 
[8] and Liu et al. [9] have studied external strain effect on AlGaN/GaN 
HEMTs by using three point and four point bending fixtures, respec
tively. Change in threshold voltage induced by strain modification in the 
barrier layer of InAlN/GaN HEMTs has been reported by Choi et al. [11]. 
Azize and Palacios [12] have demonstrated significant change in 2DEG 
transport properties of AlGaN/GaN heterostructure by partially thinning 
the substrate using chemical dry etching. Local substrate removal effects 
on the AlGaN/GaN HEMT performance have been reported in separate 
studies [13,14]. Several studies have also shown that the strain-sensitive 
2DEG in AlGaN/GaN heterostructures can be used as the sensing 
mechanism for micro-scale pressure sensors [15,16]. 
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The motivation for this research comes from the observation that the 
literature has mostly considered uniform distribution of the mechanical 
strain. In microelectronic devices, strain field generated due to the 
materials heterogeneity and device features may be localized. Strain 
could play dominant role for GaN based devices because the material 
shows both piezoresistive and piezoelectric behavior. To study localized 
strain effects, we introduce a micro trench on the backside of an AlGaN/ 
GaN HEMT and study the global transport properties. 

2. Materials & methods 

Commercially available depletion mode GaN HEMT (CGHV1J006D, 
Wolfspeed®) on 4H-SiC substrate with rated power, frequency, and 
breakdown voltage of 6 W, 18GHz, and 40 V, respectively, were used. 
The epitaxial structure of 6 × 200 μm long HEMT is grown on 100 μm of 
4H-SiC substrate with a 1.4 μm of iron-doped GaN buffer layer, ~20 nm 
of Al0.22Ga0.78N barrier layer, ~1 nm of AlN interlayer between the 
buffer and barrier layer, and ~ 50 nm of AlN nucleation layer between 
the buffer and substrate [17,18]. The gate length is 0.25 μm with gate to 
drain and gate to source spacings of ~3 μm and ~ 1.5 μm, respectively. 
The overall die size is ~800 × 840 μm2. In order to locally modify the 
strain in the AlGaN/GaN heterostructure, a 70 μm deep 20 × 30 μm2 

rectangular pattern was cut on the substrate underneath the AlGaN/GaN 
channel using FEI Helios Nanolab 660 dual beam focused ion beam (FIB) 
equipped with gallium (Ga) ion source. The FIB milling was carried out 
at 30 kV of accelerating voltage and 65 mA of current. Electrical char
acterizations were performed on a cascade probe station equipped with 
Keithley 4200 system. The strain in the GaN layer was characterized by 
Micro-Raman spectroscopy using a Horiba LabRAM HR Evolution 
coupled with 100×, NA = 0.9 microscope objective. The high-resolution 
Raman spectra were obtained using 532 nm (Oxxious LCX - Nd:YAG) 
green laser with an incident laser power < 4 mW, a confocal hole/slit set 
to 50 um, an 1800 gr/mm grating and a Si-array back-illuminated deep- 
depleted detector (Horiba - Synapse). Rapid thermal annealing (RTA) 
was also performed on the FIB trench cut device using AllWin AGA 610 
RTA system at 400 ◦C for 40 s in N2 ambient. All measurements were 
performed on at least three devices to preserve the reproducibility and 
consistency of the obtained results. 

3. Results 

Fig. 1a shows the top side of a HEMT with location of a micro trench 
on the back side. Micro-Raman frequency shift of E2 (high) in this region 
is also shown. Fig. 1b shows the strain map in the GaN layer of the device 
for both pristine and micro trench conditions. The biaxial residual stress 
(σxx) and in-plane strain (εxx) in the GaN layer were determined using 
frequency shift of E2 (high) phonon mode compared to the strain-free 
phonon frequency as detailed in [3]. The calculated residual stresses 
in the pristine and micro-trench channels are found to vary from 237.7 
± 9.1 to 271.0 ± 5.9 MPa and 134.6 ± 6.4 to 197.3 ± 16.2 MPa, 
respectively. The stress values can be converted to strain using the 
elasticity equation to obtain residual strain values ranging from 0.05 ±
0.002 to 0.058 ± 0.002% and 0.028 ± 0.001 to 0.041 ± 0.003%, 
respectively. In-plane strain in the AlGaN layer was estimated for both 
pristine and substrate micro-trench devices using mathematical model 
proposed by Zhao et al. [19]. These are found to be 7.12 × 10−3 and 
5.86 × 10−3 for the pristine and substrate micro trenched devices, 
respectively. 

The output characteristics (Ids-Vds) of the pristine and micro- 
trenched GaN HEMTs are shown in Fig. 2a. The drain-source voltage 
was swept from 0 to 5 V with a step size of 0.05 V, while the gate bias 
was varied from 0 to −3 V with increments of −0.5 V. The output current 
shifts downward in case of the substrate micro-trench GaN HEMT 
compared to the pristine device for all gate bias conditions. The satu
ration drain current (Ids) of micro-trench device drops ~5.4% at 0 V gate 
bias. Up to ~20% drop in Ids occurs at −1.5 V gate bias. This observation 
is in agreement with the study by Lalinsky et al. on a HEMT-based 
pressure sensor [14]. The transfer curves (Ids-Vgs) of both devices are 
shown in Fig. 2b with drain-source bias varied from 0 to 3 V. The slope of 
the transfer curves (ΔIds/ΔVGS) of substrate micro-trench device is 
relatively smaller for all drain bias conditions compared to the pristine 
counterpart representing lower transconductance of former device. 
However, the threshold voltage (Vth = −2.9 V) of both devices remains 
almost same, which is very close to the nominal threshold voltage (−3 V) 
of the GaN HEMT under test. The gate-source I-V curves (Igs-Vgs) of both 
devices are shown in Supplementary Fig. S1. The gate leakage current of 
the micro-trench device is found to be slightly higher compared to the 
pristine device. 

Fig. 1. (a) Micro trench location and μ-Raman E2 peak shift map (b) in-plane residual strain distribution across the pristine and micro-trenched channels.  
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The reduction of output current and slight increase of gate leakage 
current of the micro-trenched device could possibly originate from three 
main sources such as defect formation and device degradation, self- 
heating, and change in device strain level [20]. To study the ion irra
diation effect of the FIB, we used the Stopping and Range of Ions in 
Matter (SRIM) software package [21]. In order to imitate the experi
mental condition, 30 keV ion energy was used at 00 incident angle 
during SRIM simulation to find the depth of ion affected zone to be ~70 
nm. This is shown in Supplementary Fig. S2. This length-scale is too 
small compared to the remaining substrate thickness under the micro 
trench (~30 μm), suggesting that the substrate micro trench may not 
influence the device layers. Self-heating effect is not relevant for this 
study, otherwise the drain saturation current difference between two 
devices should have increased with the increase of gate bias. But such 
trait is not observed in the Ids-Vds characteristics, as evident in Fig. 2a. 
Therefore, we suggest that the localized strain relief due to the micro 
trench is the dominant factor in the output and transfer characteristics 
observed in Fig. 2. The localized strain redistribution induced global 
electrical response of the micro-trench device is independent of location 
of the trench along the device channel. However, micro-trench far away 
from the channel does not have any noticeable effect on the electrical 
properties of the device. 

To investigate further, we measured C-V curves of the pristine and 
micro-trenched devices at a frequency of 1 MHz using the source and 

gate contacts for gate bias ranging from −4 V to 0 V with a voltage step 
of 0.05 V (shown in Supplementary Fig. S3). The 2DEG sheet carrier 
density (n2D) can be obtained by integrating the C-V curves as described 
in [22,23]. The calculated n2D of both devices at different gate biases are 
presented in Fig. 3a. The 2DEG sheet carrier density of the micro- 
trenched device is found to be slightly lower compared to the pristine 
device with maximum 2.9% difference at zero bias condition. We also 
estimated the electron drift mobility (μn) of the 2DEG as described in 
[23,24]. The electron mobility at different gate biases is shown in 
Fig. 3b. The mobility of the substrate micro-trench device is found to be 
significantly lower compared to the pristine device at all gate bias 
conditions. The combined effect of lower 2DEG sheet density and 
mobility, i.e., lower value of ns.μn, represents higher on-resistance of the 
substrate micro-trench device, which supports the results presented in 
Fig. 2. 

4. Discussion 

Since identical devices are used in this study, the observed variation 
in sheet carrier density and electron mobility between two devices 
should be related to difference in strain distribution within the devices. 
The micro-trench is cut right underneath the HEMT channel. Such par
tial removal of substrate relaxes the pre-existing residual stress in device 
layers at the vicinity of the micro-trench. This localized stress-relief, in 

Fig. 2. DC characteristics of pristine and substrate micro-trench devices. (a) Output curves (Ids-Vds) with gate bias from 0 to −3 V and (b) transfer curves (Ids-Vgs) 
with drain bias from 0 to 3 V. 

Fig. 3. (a) Sheet carrier density and (b) electron mobility of 2DEG channel of pristine and substrate micro-trench devices at different gate biases.  
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turn, decreases the magnitude of piezoelectric polarization effect - 
leading to reduced 2DEG transport properties. The difference in 2DEG 
electron mobility of two devices can be explained by dominant scat
tering mechanisms. Since the electron mobility increases with the in
crease of sheet carrier density at all gate bias condition, LO phonon 
scattering and interface roughness scattering can be ignored for both 
devices [24]. Furthermore, micro trench formation by the FIB milling 
does not alter the impurity level of the GaN/AlGaN epitaxial layers, 
which implies that the difference in ionized impurity scattering between 
two devices can also be ignored. Therefore, the increase of dislocation 
scattering and/or polarization coulomb field (PCF) scattering phenom
ena may lead to reduced electron mobility of the substrate micro 
trenched device. 

We suggest that the primary effect of localized strain relief is the 
reduction of the carrier density and electron mobility. A secondary effect 
could be the increase in the density of defects, particularly at the active 
layer interfaces. The epitaxial layers of GaN HEMT contain a high den
sity of dislocations originating from substrate lattice mismatch [25,26]. 
The localized strain relief in the epitaxial layers can result increase of 
these defects. This is evident from the increased gate leakage in the 
micro trenched device compared to the pristine. Besides, higher dislo
cations are more likely to induce higher dislocation scattering events 
during operation, which can degrade the device performance reducing 
the 2DEG electron mobility. The micro trench may also cause the device 
to experience higher PCF scattering. The faster increase of 2DEG elec
tron mobility with gate bias of the substrate micro-trench device sig
nifies stronger intensity of PCF scattering compared to the pristine 
device [27]. In other words, higher slope of μs-VG curve of the micro- 
trench device represents stronger PCF scattering. Since defects can be 
annihilated (and thus separated from the strain effects on carrier density 
and mobility) by annealing, we performed rapid thermal annealing 
(RTA) at 400 ◦C for 40 s on the micro trench device. The output char
acteristics (Ids-Vds) and C-V curves of the substrate micro-trench device 
before and after RTA are shown in the Supplementary Fig. S4. From the 
acquired data, we calculated carrier density and electron mobility. 
These are shown in Supplementary Fig. S5. The observed improvement 
in the output current and electron mobility after the RTA indicate that in 
addition to the elastic strain relief effect on the 2DEG, the micro-trench 
also introduces some defects that are annihilated by RTA. 

5. Conclusion 

Effect of mechanical strain on the performance and reliability of 
electronic devices have been studied extensively in the literature, albeit 
for uniform strain fields. Piezo-electric semiconductors, such as GaN, 
may exhibit pronounced effects of strain even if it is localized. To study 
this hypothesis, we performed localized strain modification on AlGaN/ 
GaN HEMTs by milling micro trench and measuring the electrical 
behavior. The local strain variation negatively impacts the DC current 
output and gate leakage as a result of reduced 2DEG sheet carrier density 
and electron mobility due to higher scattering events. The results of this 
work suggest that uneven distribution of strain within the device can 
impact the device performance. The FIB operated substrate patterning 
technique can potentially provide flexibility to modify or tailor the 
strain distribution of the device locally and therefore, control the 
transport properties of AlGaN/GaN HEMTs. 
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