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Abstract 

 Due to the high dissipated power densities in gallium nitride (GaN) high electron 

mobility transistors (HEMTs), temperature measurement techniques with high spatial resolution, 

such as micro-Raman thermography, are critical for ensuring device reliability. However, 

accurately determining the temperature rise in the ON state of a transistor from shifts in the 

Raman peak positions requires careful decoupling of the simultaneous effects of temperature, 

stress, strain, and electric field on the optical phonon frequencies. Although it is well-known that 

the vertical electric field in the GaN epilayers can shift the Raman peak positions through the 

strain and/or stress induced by the inverse piezoelectric (IPE) effect, previous studies have not 

shown quantitative agreement between the strain and/or stress components derived from micro-

Raman measurements and those predicted by electro-mechanical models. We attribute this 

discrepancy to the fact that previous studies have not considered the impact of the electric field 

on the optical phonon frequencies of wurtzite GaN apart from the IPE effect, which results from 

changes in the atomic coordinates within the crystal basis and in the electronic configuration. 

Using density functional theory, we calculated the zone center E2 (high), A1 (LO), and E2 (low) 

modes to shift by -1.39 cm-1/(MV/cm), 2.16 cm-1/(MV/cm), and -0.36 cm-1/(MV/cm) 

respectively, due to an electric field component along the ܿ-axis, which are an order of 
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magnitude larger than the shifts associated with the IPE effect. Then, we measured changes in 

the E2 (high) and A1 (LO) Raman peak positions with ≈1 µm spatial resolution in GaN HEMTs 

biased in the pinched OFF state and showed good agreement between the strain, stress, and 

electric field components derived from the measurements and our 3D electro-mechanical model. 

This study helps to explain the reason the pinched OFF state is a suitable reference for removing 

the contributions of the electric field and the IPE-induced stress from the temperature rise in the 

ON state and suggests that the IPE-induced stress in the GaN buffer is an order of magnitude 

smaller than previously believed. Our analysis and experimental results support previous 

theoretical studies discussing the electric field dependence of optical phonon frequencies apart 

from the IPE effect and suggest this is a general phenomenon occurring in all wurtzite and 

zincblende crystals. The total electric field dependence of the optical phonon frequencies in 

piezoelectric crystals is a critical consideration in accurately characterizing the stress, strain, 

electric field, and temperature distributions in microelectronic devices via micro-Raman 

spectroscopy. 

 

I. Introduction 

 Over the last fifteen years, gallium nitride (GaN) high electron mobility transistors 

(HEMTs) have become a promising compound semiconductor technology for both high voltage 

power conversion and high power wireless communication applications [1]-[2]. However, the 

dissipated power density levels present in GaN HEMTs often lead to elevated channel 

temperatures, which need to be properly characterized and managed to ensure device lifetime 

and reliability. Due to its high spatial and temporal resolution, micro-Raman thermography has 

emerged as one of the most popular techniques for measuring local temperature rise in GaN 
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HEMTs [3]-[7]. Determination of the device temperature from changes in the Raman peak 

positions (associated with the Stokes or phonon emission process) requires properly accounting 

for mechanical stresses induced by the thermoelastic [4]-[6] and inverse piezoelectric (IPE) 

effects [8]-[10]. The most common practice in the literature to achieve this is to measure the 

changes in Raman peak positions of the E2 (high) and/or A1 (LO) modes between the pinched 

OFF state ( ௚ܸ௦ ൌ ௚ܸ െ ௦ܸ ൏ ௧ܸ௛) and the ON state ( ௚ܸ௦ ൐ ௧ܸ௛) at the same drain bias ሺ ௗܸ௦ ൌ ௗܸ െ

௦ܸ > 0), where ௗܸ, ௚ܸ, and ௦ܸ are the voltages of the drain, gate, and source contacts, respectively, 

and ௧ܸ௛ is the gate threshold voltage. A schematic of a typical lateral GaN HEMT layout grown 

on a foreign substrate with an aluminum gallium nitride (AlGaN) barrier and that of the micro-

Raman thermography methodology are shown in Figure 1. 
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FIG. 1. Schematics of (a) a lateral GaN HEMT structure and (b) the drain current-voltage 
ௗܫ) െ ௗܸ௦) output characteristics with the contributions of stress, electric field, and temperature to 
the change in Raman peak positions. The drain and gate biases are referenced with respect to the 

source, i.e., ௗܸ௦ ൌ ௗܸ െ ௦ܸ and ௚ܸ௦ ൌ ௚ܸ െ ௦ܸ. The gate threshold voltage ௧ܸ௛ is the gate bias 
below which there is negligible drain current (≲1 mA/mm). 

  

From the basic operating principles of a GaN HEMT, the application of a positive drain 

bias in the pinched OFF state and in the ON state should induce a negative electric field 

component along the ݖ-axis in the GaN buffer in the gate-drain access region and under the drain 

contact. Because the temperature rise in the pinched OFF state is negligible and the average 

electric field component along the ݖ-axis in the GaN buffer is primarily a function of the drain 

bias, the difference in Raman peak position between the pinched OFF state and the ON state 

should not include the contributions of the IPE-induced stress and the vertical electric field 
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[8],[10]. Thus, the temperature rise and thermoelastic stress can be simultaneously determined 

from changes in the positions of two Raman peaks between these two bias conditions [5]-[6]. 

Despite the success of using the pinched OFF state as the unpowered reference for micro-Raman 

temperature measurements that agree with thermal models and micro-Raman measurements 

based on the Stokes/anti-Stokes ratio (which should not be affected by strain, stress, and electric 

field), there has been considerable difficulty in deriving quantitative values of the IPE-induced 

strain and stress components from micro-Raman measurements that agree with electro-

mechanical models [8]-[10]. Analysis of the Raman peak shifts of the E2 (high) and A1 (LO) 

modes between the zero bias state ( ௗܸ௦ = 0 and ௚ܸ௦ = 0) and the pinched OFF state based on 

potential deformation theory and linear piezoelasticity leads to contradictions in the sign and 

order of magnitude of the strain, stress, and electric field components predicted by simple 

physical arguments and rigorous electro-mechanical modeling [8]-[10]. 

 Several hypotheses, such as uncertainties in the piezoelectric properties or phonon 

deformation potentials of GaN, have been suggested to explain the significant disagreement 

between measured and modeled values of strain, stress, and electric field [8]-[10],[11]. Our 

recent review [10] investigated many of these hypotheses in detail and concluded that none of 

them can satisfactorily resolve this disagreement. In this work, we show that the source of the 

discrepancy is the fact that the electric field also affects the internal structural parameters of 

wurtzite GaN beyond the macroscopic strain induced by the IPE effect. We calculated the 

magnitude of the phonon frequency shift with electric field along the ܿ-axis for the E2 (high), A1 

(LO), and E2 (low) modes at the Γ-point via density functional theory (DFT). To substantiate this 

theory, we measured changes in the Raman peak positions of these modes in GaN HEMTs 

biased in the pinched OFF state and showed good quantitative agreement with the correct sign 
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and order of magnitude between measured and modeled values of strain, stress, and electric field. 

These measurements that quantify the electro-mechanical state of the GaN buffer directly 

support the use of the pinched OFF state as the proper reference for micro-Raman thermometry 

of GaN HEMTs. In a more general sense, our results also indicate that the non-IPE contribution 

to optical phonon frequency shifts of polar semiconductors in an electric field should always be 

present and may be more significant than the IPE strain-related contribution. 

II. Theory 

A. Optical Phonon Frequency Shifts with Strain 

 
 Wurtzite GaN is a hexagonal crystal with ܥ଺௩ (6mm) point group symmetry and a four 

atom basis as shown in Figure 2. The lattice parameters ܽ and ܿ define the size of the primitive 

unit cell and are related to the macroscopic deformation of the crystal, i.e., the strain 

components, through the relations 

߳௫௫ ൌ ߳௬௬ ൌ
ܽ െ ܽ଴
ܽ଴

 (1a) 

߳௭௭ ൌ
ܿ െ ܿ଴
ܿ଴

 (1b) 

 

where ܽ଴ and ܿ଴ are the equilibrium values of the lattice constants. The internal structural ݎ 

parameter is the bond length between the Ga and N atoms along the ܿ-axis and defines the 

internal coordinates of the atoms in the basis together with ܽ and ܿ. In the typical Ga-face grown 

GaN epilayers, the ܿ-axis corresponding to the direction from the Ga atom to the nearest N atom 

above it along the ܿ-direction is the positive ݖ-axis by convention [12]. Thus, the positive ݖ-axis 

of the coordinate system for GaN HEMTs in this work was chosen to point in the direction from 
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the substrate to the barrier. The ݔ- and ݕ-axes were chosen to be the directions along the channel 

from the source to the drain and along the gate, respectively, which correspond to mutually 

orthogonal directions in the ܿ-plane. 

 

 

FIG. 2. (a) Wurtzite GaN unit cell and (b) crystal structure in which larger blue and smaller red 
spheres denote Ga and N atoms, respectively. Crystal structures were drawn with the VESTA 

visualization software [13]. 
 

 Due to the negative electric field component along the ܿ-axis of the GaN buffer, the 

linear IPE effect predicts that the buffer will experience a combination of strain and stress related 

by the constitutive relation 

߳௜௝ ൌ ௜ܵ௝௞ℓߪ௞ℓ ൅ ݀௞௜௝ܧ௞ (2) 
 

where ߳௜௝ is the strain tensor, ௜ܵ௝௞ℓ is the elastic susceptibility tensor, ߪ௞ℓ is the stress tensor, ݀௞௜௝ 

is the piezoelectric modulus tensor, and ܧ௞ is the electric field vector [14]. The strain induced by 

the IPE effect changes the interatomic distances and force constants, resulting in changes in the 

optical phonon frequencies of the crystal. By probing the optical phonon frequencies near the Γ-

point, micro-Raman spectroscopy can be used to experimentally measure this IPE-induced strain 

in GaN HEMTs with ≈1 µm spatial resolution from changes in the Raman peak positions [8]-

[10]. Raman selection rules specify that only the E2 (high), A1 (LO), and E2 (low) modes can be 
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observed in the backscattering ̅ݖሺ∙∙ሻݖ configuration, which is most suitable for the lateral GaN 

HEMT structure [15]. Figure 3 shows a schematic of these modes indicating the relative motion 

of the four atoms in the basis along with a representative Raman spectrum of the GaN buffer on a 

silicon carbide (SiC) substrate. 

 

 

FIG. 3. (a) Relative motion of the atoms for the E2 (high), A1 (LO), and E2 (low) optical modes 
of wurtzite GaN and (b) representative Raman spectrum showing the E2 (high) and A1 (LO) 

peaks along with spontaneous emission lines of neon (Ne) used to calibrate the spectrum [16]. 
 

 

Linear potential deformation theory [17], which combines group theory and first-order 

perturbation theory, predicts how the frequencies of the optical phonon modes shift with 

macroscopic strain by expanding the perturbation to the crystal potential in terms of the strain 
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components. Due to the symmetry properties of the strain tensor and those of the E2 and A1 

optical modes in the point group ܥ଺௩, the first-order changes in frequency of these modes are 

related to specific strain components by the relations 

∆߱ாమ
ሺ௜ሻ ൌ ܽாమ൫߳௫௫ ൅ ߳௬௬൯ ൅ ܾாమ߳௭௭ േ ܿாమට൫߳௫௫ െ ߳௬௬൯

ଶ
൅ 4߳௫௬ଶ  (3a) 

∆ ஺߱భ
ሺ௜ሻ ൌ ܽ஺భ൫߳௫௫ ൅ ߳௬௬൯ ൅ ஺ܾభ߳௭௭ (3b) 

 

where ܽ௡, ܾ௡, and ܿ௡ are strain the phonon deformation potentials (PDPs) of each mode (not to 

be confused with the lattice parameters ܽ and ܿ). By substituting the constitutive relation in 

Equation (2) into Equation (3a), the frequency shift of the E2 (high) mode can be equivalently 

written in terms of the stress and electric field components as 

∆߱ாమ
ሺ௜ሻ ൌ ൣܽாమሺ ଵܵଵ ൅ ଵܵଶሻ ൅ ܾாమ ଵܵଷ൧൫ߪ௫௫ ൅ ௬௬൯ߪ ൅ ൣ2ܽாమ ଵܵଷ ൅ ܾாమܵଷଷ൧ߪ௭௭

േ ܿாమ| ଵܵଵ െ ଵܵଶ|ට൫ߪ௫௫ െ ௬௬൯ߪ
ଶ
൅ ௫௬ଶߪ4 ൅ ൣ2ܽாమ݀ଷଵ ൅ ܾாమ݀ଷଷ൧ܧ௭ 

(4) 

 

The corresponding shift in the A1 (LO) frequency in terms of the stress and electric field 

components is identical to Equation (4) except for the omission of the third term.  

Consideration of the mechanical boundary conditions imposed on the GaN buffer allows 

one to further simplify Equation (4) in the pinched OFF state in GaN HEMTs. Mechanical 

clamping on the bottom surface of the buffer by the substrate and free expansion of the top 

surface of the buffer results in negligible stress along the ܿ-axis compared to that in the ܿ-plane 

|௭௭ߪ|) ≪ |௫௫|), negligible strain in the ܿ-plane compared to that along the ܿ-axis (|߳௫௫ߪ| ≪ |߳௭௭|), 

and approximate symmetry in the ܿ-plane (߳௫௫ ൎ ߳௬௬ and ߪ௫௫ ൎ  ௬௬) [10]. From the sign of theߪ

electric field component along the ܿ-axis (ܧ௭ < 0), one finds that the strain along the ܿ-plane is 
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expected to be negative (߳௭௭ < 0) and the stress in the ܿ-plane is expected to be negative or 

compressive (ߪ௫௫ < 0). Despite knowing values of the elastic and piezoelectric constants and 

strain PDPs of wurtzite GaN with reasonable certainty, there have been serious discrepancies in 

the sign and order of magnitude of the strain, stress, and electric field components derived from 

measured shifts of the E2 (high) and A1 (LO) Raman peaks and those predicted by electro-

mechanical modeling of GaN HEMTs [8]-[10]. We attribute this discrepancy to the fact that 

Equations (3a) to (4) are missing an important contribution of the electric field to the frequency 

shifts apart from the IPE effect. 

B. Optical Phonon Frequency Shifts with Electric Field 

 
As described by Wang and Vanderbilt [18], an electric field can shift the phonon 

frequencies of an electrical insulator by three mechanisms: (i) a change in the lattice constants, 

which is described by the macroscopic strain induced by the IPE effect, (ii) a change in the 

atomic coordinates within the crystal basis, and (iii) a change in the electron configuration, 

which influences the phonon frequencies through electron-phonon coupling. Based on these 

insights and the principle that two independent, intensive properties (strain, stress, electric field, 

or polarization) are required to specify the thermodynamic state of a piezoelectric crystal [14], 

the perturbation to the crystal potential in the presence of an electric field must contain two 

independent terms involving the strain and electric field 

ܸ ൌ෍ ௜ܸ௝
ሺ௜ሻ߳௜௝

௜௝

൅෍ ௞ܸ
ሺ௜௜ା௜௜௜ሻܧ௞

௞

 (5) 

 

The form of Equation (5) is particularly useful because it simply adds a correction term to the 

standard formalism of potential deformation theory based on strain alone given by Equations 
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(3a) to (4) and corresponds to the effects described by Wang and Vanderbilt [18]. In the 

Appendix, we show that the second term in Equation (5) results in an additional term that needs 

to be added to Equations (3a), (3b), and (4) to account for the phonon frequency shifts with the 

vertical electric field component ܧ௭. This is also consistent with the analysis by Ganesan et al. 

[19], who proposed that the optical phonon frequencies in crystals without inversion symmetry 

should change linearly with the electric field apart from IPE-induced strain. Although non-zero 

lateral electric field components ܧ௫ and ܧ௬ are present in the GaN buffer in the pinched OFF 

state, their effect on the E2 (high) and A1 (LO) mode frequencies is a second-order one whose 

magnitude is much smaller than the first-order contribution of ܧ௭. Assuming free expansion of 

the GaN buffer along the ܿ-axis (ߪ௭௭ ൌ 0), symmetric stress in the ܿ-plane (ߪ௫௫ ൌ  ,(௬௬ߪ

negligible shear stress in the ܿ-plane (ߪ௫௬ ൌ 0), the total frequency shift of the E2 (high) and A1 

(LO) modes is given by 

Δ߱௡ ൌ Δ߱௡
ሺ௜ሻ ൅ Δ߱௡

ሺ௜௜ା௜௜௜ሻ

ൌ ௫௫ߪ௡ூூܭ ൅ ቂܤ௡
ሺ௜ሻ ൅ ௡ܤ

ሺ௜௜ା௜௜௜ሻቃܧ௭ 

ൌ ௫௫ߪ௡ூூܭ ൅  ௭ܧ௡ܤ

(6) 

 

where ܭ௡ூூ ൌ 2ܽ௡ሺ ଵܵଵ ൅ ଵܵଶሻ ൅ 2ܾ௡ ଵܵଷ is the biaxial stress coefficient, ܤ௡
ሺ௜ሻ ൌ 2ܽ௡݀ଵଷ ൅ ܾ௡݀ଷଷ 

the electric field coefficient due to the IPE effect, ܤ௡
ሺ௜௜ା௜௜௜ሻ is the electric field coefficient apart 

from the IPE effect, and ܤ௡ is the total electric field coefficient. 

 The existence and importance of the ܤ௡
ሺ௜௜ା௜௜௜ሻ coefficient can also be derived by 

considering the changes in the lattice parameters ܽ and ܿ and the internal structural ݎ parameter 

(or ݑ ൌ ሬԦܧ in the presence of an electric field (ܿ/ݎ ൌ  along the ܿ-axis. If the symmetry of the ݖ௭̂ܧ

wurtzite structure is preserved under the perturbation of the strain tensor ߳௜௝ and the electric field 
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 If there are no constraints on the .ݑ ௞, the crystal structure is still fully defined by ܽ, ܿ, andܧ

expansion of the crystal (zero stress), the normal strain components are given by ߳௫௫ ൌ ߳௬௬ ൌ

݀ଷଵܧ௭ and ߳௭௭ ൌ ݀ଷଷܧ௭, which signify changes in the lattice parameters ܽ and ܿ with the electric 

field. As the lattice parameters change, the internal structural ݑ parameter does not remain 

constant. Rather, the ݑ parameter must also change by 

Δݑሺ௜ሻ ൌ ሺ௜ሻݑ െ ଴ݑ ൌ
ሺ௜ሻݑ߲

߲ܽ
∆ܽ ൅

ሺ௜ሻݑ߲

߲ܿ
∆ܿ 

ൌ ቈ
ሺ௜ሻݑ߲

߲ܽ
ܽ଴݀ଷଵ ൅

ሺ௜ሻݑ߲

߲ܿ
ܿ଴݀ଷଷ቉ ௭ܧ ൌ

ሺ௜ሻݑ߲

௭ܧ߲
 ௭ܧ

(7) 

 

to minimize the total energy of the crystal, where 
డ௨ሺ೔ሻ

డ௔
 and 

డ௨ሺ೔ሻ

డ௖
 are the rates of change of ݑ with 

the lattice parameters ܽ and ܿ, respectively. This description of the response of the crystal to an 

electric field ܧ௭ is consistent with Equations (3a) and (3b) and the effect of type (i) discussed by 

Wang and Vanderbilt [18]. If the crystal were rigidly clamped so that the lattice parameters ܽ 

and ܿ did not change in the presence of a vertical electric field ܧ௭, Equations (2) to (4) and (7) 

suggest that the macroscopic strain components ߳௫௫, ߳௬௬, and ߳௭௭, the internal strain component 

Δݑሺ௜ሻ/ݑ଴, and the phonon frequency shifts would be zero 

 However, it is important not to neglect the possibility of the internal structural ݑ 

parameter changing in the presence of a vertical electric field ܧ௭ while the lattice parameters ܽ 

and ܿ remain constant (zero macroscopic strain). Owing to the fact that the Ga-N bond in 

wurtzite GaN is strongly polar, the Ga and N ions assume positive and negative ionic charges, 

respectively, that result in an electric dipole along the Ga-N bond. In the presence of a vertical 

electric field, one would expect the bond length ݎ and internal structural ݑ parameter to lengthen 

or shorten depending on the direction of the field relative to that of the dipole. This type (ii) 
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effect related to the change in internal atomic coordinates within the basis and the type (iii) effect 

associated with electron-phonon coupling can be captured to first-order in the electric field by 

the Born effective charge tensor ܼ௜௝
ఈ , which describes the force ܨ௜

ఈ ൌ ܼ௜௝
ఈܧ௝ on atom ߙ in the ݅th 

direction due to an electric field component in the ݆th direction. This extra force displaces each 

atom ߚ by an amount Δ ௝ܴ
ఉ in the direction ݆ from its ܧሬԦ ൌ 0 equilibrium position as determined 

by the system of equations 

ܼ௜௝
ఈܧ௝ െ෍ܥ௜௝

ఈఉ

ఉ

Δ ௝ܴ
ఉ ൌ 0 (8) 

 

where ܥ௜௝
ఈఉ are the interatomic force constants (IFCs) describing the force on atom ߙ in the ݅th 

direction when atom ߚ is displaced in the ݆th direction. Because the perturbation ܧ௭ transforms 

as the fully symmetric representation A1 in the point group ܥ଺௩, symmetry analysis indicates that 

the resulting atomic displacements Δ ௝ܴ
ఉ should also transform as A1. Since this deformation is 

not associated with macroscopic strain (corresponding to the A1 acoustic phonon mode), the 

relative change in positions of the atoms is identical to that of the A1 optical phonon modes, in 

which the ݑ parameter changes by the Ga and N atoms being displaced in opposite directions. 

 To connect this microscopic picture to the phonon frequency shifts predicted by the more 

general potential deformation theory developed in Equations (5) and (6), the phonon frequency 

shift of mode ݊ can be written as a series expansion in the lattice parameters ܽ and ܿ and the 

internal structural ݑ parameter as 
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Δ߱௡ ൌ
߲߱௡
߲ܽ

ฬ
௨,௖
Δܽ ൅

߲߱௡
߲ܿ

ฬ
௨,௔

Δܿ ൅
߲߱௡
ሺ௜ሻݑ߲

ሺ௜ሻݑ߂ ൅
߲߱௡

ሺ௜௜ା௜௜௜ሻݑ߲
ฬ
௔,௖
Δݑሺ௜௜ା௜௜௜ሻ	

ൌ 2ܽ௡߳௫௫ ൅ ܾ௡߳௭௭ ൅
߲߱௡

ሺ௜௜ା௜௜௜ሻݑ߲
ฬ
௔,௖
	ሺ௜௜ା௜௜௜ሻݑ߂

ൌ 2ܽ௡߳௫௫ ൅ ܾ௡߳௭௭ ൅ ௡ܤ
ሺ௜௜ା௜௜௜ሻܧ௭ 

(9) 

 

where we have explicitly separated the change in ߱௡ associated with changes in the ݑ parameter 

due to the effects of type (i), (ii), and (iii). Equation (9) is identical to Equations (3a) and (3b) 

augmented by the term ܤ௡
ሺ௜௜ା௜௜௜ሻܧ௭ under the simplification of symmetric normal strain in the ܿ-

plane. In summary, this analysis shows that the internal structural ݑ parameter can change 

independently of the macroscopic strain and that the total phonon frequency shift with stress and 

electric field should include a term that is independent of the IPE effect. To the best of our 

knowledge, numerical values of the electric field coefficient ܤ௡
ሺ௜௜ା௜௜௜ሻ have never been reported 

for the optical phonon modes of wurtzite GaN. Including terms associated with effects of type 

(ii) and (iii) in Equations (6) and (9), such as Δ߱௡
ሺ௜௜ା௜௜௜ሻ ൌ ௡ܤ

ሺ௜௜ା௜௜௜ሻܧ௭, is actually required to 

determine the effect of an electric field on the phonon frequencies of any piezoelectric crystal, 

which we describe in more detail in the Appendix. Depending upon the point group of the 

crystal, terms associated with the other electric field components ܧ௫ and ܧ௬ may also be present. 

III. First Principles Calculations 

To predict the magnitude of the electric field coefficient ܤ௡
ሺ௜௜ା௜௜௜ሻ, we first calculated the 

Born effective charges, IFCs, and zone center phonon frequencies for the four atom wurtzite 

GaN unit cell at zero electric field via DFT with the HSE hybrid functional [20] and PAW 

pseudopotentials [21] implemented in the VASP [22]. For the Ga PAW potential, the semi-core d 

electrons were frozen in the core; tests with Ga d electrons treated in the valence indicated that 
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our conclusions were unaffected. The HSE mixing parameter was set to 0.31 = ߙ to provide 

accurate structural parameters, and the screening parameter was set to its default value of ߱ = 

0.2. A plane wave energy cutoff of 600 eV and a Γ-centered Monkhorst-Pack [23] k-point mesh 

of 6 ൈ 6 ൈ 4 were used. Convergence tests with higher cutoffs (up to 800 eV) and more ݇ points 

(up to 8 ൈ 8 ൈ 6) indicated that the phonon frequencies had converged to within ≈3 cm-1. Non-

analytic corrections for the frequencies at Γ were applied with the PHONOPY package [24]. The 

changes in equilibrium positions of the atoms at a non-zero electric field along the ܿ-axis were 

computed with Equation (8) and the zero field Born effective charges and IFCs, which amounts 

to a first order treatment of the ionic and electronic response to the electric field [18],[25]. The 

zone center phonon frequencies were then re-calculated at the new equilibrium atomic positions, 

resulting in phonon frequencies that varied linearly with the applied electric field. The HSE 

functional was found to give accurate phonon frequencies at zero electric field though 

calculations with semilocal functionals gave trends of frequency versus ܧ௭ to within 15% of the 

HSE functional. We have also confirmed that the use of the Born effective charges and IFCs 

calculated at ܧ௭ ൌ 0 accurately models the true electric field displacements for ܧ௭ ് 0 with 

calculations using the finite electric field implementation in the ABINIT code [26]. 

From our DFT calculations, we found that the internal structural ݑ parameter changes 

with the lattice parameters by 
డ௨ሺ೔ሻ

డ௔
 = 0.0565 Å-1 and 

డ௨ሺ೔ሻ

డ௖
 = -0.035 Å-1 when a macroscopic strain 

is imposed on the crystal. Using equilibrium values of the lattice constants ܽ଴ = 3.1878 Å and ܿ଴ 

= 5.185 Å [27] and piezoelectric moduli ݀ଷଵ = -1.37 ൈ 10-4 cm/MV and ݀ଷଷ = 2.83 ൈ 10-4 

cm/MV [28] in Equation (7), the corresponding rate of change of ݑ with the field ܧ௭ associated 

with the IPE-induced strain is  
డ௨ሺ೔ሻ

డா೥
 = -7.6 ൈ 10-5 cm/MV. The rate of change of the ݑ parameter 
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with the vertical electric field at fixed values of ܽ and ܿ, however, is an order of magnitude 

larger with a value of  
డ௨ሺ೔೔శ೔೔೔ሻ

డா೥
 = -4.8 ൈ 10-4 cm/MV. This strong dependence of the ݑ parameter 

on the vertical electric field ܧ௭ at zero macroscopic strain shortens and stiffens the Ga-N bond 

along the ܿ-axis and significantly increases the frequency of the A1 (LO) mode. In contrast, the 

Ga-N bond length in the ܿ-plane increases, resulting in a decrease in frequency of both the E2 

(low) and E2 (high) modes. Figure 4 shows the shift in phonon frequencies with electric field 

along the ܿ-axis with schematics of the atomic displacements in the inset. 

 

 

FIG. 4. Phonon frequency shifts of the E2 (high), A1 (LO), and E2 (low) modes of wurtzite GaN 
with electric field along the ܿ-axis. Inset schematic shows the change in atomic positions within 

the unit cell due to the vertical electric field. 
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The resulting electric field coefficients ܤ௡
ሺ௜௜ା௜௜௜ሻ are significantly higher than the 

coefficients ܤ௡
ሺ௜ሻ associated with the IPE effect alone, especially for the E2 (high) and A1 (LO) 

modes. In Table I, we provide values of the biaxial stress and electric field coefficients for the E2 

(high), A1 (LO), and E2 (low) modes taken or derived from references in the literature and our 

calculations in this work. For the E2 (high) and A1 (LO) modes, we used the biaxial stress 

coefficients measured by Choi et al. [27] from the residual stress in GaN epilayers adjusted with 

recently reported values of the elastic constants [28]. For the E2 (low) mode, we used the biaxial 

stress coefficient calculated from the hydrostatic and uniaxial stress coefficients reported by 

different groups [29]-[30]. To determine the IPE-related electric field coefficient, we used the 

strain PDPs (ܽாమு = -923 cm-1, ܾாమு = -856 cm-1, ܽ஺భ௅ை = -753 cm-1, ஺ܾభ௅ை = -1117 cm-1, ܽாమ௅ = 

197 cm-1, and ܾாమ௅ = -208 cm-1) from different references [27],[29]-[30] and the elastic constants 

and piezoelectric moduli ݀ଷଵ = -1.37 pm/V and ݀ଷଷ = 2.83 pm/V measured on bulk 

ammonothermal GaN crystals [28]. 

 

TABLE I. Biaxial stress and vertical electric field coefficients of the zone center optical phonon 
frequencies for the E2 (high), A1 (LO), and E2 (low) modes of wurtzite GaN. 
 

Mode ܭூூ (cm-1/GPa) ܤሺ௜ሻ cm-1/(MV/cm) ܤሺ௜௜ା௜௜௜ሻ cm-1/(MV/cm) 

E2 (high) -3.14a 0.01c -1.39 

A1 (LO) -2.11a -0.11c 2.16 

E2 (low) 1.09b -0.11c -0.36 

 
a. Ref. [27] adjusted with the elastic constants from Ref. [28]. 
b. Refs. [29]-[30].  
c. Calculated from Refs. [27]-[30]. 
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III. Experimental Technique 

 To demonstrate this effect experimentally in GaN HEMTs, we measured changes in the 

E2 (high), A1 (LO) and E2 (low) Raman peak positions of commercially available GaN on SiC 

HEMTs (CGHV1J006D, Cree) designed for RF power amplifier applications. These 6 ൈ 200 µm 

HEMTs consisted of a 22 nm Al0.22Ga0.78N barrier, 1.4 µm insulating GaN buffer, and 100 µm 

SiC substrate with a gate length of ܮ௚ = 0.25 µm and gate-drain spacing of ܮ௚ௗ = 3.7 µm [31]. 

Raman spectra of the GaN buffer were acquired in the backscattering configuration with a free 

space micro-Raman spectroscopy system consisting of a 632.904 nm frequency stabilized diode 

laser (SLM-FS, REO), optical microscope (BX41, Olympus), long pass edge filter (LP02-

633RU-25, Semrock), and 750 mm focal length spectrograph (Acton Spectra-Pro SP-2750, 

Princeton Instruments) equipped with a 1800 lines/mm grating and CCD camera (PIXIS 400 BR, 

Princeton Instruments). A 100ൈ microscope objective with a numerical aperture of 0.8 

(LMPlanFL N, Olympus) was used to focus the laser excitation and collect the Raman scattered 

light, resulting in a laser spot of size of ≈1.0 µm and depth of field of ≈4 µm [32]. Each Raman 

spectrum was individually calibrated with spontaneous emission lines from a neon calibration 

lamp (6032, Newport) to provide high precision and repeatability [16]. The temperature of the 

device was maintained at 20.0 ± 0.1 °C by a thermoelectric cooling module to eliminate the 

possible effect of temperature changes on the Raman peak positions. 

 Under the simplifying approximations of symmetric stress and strain in the ܿ-plane, 

negligible shear stress in the ܿ-plane, and negligible stress along the ܿ-axis, the frequency shifts 

of the E2 (high), A1 (LO), and E2 (low) modes are described by Equation (6). Since Equation (6) 

contains two unknowns (ߪ௫௫ and ܧ௭), the frequency shifts of two modes are sufficient to self-

consistently measure both the in-plane stress and vertical electric field. Due to the low intensity 
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of the E2 (low) mode, most of the reports of micro-Raman thermography in the literature have 

used the E2 (high) and A1 (LO) modes to measure temperature rise and thermoelastic stress [4]-

[6]. In this study, we also utilized the E2 (high) and A1 (LO) modes, which can be measured 

simultaneously without moving the grating position of the spectrograph, to determine the in-

plane stress and vertical electric field according to Equation (6). Raman spectra were acquired at 

different drain bias points ( ௗܸ௦ ൒ 0 V) in the pinched OFF state ( ௚ܸ௦ = -5 V), and the changes in 

frequency of the phonon modes were determined by fitting a Voigt lineshape [33] to each peak 

and calculating the change in peak position (centroid of the Voigt lineshape) relative to the ௗܸ௦ = 

0, ௚ܸ௦ = -5 V peak position. Because the gate bias was below the threshold voltage of ௧ܸ௛ = -2.8 

V measured for this device, the drain and gate leakage currents were both below 10 µA/mm, 

resulting in negligible temperature rise due to self-heating. We also measured the change in E2 

(low) mode peak position with increasing drain bias in a separate series of measurements 

because the E2 (low) mode could not be observed at the same time as the E2 (high) and A1 (LO) 

modes without moving the grating position of the spectrograph. Changes in the E2 (high), A1 

(LO), and E2 (low) peak positions with increasing drain bias in the pinched OFF state are shown 

in Figure 5 up to ௗܸ௦ = 50 V at a gate bias of ௚ܸ௦ = -5 V measured in the gate-drain access region 

adjacent to the drain contact of one of the center fingers. For the E2 (high) mode, Raman spectra 

were recorded in the parallel ̅ݖሺݕݕሻݖ and cross-polarized ̅ݖሺݕݔሻݖ to investigate the possibility of 

asymmetric strain and stress in the ܿ-plane [17],[34]. The error bars in the change in Raman peak 

positions in Figure 5 represent the standard deviation of multiple spectra acquired at each drain 

bias point. For reference, the E2 (high), A1 (LO), and E2 (low) frequencies at ௗܸ௦ = 0 V, ௚ܸ௦ = -5 

V were measured to be 568.36 ± 0.01 cm-1, 734.14 ± 0.01 cm-1, and 143.74 ± 0.01 cm-1, 

respectively. 
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FIG. 5. (a) Change in E2 (high) and E2 (low) and (b) A1 (LO) Raman peak positions with 
increasing drain bias in pinched OFF state adjacent to the drain contact in the gate-drain access 

region. Inset shows the device under test and measurement location. Error bars represent the 
standard deviation of multiple measurements taken at each drain bias. 

 
As shown in Figure 5 and previously reported in the literature [3],[7]-[8], the E2 (high) 

and A1 (LO) peak positions shifted positively and negatively, respectively, when a positive drain 
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bias was applied in the pinched OFF state. The magnitude of the A1 (LO) peak shift was slightly 

higher than that of the E2 (high) peak, which has also been reported in previous studies. Within 

the error bars, we did not observe a difference in the change in Raman peak position of the E2 

(high) mode between measurements in the parallel and cross-polarized configurations, 

suggesting the asymmetry of the strain ߳௫௫ െ ߳௬௬ and stress ߪ௫௫ െ  ௬௬ in the ܿ-plane does notߪ

exist or is too small to be measured [9]. We found that the E2 (low) peak position also shifts 

positively by one order of magnitude less than the E2 (high) mode (0.043 cm-1 vs. 0.39 cm-1 at 

ௗܸ௦ = 50 V). Due to the frequency stabilized laser excitation, careful calibration of each Raman 

spectrum, and temperature stabilization of the sample, our measurements were repeatable to 

within the error bars. 

IV. Electro-mechanical Modeling and Results 

A. Electro-mechanical Device Model 

 In order to compare the values of strain, stress, and electric field related to the measured 

changes in Raman peak positions in Figure 5 and those expected in the GaN buffer for the device 

we tested, we developed a 3D uncoupled electro-mechanical model in the Silvaco 

ATLAS/BLAZE device simulation and COMSOL Multiphysics finite element software 

packages. First, we calculated the 2D electric potential with a semiconductor device model in 

Silvaco ATLAS/BLAZE; then, we determined the 3D electric field, stress, and strain 

distributions in the buffer in COMSOL Multiphysics from the electric potential from the 

previous step. More details of this electro-mechanical modeling framework can be found in our 

recent review [10]. In the Silvaco ATLAS/BLAZE model, we set the concentration of deep 

acceptor-type traps in the GaN buffer equal to a uniform value of 1017 cm-3 to account for the 
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depletion region created in the gate-drain access region and under the drain contact when the 

drain is positively biased [8]-[9]. The sheet charge at the AlGaN/GaN interface was set to a value 

of 9 ൈ 1012 cm-2 to reproduce the threshold voltage of -2.8 V measured for this device at ௗܸ௦ = 

0.1 V. Careful attention was taken to model the geometry of the gate-connected and source-

connected field plates from cross-sectional scanning electron microscopy images. The electric 

potential distribution in the device from the Silvaco ATLAS/BLAZE model is shown in Figure 6 

for drain biases of ௗܸ௦ = 0 V and 50 V at a gate bias of ௚ܸ௦ = -5 V. The difference between these 

two electric potential distributions is also plotted in Figure 6 because this difference corresponds 

to the measurement of Δ߱ ൌ ߱ሺ ௗܸ௦ ൒ 0ሻ െ ߱ሺ ௗܸ௦ ൌ 0ሻ used to experimentally determine the 

electric field, stress, and strain components. 
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FIG. 6. Simulated electric potential distribution in the GaN-on-SiC HEMT in the pinched OFF 
state at (a) ௗܸ௦ = 0 V and ௚ܸ௦ = -5 V and (b)  ௗܸ௦ = 50 V and ௚ܸ௦ = -5 V from the Silvaco 

ATLAS/BLAZE model. The difference between the potential distributions in (b) and (a) is 
plotted in (c) and is used as the input to the electro-mechanical model in COMSOL for 

comparison to the experimental results. The dashed region indicates the 1 µm diameter region 
where Raman spectra were measured in the experiments. “SiN” and “SFP” refer to the silicon 

nitride passivation layer and source connected field plate, respectively. 
 

 As seen in Figure 6, the application of a positive drain bias in the pinched OFF state 

results in a decreasing electric potential from the AlGaN barrier to the SiC substrate, which 

describes a negative electric field component ܧ௭ along the ܿ-axis. The electric potential 

difference across the GaN buffer in Figure 6(c) is equal to the drain bias of 50 V so that the 
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average vertical electric field is equal to ܧത௭ ൌ െ ௗܸ௦/ܮ௕௨௙௙௘௥, where ܮ௕௨௙௙௘௥ is the thickness of 

the GaN buffer. There is also a lateral electric field component ܧ௫ along the channel but this field 

component is minimal next to the drain contact and only induces shear strain/stress in the ݖݔ 

plane, which should not affect the E2 (high), A1 (LO), and E2 (low) frequencies to first-order 

[17]. The electric potential distribution in the GaN buffer (1.4 µm thick), AlN nucleation layer 

(100 nm thick), and SiC substrate (100 µm thick) calculated from the Silvaco ATLAS/BLAZE 

model was imported into COMSOL Multiphysics in order to calculate the electric field and solve 

for the mechanical stress and strain distributions shown in Figure 7. The top surface of the GaN 

buffer was allowed to freely deform (zero stress), the sides of the GaN buffer were assigned a 

symmetric displacement constraint (zero displacement along the ݔ-direction), and the bottom of 

the substrate was set to zero displacement. As described in more detail by our prior work [10], 

these mechanical boundary conditions and the electric potential distribution in a GaN HEMT 

result in compressive strain along the c-axis (߳௭௭ ൏ 0), negligible strain in the c-plane (|߳௫௫| ≪

|߳௭௭|), compressive stress in the c-plane (ߪ௫௫ ൏ 0), negligible stress along the c-axis (|ߪ௭௭| ≪

௫௫|), and approximate symmetry in the ܿ-plane (߳௫௫ߪ| ൎ ߳௬௬ and ߪ௫௫ ൎ  ௬௬). Although thereߪ

were significant spatial variations in the electric field, stress, and strain components throughout 

the buffer, the volumetric average values of these quantities are still related to each other through 

the constitutive relation in Equation (2). 
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FIG. 7. (a) Vertical electric field ܧ௭, (b) in-plane stress ߪ௫௫, (c) in-plane strain ߳௫௫, and (d) out-
of-plane strain ߳௭௭ at the center of the gate calculated with the COMSOL Multiphysics model at 
ௗܸ௦ = 50 V and ௚ܸ௦ = -5 V. The dashed region indicates the 1 µm diameter region where Raman 

spectra were measured in the experiments. 
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B. Analysis of the Experimental Data 

 Using Equation (6), the in-plane stress ߪ௫௫ and vertical electric field ܧ௭ can be 

determined self-consistently from the experimentally measured changes in Raman peak position 

of two modes, such as the E2 (high) and A1 (LO) modes 

ቂ
௫௫ߪ
௭ܧ
ቃ ൌ ቈ

ாమܭ
ூூ ாమܤ

஺భܭ
ூூ ஺భܤ

቉
ିଵ

൤
Δ߱ாమ
Δ߱஺భ

൨ (10) 

 

with the values of the biaxial stress and electric field coefficients listed in Table I. Then, the in-

plane strain ߳௫௫ and out-of-plane strain ߳௭௭ components can be expressed in terms of the 

frequency shifts of these two phonon modes by the constitutive relations in Equation (2) to yield 

ቂ
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In Figure 8, we show a comparison between modeled and measured values of the in-plane strain, 

out-of-plane strain, in-plane stress and vertical electric field with increasing drain bias derived 

from the measured changes in the E2 (high) and A1 (LO) frequencies. To further support our 

hypothesis that the vertical electric field is shifting the phonon frequencies apart from the IPE 

effect, we also plotted the strain, stress, and electric field components derived from the E2 (high) 

and E2 (low) measurements shown in Figure 5 even though these peak shifts were not measured 

at the same time. Strain, stress, and electric field values from the electro-mechanical model 

shown in Figure 8 were calculated by averaging these quantities through the thickness of the 1.4 

µm GaN buffer over a 1 µm region directly adjacent to the drain contact. While these quantities 

vary significantly through the thickness of the GaN buffer, the depth of field of ≈4 µm is larger 
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than the buffer thickness so that Raman scattering is collected from the entire buffer. Although it 

is possible that laser light absorption and other factors could result in non-uniform optical 

sampling of the buffer, we believe these factors have a negligible impact on the shift of the peak 

position derived from the aggregate Raman spectrum collected in the experiment [10]. The error 

bars in Figure 8 represent 95% confidence intervals on the measured values of the electric field, 

stress, and strain components determined from the variance in Raman peak position measured at 

each drain bias point, treating ߱ሺ ௗܸ௦ ൒ 0) and ߱ሺ ௗܸ௦ ൌ 0ሻ as independent measurands. For 

simplicity, uncertainties in the phonon stress coefficients and elastic and piezoelectric constants 

were not included in the calculation of the confidence intervals. 
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FIG. 8. Measured and modeled values of the (a) vertical electric field ܧ௭, (b) in-plane stress ߪ௫௫, 
(c) in-plane strain ߳௫௫, and (d) out-of-plane strain ߳௭௭ and from analysis of the E2 (high), A1 
(LO), and E2 (low) Raman peak shifts. Values from the model in COMSOL Multiphysics 
represent depth-averaged values through the thickness of the GaN buffer. The error bars 

represent 95% confidence intervals on the measured values of the electric field, stress, and strain 
components determined from the variance in Raman peak position measured at each drain bias 

point 
 

  

Using the measured E2 (high) and A1 (LO) peak shifts and the total electric field shift 

coefficient ܤ ൌ ሺ௜ሻܤ ൅  ሺ௜௜ା௜௜௜ሻ in Equation (6), our experimental data in Figure 8(a) shows thatܤ

the average vertical electric field in the GaN buffer is negative and increases with drain bias in 

the pinched OFF state. The values of the vertical electric field derived from the experimental 

data are ≈35% lower in magnitude than those predicted by the electro-mechanical model, which 

are very close to ܧത௭ ൌ െ ௗܸ௦/ܮ௕௨௙௙௘௥. At a drain bias of 50 V, the average vertical electric field 

was measured to be -0.24 ± 0.01 MV/cm while the model predicted a value of -0.36 MV/cm. The 
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in-plane stress in Figure 8(b) was found to be compressive (ߪ௫௫ < 0) with a magnitude up to -19 

± 5 MPa at ௗܸ௦ = 50 V and with good quantitative agreement between measured and modeled 

values. If we did not include the electric field coefficient ܤሺ௜௜ା௜௜௜ሻ in the analysis of the 

experimental data, we would have obtained values of 6.0 ± 0.3 MV/cm and -104 ± 4 MPa for the 

vertical electric field and in-plane stress at ௗܸ௦ = 50 V, respectively, which deviate significantly 

from the modeled values. Owing to the fact that the bottom surface of the GaN buffer is clamped 

in the ܿ-plane by the substrate but free to expand along the ܿ-axis, our electro-mechanical model 

predicts that the in-plane strain (߳௫௫ = 1.7 ൈ 10-5 at ௗܸ௦ = 50 V) should be much less than the out-

of-plane strain (߳௭௭ = -8.1 ൈ 10-5 at ௗܸ௦ = 50 V). From the E2 (high)/A1 (LO) experimental data, 

we found that the in-plane strain values plotted in Figure 8(c) are indeed less than the out-of-

plane strain values, which noticeably increase with drain bias in Figure 8(d). Because the electric 

field coefficient apart from the IPE effect ܤሺ௜௜ା௜௜௜ሻ is an order of magnitude larger than that 

associated with the IPE effect ܤሺ௜ሻ for the E2 (high) and A1 (LO) modes, the phonon frequencies 

are much more sensitive to the vertical electric field than to the IPE-induced strain and stress 

components. As a result, uncertainties in the strain and stress components are relatively large 

compared to that of the vertical electric field. 

 We also found that the vertical electric field derived from the E2 (high) and E2 (low) 

mode measurements is negative but ≈25% lower in magnitude than the values obtained from the 

E2 (high) and A1 (LO) modes. The in-plane stress values showed a similar trend of increasing 

compressive stress with increasing drain bias but with values approximately twice as high as 

those predicted by the model and derived from the other phonon modes. Due to these differences 

in the in-plane stress and vertical electric field values, the in-plane and out-of-plane strain values 

obtained from the E2 (high) and E2 (low) modes displayed the opposite trends of those from the 
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E2 (high) and A1 (LO) modes. We attribute these differences mainly to uncertainty in the biaxial 

stress coefficient of the E2 (low) mode [29]-[30], which has not been measured by as many 

references as the E2 (high) and A1 (LO) modes [27],[29]-[30], and the general difficulty in 

measuring the small shifts of the E2 (low) mode, e.g., -0.043 cm-1 at ௗܸ௦ = 50 V. The E2 (high) 

and A1 (LO) modes provide a more reliable data set to determine quantitative values of the 

strain, stress, and electric field components but the E2 (low) mode strengthens our hypothesis by 

providing an independent measurement of the vertical electric field. 

 Based on these results, we have developed a more complete understanding for the reason 

the pinched OFF state is the proper unpowered reference needed to decouple the effects of 

temperature rise and thermoelastic stress from those of IPE-induced stress and electric field on 

the Raman peak positions in the ON state in GaN HEMTs. Following Ref. [10] and the 

Appendix of this paper, the total change in Raman peak position of a single mode between the 

zero bias state and ON state is given by 

߱ைேሺ ௗܸ௦ ൒ 0ሻ െ ߱଴ሺ ௗܸ௦ ൌ 0ሻ ൌ ௫௫ߪூூܭ ൅ ௭ைேܧܤ ൅  Δܶ (12)ܣ

 

where the total in-plane stress ߪ௫௫ ൌ ௫௫்ாߪ ൅ -௫௫ூ௉ா is the sum of the thermoelastic and IPEߪ

induced contributions, the total electric field coefficient ܤ includes the contributions of ܤሺ௜ሻ and 

 includes the contributions of thermoelastic strain ܣ ሺ௜௜ା௜௜௜ሻ, and the total temperature coefficientܤ

and phonon-phonon coupling [6]. The total change in Raman peak position between the 

unpowered state OFF ( ௗܸ௦ = 0) state and the pinched OFF state ( ௗܸ௦ ≥ 0) at the same 

subthreshold gate bias is given by 

߱ைிிሺ ௗܸ௦ ൒ 0ሻ െ ߱ைிிሺ ௗܸ௦ ൌ 0ሻ ൌ ௫௫ூ௉ாߪூூܭ ൅  ௭ைிி (13)ܧܤ
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because there is negligible temperature rise and thermoelastic stress. Based on our previous 

finding [10] that the average vertical electric field in the GaN buffer is approximately the same 

for the same drain-gate bias ( ௗܸ௚ ൌ ௗܸ െ ௚ܸ) associated with Equations (12) and (13), i.e., 

௭ைேܧ ൎ  ௭ைிி, we subtract Equation (13) from Equation (12) to yieldܧ

߱ைேሺ ௗܸ௦ ൒ 0ሻ െ ߱ைிிሺ ௗܸ௦ ൒ 0ሻ ൌ ௫௫்ாߪூூܭ ൅  Δܶ (14)ܣ

 

In deriving Equation (14), we have assumed that the IPE-induced stress ߪ௫௫ூ௉ா is the same in 

Equations (12) and (13) because the average vertical electric field is approximately the same. We 

have also assumed that the difference between the unpowered OFF state and zero bias state 

߱ைிிሺ ௗܸ௦ ൌ 0ሻ െ ߱଴ሺ ௗܸ௦ ൌ 0ሻ ൎ 0 because the gate bias has a very weak impact on the Raman 

peak positions at zero drain bias [8]. Thus, measuring the change in Raman peak position 

between the pinched OFF state and ON state at the same drain bias given by Equation (14) 

removes the impact of the IPE-induced stress and electric field on the Raman peak position.  

V. Conclusions 

 In this work, we provided experimental evidence that the electric field can shift the 

optical phonon frequencies in wurtzite GaN apart from the IPE effect. Although this effect has 

been previously demonstrated via first principles calculations for zincblende GaAs, it has been 

overlooked in previous studies attempting to quantify the IPE-related strain and stress induced in 

the GaN buffer of HEMTs biased in the pinched OFF state. From our own first principles 

calculations, we found that the zone center optical phonon frequencies of the E2 (high), A1 (LO), 

and E2 (low) modes are very strongly shifted by the electric field component along the ܿ-axis, 

which we explain in terms of the change in the internal structural ݑ parameter, even at zero 

macroscopic strain. Using measurements of the E2 (high), A1 (LO), and E2 (low) phonon 
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frequencies obtained via micro-Raman spectroscopy in GaN HEMTs, we derived values of the 

dominant strain, stress, and vertical electric field components that are in good agreement with 

our 3D electro-mechanical model of the device. Apart from this specific application to GaN 

HEMTs, this work has a far greater significance in the lattice dynamics of piezoelectric 

semiconductors, which should all exhibit this effect. Further research, including direct 

measurement of the electric field coefficients, are needed to obtain better agreement between 

micro-Raman spectroscopy measurements and electro-mechanical modeling. Regardless, this 

work represents a significant advance in our understanding of the electro-mechanical state of the 

GaN buffer under bias and the reason the pinched OFF state acts as the proper reference for 

micro-Raman thermography, decoupling the temperature rise and thermoelastic stress from the 

electric field and the IPE-induced stress. 
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Appendix: Derivation of the Phonon Frequency Shift with Strain, Stress, 

Electric Field, and Temperature 

 Optical phonon frequencies near the Γ-point of wurtzite GaN, which we characterized by 

micro-Raman spectroscopy, are simultaneously affected by strain, stress, electric field, and 

temperature rise in GaN HEMTs. Fundamental studies in the literature on the temperature 

dependence of phonon-phonon interactions [35], the stress dependence of optical phonon 

frequencies (piezospectroscopy) [17],[19], and the electric field dependence of phonon 

frequencies [18]-[19] have considered each of these factors in isolation. To the best of our 

knowledge, there has not been a comprehensive theoretical treatment supporting Equation (12) 

that combines the effect of these four factors in a self-consistent manner. Previous experimental 

works in micro-Raman thermography of GaN HEMTs [4]-[10],[11] have indirectly suggested 

that Equation (12) is valid by empirically assessing the impact of stress, electric field, and 

temperature on the Raman spectrum of wurtzite GaN. In this appendix, we derive the full form of 

Equation (12) from potential deformation theory [17], which simplifies to Equation (6) when 

there is zero temperature rise. 

 As discussed in Section II, the standard formalism of potential deformation theory from 

piezospectroscopy [17] assumes that the crystal potential is slightly perturbed under an applied 

strain, which can be expanded linearly in terms of the strain components. First-order perturbation 

theory is then used to determine the shifts of the energy eigenvalues or frequencies of the phonon 

http://dx.doi.org/10.1063/1.4964689


34 
 

modes by evaluating matrix elements of the form ۦ߶௡ห ௜ܸ௝ห߶௠ۧ, where |߶௠ۧ is the unperturbed 

eigenfunction of a particular mode and ௜ܸ௝ is the perturbation operator associated with the strain 

component ߳௜௝. Symmetry analysis (group theory) determines whether a particular matrix 

element ۦ߶௡ห ௜ܸ௝ห߶௠ۧ vanishes owing to the symmetry of the modes and that of the perturbation 

௜ܸ௝. In Section II, we argued that the strain perturbation should be augmented by another term 

that accounts for the perturbation to the crystal potential from an electric field that is independent 

of the strain induced by the IPE effect. In other words, if the primitive unit cell of crystal is 

perfectly constrained by mechanical forces in the presence of a non-zero macroscopic electric 

field, a perturbation term expanded only in terms of the strain components suggests that there 

should be no change in the phonon frequencies. However, we found from first principles 

calculations that an electric field along the ܿ-axis strongly shifts the internal structural ݑ 

parameter and optical phonon frequencies of wurtzite GaN, even at fixed values of the lattice 

parameters ܽ and ܿ (zero macroscopic strain). Therefore, we added an additional term appearing 

in Equation (5) that led to the presence of the electric field coefficient ܤሺ௜௜ା௜௜௜ሻ in Equation (6), 

which is independent of the IPE effect. The need for this additional term is also consistent with 

the principle that two intrinsic properties (strain, stress, polarization, and electric field) are 

required to specify the thermodynamic state and structure of a piezoelectric crystal. 

 As seen in expression for the free energy of a piezoelectric and thermoelastic crystal 

݀Φ ൌ ߳௜௝݀ߪ௜௝ ൅ ௜ܲ݀ܧ௜ ൅  (A1) ݏ݀ܶ
 

where Φ is the specific free energy, ௜ܲ is the polarization vector, and ݏ is the specific entropy, the 

thermodynamic state of the crystal is determined by the temperature and the specific entropy in 

addition to the strain, stress, electric field, and polarization. Therefore, we must also augment the 
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perturbation to the crystal potential by a term that depends on temperature to account for the 

contribution of the temperature change to the perturbation of the crystal potential apart from 

thermoelastic strain, i.e., 

ܸ ൌ෍ ௜ܸ௝
ሺ௜ሻ߳௜௝

௜௝

൅෍ ௞ܸ
ሺ௜௜ା௜௜௜ሻܧ௞

௞

൅ ܸሺ௜௩ሻΔܶ (A2) 

 

The physical origin of this contribution ܸሺ௜௩ሻ to the crystal potential is the influence of the 

ensemble of phonon modes at a finite temperature ܶ to the frequency of a particular mode due to 

anharmonic phonon-phonon interactions [35]. By examining the character table of the point 

group ܥ଺௩ [36] reproduced in Table II, we can describe the symmetry properties of the terms 

appearing in Equation (A2) as Γሺ௜ሻ ൌ ଵܣ2 ൅ ଵܧ ൅ ଶ, Γሺ௜௜ା௜௜௜ሻܧ ൌ ଵܣ ൅ ଵ, and Γሺ௜௩ሻܧ ൌ  ଵܣ

because these three terms transform as a second-order tensor, a polar vector, and a scalar, 

respectively. 

 

TABLE II. Character table for the point group ܥ଺௩ [36]. 

 ௩ߪௗ 3ߪ଺ 3ܥଷ 2ܥଶ 2ܥ ܧ   
ଶݔ ൅ ,ଶݕ  ଵ 1 1 1 1 1 1ܣ ݖ ଶݖ

 ଶ 1 1 1 1 -1 -1ܣ  
 ଵ 1 -1 1 -1 -1 1ܤ  
 ଶ 1 -1 1 -1 1 -1ܤ  

ሺݖݔ, ,ݔሻ ሺݖݕ  ଵ 2 -2 -1 1 0 0ܧ ሻݕ
ሺݔଶ െ ,ଶݕ  ଶ 2 2 -1 -1 0 0ܧ  ሻݕݔ

 

From first-order perturbation theory, the energy shift of the A1 (LO) mode in wurtzite 

GaN due to strain, electric field, and temperature is related to the matrix elements ۦ߶஺భ|ܸ|߶஺భۧ 

[37], many of which may vanish due to symmetry. This can be determined by evaluating the 

direct product of the representations of the phonon mode Γ௣௛௢௡௢௡ ൌ  ଵ and that of theܣ
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perturbation Γ௏ ൌ ଵܣ4 ൅ ଵܧ2 ൅ ଶ according to Γ௏ܧ ⊗ Γ௣௛௢௡௢௡. If this direct product does not 

contain the representation of the mode Γ௣௛௢௡௢௡, then particular matrix elements ۦ߶஺భ|ܸ|߶஺భۧ 

vanish and certain strain, electric field, and/or temperature rise components have no effect on the 

optical phonon frequencies [36]. In the simple case of the A1 (LO) mode, only the terms 

transforming as A1 in Γ௏ contribute to the energy shift of the A1 mode, which we write in terms 

of the frequency as 

Δ߱஺భ ൌ ܽ஺భ൫߳௫௫ ൅ ߳௬௬൯ ൅ ஺ܾభ߳௭௭ ൅ ஺భܤ
ሺ௜௜ା௜௜௜ሻܧ௭ ൅ ஺భܣ

ሺ௜௩ሻΔܶ (A3) 

 

where ܣ஺భ
ሺ௜௩ሻ is the temperature coefficient of the A1 (LO) mode apart from thermoelastic strain. 

Using the constitutive relation for a piezoelectric and thermoelastic solid, we can rewrite 

Equation (A3) in terms of the stress, electric field, and temperature as 

Δ߱஺భ ൌ ෤ܽ஺భ൫ߪ௫௫ ൅ ௬௬൯ߪ ൅ ෨ܾ
஺భߪ௭௭ ൅ ቂܤ஺భ

ሺ௜ሻ ൅ ஺భܤ
ሺ௜௜ା௜௜௜ሻቃܧ௭ ൅ ቂܣ஺భ

ሺ௜ሻ ൅ ஺భܣ
ሺ௜௩ሻቃΔܶ (A4) 

 

where the ෤ܽ஺భ ൌ
ଵ

ଶ
஺భܭ
ூூ ൌ ܽ஺భሺ ଵܵଵ ൅ ଵܵଶሻ ൅ ஺ܾభ ଵܵଷ is the uniaxial stress coefficient in the ܿ-plane 

[10],[27], ෨ܾ஺భ ൌ 2ܽ஺భ ଵܵଷ ൅ ஺ܾభܵଷଷ is the uniaxial stress coefficient along the ܿ-axis [29], 

஺భܤ
ሺ௜ሻ ൌ 2ܽ஺భ݀ଷଵ ൅ ஺ܾభ݀ଷଷ is the IPE strain-related electric field coefficient [10], and ܣ஺భ

ሺ௜ሻ ൌ

2ܽ஺భߙ௫௫ ൅ ஺ܾభߙ௭௭ is the thermoelastic strain-related temperature coefficient. This is a general 

form of Equation (12) that accounts for all of the first-order contributions of strain, stress, 

electric field, and temperature to the frequency shift of the A1 (LO) mode in wurtzite GaN. 

 For the E2 (high) and E2 (low) modes, the corresponding calculation is slightly more 

complicated because the modes transforming as E2 are doubly degenerate, i.e., there are two 

modes labeled as E2 (high) with the same frequency that represent atoms vibrating along the ݔ- 

and ݕ-axes, respectively. In this case, degenerate first-order perturbation theory specifies that the 
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energy shift of the E2 (high) mode is given by the solution to the secular equation | ௞ܸℓ െ

Δ߱ߜ௞ℓ| ൌ 0, where ௞ܸℓ ൌ  ௞ℓ is the Kroenicker delta tensor [37]. Only theߜ ℓ|ܸ|߶௞ۧ and߶ۦ

matrix elements ۦ߶ாమሺℓሻ|ܸ|߶ாమሺ௞ሻۧ that do not vanish corresponding to terms in the direct product 

Γ௏ ⊗  ଶ enter into the secular equation. After solving the secular equation, weܧ ଶ that containܧ

found that the frequency shifts of the E2 (high) and E2 (low) modes are identical to that of the A1 

(LO) mode except for a term related to the asymmetric strain in the ݕݔ-plane [17] 

Δ߱ாమ ൌ ܽாమ൫߳௫௫ ൅ ߳௬௬൯ ൅ ܾாమ߳௭௭ േ ܿாమට൫߳௫௫ െ ߳௬௬൯
ଶ
൅ 4߳௫௬ଶ ൅ ாమܤ

ሺ௜௜ା௜௜௜ሻܧ௭ ൅ ாమܣ
ሺ௜௩ሻΔܶ (A5) 

 

All of the terms transforming as E1 in the representation of the perturbation Γ௏ (߳௫௭, ߳௬௭, ܧ௫, and 

 ௬) do not affect the E2 (high), A1 (LO), and E2 (low) modes to first-order. Equation (A5) canܧ

similarly be rewritten in terms of the stress, electric field, and temperature rise as 

Δ߱ாమ ൌ ෤ܽாమ൫ߪ௫௫ ൅ ௬௬൯ߪ ൅ ෨ܾ
ாమߪ௭௭ േ ܿ̃ாమට൫ߪ௫௫ െ ௬௬൯ߪ

ଶ
൅ ௫௬ଶߪ4 ൅ ቂܤாమ

ሺ௜ሻ ൅ ாమܤ
ሺ௜௜ା௜௜௜ሻቃܧ௭

൅ ቂܣாమ
ሺ௜ሻ ൅ ாమܣ

ሺ௜௩ሻቃΔܶ 
(A6) 

 

where ܿ̃ாమ ൌ ܿாమ| ଵܵଵ െ ଵܵଶ| is the shear stress coefficient in the ܿ-plane [17]. This derivation is 

consistent with potential deformation theory and identifies the individual mechanisms associated 

with stress, electric field, and temperature that contribute to the total frequency shift of the 

optical phonon modes. 
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