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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 temperatute«gise i, the ON state of a transistor from shifts in the
Raman peak positions requires cargful découpling of the simultaneous effects of temperature,
stress, strain, and electric field onsthe*optical phonon frequencies. Although it is well-known that
the vertical electric field{in theiGaN epilayers can shift the Raman peak positions through the
strain and/or stress idduced by«the inverse piezoelectric (IPE) effect, previous studies have not
shown quantitati%ie agreement between the strain and/or stress components derived from micro-
Raman measurgménts and those predicted by electro-mechanical models. We attribute this
discrepancy«td thefact that previous studies have not considered the impact of the electric field
on the'gptical\phonon frequencies of wurtzite GaN apart from the IPE effect, which results from
changes i the atomic coordinates within the crystal basis and in the electronic configuration.
Using density functional theory, we calculated the zone center E, (high), A; (LO), and E, (low)
modes to shift by -1.39 cm'/(MV/em), 2.16 cm/(MV/cm), and -0.36 cm/(MV/cm)

respectively, due to an electric field component along the c-axis, which are an order of
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Publishimggnitude larger than the shifts associated with the IPE effect. Then, we measured changes in
the E, (high) and A; (LO) Raman peak positions with =1 um 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 g€lectro-mechanical model.
This study helps to explain the reason the pinched OFF state is a it%e reférence for removing
the contributions of the electric field and the IPE-induced stressﬁh&t temperature rise in the
ON state and suggests that the IPE-induced stress in the }Hffe.r is an order of magnitude

_—

smaller than previously believed. Our analysis and xperif)lental results support previous
theoretical studies discussing the electric field ep(qgena) of optical phonon frequencies apart
from the IPE effect and suggest this is a g%elr;)menon occurring in all wurtzite and
zincblende crystals. The total electric fkl\k ndence of the optical phonon frequencies in
piezoelectric crystals is a critical co “d'oﬁmso‘ in accurately characterizing the stress, strain,
electric field, and temperature M ns in microelectronic devices via micro-Raman

spectroscopy.

S
I. Introduction @
£

4

Over t e,g;lst teen years, gallium nitride (GaN) high electron mobility transistors

(HEMTs) aVi ome a promising compound semiconductor technology for both high voltage
powe oen%\'qn/ and high power wireless communication applications [1]-[2]. However, the
di sip&d\ﬁt)ver density levels present in GaN HEMTs often lead to elevated channel
te ratbres, which need to be properly characterized and managed to ensure device lifetime

d r?[iability. 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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PublishiHEMTs [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 achigVe this is to measure the
changes in Raman peak positions of the E, (high) and/or A; (L n@es ween the pinched
OFF state (Vg = V; — Vs < Vi) and the ON state (V5 > Viy) atN drain bias (Vg =V, —
Vs > 0), where Vy, V, and V; are the voltages of the drain g&t wdnd Source contacts, respectively,
and Vy, is the gate threshold voltage. A schematic i_:t ical hiteral GaN HEMT layout grown

on a foreign substrate with an aluminum galliulxe ‘BlGaN) barrier and that of the micro-

{ -
Raman thermography methodology are show 1.
\\
& h
/\
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FIG. 1. Schematics of (a) a 1'GaN HEMT structure and (b) the drain current-voltage
(I; — V45) output characteristics the«contributions of stress, electric field, and temperature to
the change in Raman pea itions. The drain and gate biases are referenced with respect to the

and V¢ = V; — V;. The gate threshold voltage Vy, is the gate bias

source, i.e., Vi =V & Vs
b@ ere is negligible drain current (S1 mA/mm).
Fg

From t si erating principles of a GaN HEMT, the application of a positive drain

4
g )ﬁe z-axis in the GaN buffer in the gate-drain access region and under the drain

bias in thefpinched OFF state and in the ON state should induce a negative electric field
comp ta

contact: ecése the temperature rise in the pinched OFF state is negligible and the average
eleetric ti:ld component along the z-axis in the GaN buffer is primarily a function of the drain
>s,~fhe 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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Publishifgg,[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 miéro-Raman measurements

&

based on the Stokes/anti-Stokes ratio (which should not be affect b%mtress, and electric

field), there has been considerable difficulty in deriving quantit\at'ue\ es of the IPE-induced

strain and stress components from micro-Raman meas ge‘nfs.. that agree with electro-
—

mechanical models [8]-[10]. Analysis of the Raman p shi{’}s of the E, (high) and A; (LO)

modes between the zero bias state (V5 = 0 an ‘&5 O‘)\jmd 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, stres$\ ectric field components predicted by simple
an

physical arguments and rigorous electr ﬁb}l& al modeling [8]-[10].

Several hypotheses, su. h%@nc\e ainties in the piezoelectric properties or phonon
%\

deformation potentials of GaN, meen suggested to explain the significant disagreement

between measured an @Values of strain, stress, and electric field [8]-[10],[11]. Our
sﬁ(ga

recent review [10]4n t}d many of these hypotheses in detail and concluded that none of

them can satis aag%\&esolve this disagreement. In this work, we show that the source of the

discrepancy is fact that the electric field also affects the internal structural parameters of
a be»fond the macroscopic strain induced by the IPE effect. We calculated the

£
wurtzite«G
gm'tgdqt”)he phonon frequency shift with electric field along the c-axis for the E; (high), A,

(L an) E, (low) modes at the I'-point via density functional theory (DFT). To substantiate this
%r}‘, 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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Publishiamgl 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 c field should always be

present and may be more significant than the IPE strain-related co \% n.

II. Theory &
>
! -

A. Optical Phonon Frequency Shifts with tr

Waurtzite GaN is a hexagonal cwsta‘\iﬁ{w (6mm) point group symmetry and a four

atom basis as shown in Figure 2. The latNameters a and c define the size of the primitive

\ 2

unit cell and are related to th%sco pic deformation of the crystal, i.e., the strain

components, through the relati&\
a—a
\Exx T (12)
0
c—c
£ = 0
/\&/ g ab

where a, and cyg.are the equilibrium values of the lattice constants. The internal structural r
£

parameter, is “the Hond length between the Ga and N atoms along the c-axis and defines the
interna orchnates of the atoms in the basis together with a and c. In the typical Ga-face grown
Ga epil)yers, the c-axis corresponding to the direction from the Ga atom to the nearest N atom

ove it along the c-direction is the positive z-axis by convention [12]. Thus, the positive z-axis

of the coordinate system for GaN HEMTs in this work was chosen to point in the direction from
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Publishithg substrate to the barrier. The x- and y-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 c-plane.

(a) <

I

FIG. 2. (a) Wurtzite GaN unit cell and (b) ¢ chture in which larger blue and smaller red

spheres denote Ga and N atoms, respectt stal structures were drawn with the VESTA
software [13].

linear IPE effect predicts that th r will experience a combination of strain and stress related

by the constitutive relatio ‘\
y.
/</ €ij = SijieOke + diijEx (2)

where €;; is t

\ S
Due to the negative el ctrw mponent along the c-axis of the GaN buffer, the
Q\b}

Qin tensor, S;;xp is the elastic susceptibility tensor, oy, is the stress tensor, dy;;

is the piez étriC/modulus tensor, and Ej, is the electric field vector [14]. The strain induced by

-

the IP effecgchanges the interatomic distances and force constants, resulting in changes in the
ﬁ

optical p§0n0n frequencies of the crystal. By probing the optical phonon frequencies near the I'-

\oyhtg..);nicro-Raman spectroscopy can be used to experimentally measure this I[PE-induced strain

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

[10]. Raman selection rules specify that only the E, (high), A; (LO), and E; (low) modes can be
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Publishisigerved in the backscattering Z(--)z 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.

(a) E> (high) A; (LO) E>

_ ),
i

Raman shift (cm'1)

Rnggnmotion of the atoms for the E; (high), A, (LO), and E; (low) optical modes

ite GaN and (b) representative Raman spectrum showing the E, (high) and A; (LO)
itk/spontaneous emission lines of neon (Ne) used to calibrate the spectrum [16].

—
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ﬁ
&bﬁear potential deformation theory [17], which combines group theory and first-order
urbation 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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Publishieghiponents. Due to the symmetry properties of the strain tensor and those of the E; and A,
optical modes in the point group Cg,,, the first-order changes in frequency of these modes are

related to specific strain components by the relations

V.
Awgz) = ag,(€xx + €yy) + b, €., £ CEZ\/(Exx — ny)z +4%\ (3a)

A‘U/(x? = ay, (exx + eyy) + by €, \ (3b)

T~

_—
where a,,, b,, and ¢, are strain the phonon deformatio otenvSals (PDPs) of each mode (not to

be confused with the lattice parameters a and C)Qy su.gstituting the constitutive relation in

Equation (2) into Equation (3a), the frequen&hirr f 'fh'e E, (high) mode can be equivalently

written in terms of the stress and electric empo ents as
\

Awélz) = [aEz(Sll + S]_z) + bEzslgwgy ) + [ZaE2513 + bEZS33]O-ZZ
«

N2
+ CE2|511 - ‘N\Qx\ O'yy) + 40';?3/ + [2a52d31 + b52d33]Ez
The corresponding @Al (LO) frequency in terms of the stress and electric field
£

components is idQ/ ical to"Equation (4) except for the omission of the third term.

“4)

Const ra)n of the mechanical boundary conditions imposed on the GaN buffer allows

one to firther’ sin/qp ify 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 ﬁ the buffer results in negligible stress along the c-axis compared to that in the c-plane

\?Zj\« |o.x|), negligible strain in the c-plane compared to that along the c-axis (|€x,| K |€,,]),
an

approximate symmetry in the c-plane (€, = €y, and gy, = 0gy,,) [10]. From the sign of the

electric field component along the c-axis (E, < 0), one finds that the strain along the c-plane is
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Publishiegected to be negative (e,, < 0) and the stress in the c-plane is expected to be negative or
compressive (0,, < 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 fiel %:nts derived from

measured shifts of the E, (high) and A; (LO) Raman peaks aQs.: predicted by electro-

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

Equations (3a) to (4) are missing an important contribution Qe"e}ectric field to the frequency
_—

shifts apart from the IPE effect. 3

B. Optical Phonon Frequency Shifts with trig Field

As described by Wang and V@, an electric field can shift the phonon
e

frequencies of an electrical insulator ‘l'hse chanisms: (i) a change in the lattice constants,

.

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

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

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

insights and the prinCiplefthat fwo independent, intensive properties (strain, stress, electric field,

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

>

the perturbdtion«to the crystal potential in the presence of an electric field must contain two
£
ntterm:

independe: sAnvolving the strain and electric field

. ) (ii+iii)
( Vi=p Ve + z Ve o Bk (%)
5 ij k

\

¢ 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

10
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Publishig) 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 E,. This is also consistent with the éalysis by Ganesan et al.
[19], who proposed that the optical phonon frequencies in cryst v@aout version symmetry
should change linearly with the electric field apart from IPE-in. d stsain. Although non-zero

lateral electric field components E, and E, are present in t aN«buffer in the pinched OFF
-

state, their effect on the E; (high) and A; (LO) mode uenées is a second-order one whose

-

iric stress in the c-plane (o, = ay,),

magnitude is much smaller than the first-order on(n'.but@ of E,. Assuming free expansion of
the GaN buffer along the c-axis (g,, =0) }

negligible shear stress in the c-plane (ax@ total frequency shift of the E, (high) and A,
(LO) modes is given by w N
AN\
n

(
n

= Ko, + [BY + B{™O|E, (6)

£

/ V.
where K} = 2@,\5;11\5’12 + 2b,,S;5 is the biaxial stress coefficient, B,(li) = 2a,d,3 + b,ds3;
£

the electri¢ field ‘egefficient due to the IPE effect, B,(l """ is the electric field coefficient apart
from the TPE effect, and B, is the total electric field coefficient.

o xistence and importance of the

coefficient can also be derived by
-gs ing the changes in the lattice parameters a and c¢ and the internal structural r parameter
\

(onu = r/c) in the presence of an electric field E= E,Z along the c-axis. If the symmetry of the

wurtzite structure is preserved under the perturbation of the strain tensor €;; and the electric field

11
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Publishigg the crystal structure is still fully defined by a, c, and u. If there are no constraints on the
expansion of the crystal (zero stress), the normal strain components are given by €y, = €y, =
ds;,E, and €,, = d33E,, which signify changes in the lattice parameters a and ¢ with the electric
field. As the lattice parameters change, the internal structural u Q/r{ter does not remain

constant. Rather, the u parameter must also change by 3

_ou® au(l)
Au® =4O — ) = ey Aa +
ou® (')u(l) ""6u @)
[ 3 agds; + codé —5
aull Jl.-'-au(i)

to minimize the total energy of the crystal, % nd —5o are the rates of change of u with
the lattice parameters a and c, respective Tlﬁrdescription of the response of the crystal to an
electric field E, is consistent with q Sa) and (3b) and the effect of type (i) discussed by
Wang and Vanderbilt [18]. If

ere rigidly clamped so that the lattice parameters a

and ¢ did not change in the ‘%eence f a vertical electric field E,, Equations (2) to (4) and (7)

suggest that the macr cop stragin components €y, €y, and €,,, the internal strain component
n

Au® Ju,, and th?{\“ e(ﬁlency shifts would be zero
HOW@KIS important not to neglect the possibility of the internal structural u
paramete ha,ngil? n the presence of a vertical electric field E, while the lattice parameters a
remansc nstant (zero macroscopic strain). Owing to the fact that the Ga-N bond in
rtzﬁe? is strongly polar, the Ga and N ions assume positive and negative ionic charges,
w(ﬁ ely, that result in an electric dipole along the Ga-N bond. In the presence of a vertical
eleetric field, one would expect the bond length r and internal structural u parameter to lengthen

or shorten depending on the direction of the field relative to that of the dipole. This type (ii)

12
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Publishiefect 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

a

the Born effective charge tensor Z{}, which describes the force Fi* = Z{E; on atom a in the ith

direction due to an electric field component in the jth direction. Thi{ tra force displaces each

atom f by an amount ARf in the direction j from its E=o0 equi@ion as determined

by the system of equations
B ApB e
a _ of ™~
ZjiE; — Z Cj AR; = (8)
7 c )
where Cl-oj-ﬁ are the interatomic force constant(I\E‘jSbscribing the force on atom « in the ith
oo

direction when atom [ is displaced in the jth n. Because the perturbation E, transforms

\

rin the'point group Cg,, symmetry analysis indicates that
~

uld also transform as A;. Since this deformation is

as the fully symmetric representation

the resulting atomic displacement%
not associated with macroscolm(corresponding to the A; acoustic phonon mode), the
relative change in positions of the atoms is identical to that of the A; optical phonon modes, in
which the u param t%&s y the Ga and N atoms being displaced in opposite directions.

To con<\q$\thﬂicroscopic picture to the phonon frequency shifts predicted by the more

general potentialideformation theory developed in Equations (5) and (6), the phonon frequency
/
)

shift of m ofin be written as a series expansion in the lattice parameters a and ¢ and the

interna cthral u parameter as

)
\ <

13
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Publishing Ao, = dwp Aa + dwp Ac+ aw,} 1u® + & o
aa u,c aC u,a au(l) au(ll+lll) ac

dw, | ... 9

= Zanexx + bnezz + P (l'i-:ll'ii) Au(”"‘”l) ( )

where we have explicitly separated the change in w,, associated«itxbanges in the u parameter
due to the effects of type (i), (ii), and (ii1). Equation (9) i idéaical Equations (3a) and (3b)
T—

..... —

)EZ under the simplification of w

augmented by the term B,g etric normal strain in the c-
plane. In summary, this analysis shows that the @ema% structural u parameter can change

independently of the macroscopic strain and t at%‘%tzﬁ“phonon frequency shift with stress and

—~—

electric field should include a term that is}d@e nt of the IPE effect. To the best of our
knowledge, numerical values of the @ﬂd coefficient B, ) have never been reported
for the optical phonon modes of v&%'t{ aN. Including terms associated with effects of type
(i) and (ii1) in Equations (6) %uch as Aa),(limii) = B,gimii)Ez, is actually required to

determine the effect o ele%c field on the phonon frequencies of any piezoelectric crystal,
1 iore

which we describj/ /de ail in the Appendix. Depending upon the point group of the

crystal, terms scscMith the other electric field components E, and E,, may also be present.

II1. FirstPrinciples Calculations

~

H\Q@%ﬁct the magnitude of the electric field coefficient B,(luﬂu), we first calculated the
Bgn\ef@tive charges, IFCs, and zone center phonon frequencies for the four atom wurtzite
mﬂmit 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

14
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Publishisg conclusions were unaffected. The HSE mixing parameter was set to a@ = 0.31 to provide
accurate structural parameters, and the screening parameter was set to its default value of w =
0.2. A plane wave energy cutoff of 600 eV and a I'-centered Monkhorst-Pack [23] k-point mesh
of 6 X 6 X 4 were used. Convergence tests with higher cutoffs (up to 800 eV) and more k points
(up to 8 X 8 X 6) indicated that the phonon frequencies had con rg@ to within ~3 cm™". Non-
analytic corrections for the frequencies at I' were applied wit tlbw PY package [24]. The
changes in equilibrium positions of the atoms at a non- eg_gﬂ‘z\mc ield along the c-axis were
computed with Equation (8) and the zero field Born &1ffe ive ()arges and IFCs, which amounts

to a first order treatment of the ionic and electrq&fp@e to the electric field [18],[25]. The

| -
zone center phonon frequencies were then r«i&ul\a‘[e at the new equilibrium atomic positions,
resulting in phonon frequencies that Vas\"l‘hncafly with the applied electric field. The HSE

functional was found to give accu&?hqn n frequencies at zero electric field though
calculations with semilocal fu tion&@qz trends of frequency versus E, to within 15% of the

S

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

calculated at E, = 0 m{@nodels the true electric field displacements for E, # 0 with

calculations usin;g/ﬁe f;e e}ectric field implementation in the ABINIT code [26].

From h?%lculations, we found that the internal structural u parameter changes

® ®
with the latticeparameters by aau_a =0.0565 A" and % =-0.035 A when a macroscopic strain

is imposed 013th crystal. Using equilibrium values of the lattice constants a, = 3.1878 A and ¢,
-
= 5.185‘& 7] and piezoelectric moduli dz; = -1.37 X 10™* c/MV and ds; = 2.83 x 10™

WM\ 28] in Equation (7), the corresponding rate of change of u with the field E, associated

®
=-7.6 X 10° cm/MV. The rate of change of the u parameter

with the IPE-induced strain is u
VA

15


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

! I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishiwh the vertical electric field at fixed values of a and c, however, is an order of magnitude

larger with a value of = -4.8 x 10™ c;/MV. This strong dependence of the u parameter

z

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

along the c-axis and significantly increases the frequency of the A; We. In contrast, the

Ga-N bond length in the c-plane increases, resulting in a decr aglfrequency of both the E,

(low) and E, (high) modes. Figure 4 shows the shift in p n% frequencies with electric field
n

~
along the c-axis with schematics of the atomic displacm@i5

inset.
750 T T T T \ L——

)

il

on frequency (cm’

5 Vertical electric field, E, (MV/cm)

{ 4

100 ——————
o 5 4 3 2 1 0 1 2 3 4 5
ﬁ

G. 4. Bhonon frequency shifts of the E, (high), A; (LO), and E, (low) modes of wurtzite GaN
wit tric field along the c-axis. Inset schematic shows the change in atomic positions within
S ~ the unit cell due to the vertical electric field.

16
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The resulting electric field coefficients B,(l

are significantly higher than the

coefficients B,(li) associated with the IPE effect alone, especially for the E, (high) and A; (LO)
modes. In Table I, we provide values of the biaxial stress and electric field coefficients for the E,
(high), A; (LO), and E; (low) modes taken or derived from referenc{w literature and our
calculations in this work. For the E, (high) and A; (LO) mod Q: used the biaxial stress
coefficients measured by Choi ef al. [27] from the residual s essk(‘ﬁ pilayers adjusted with
recently reported values of the elastic constants [28]. For'the IO\WS mode, we used the biaxial
stress coefficient calculated from the hydrostatic and uni xia) stress coefficients reported by
G

different groups [29]-[30]. To determine the IPI\e@ectric field coefficient, we used the
AL

strain PDPs (ag,y = -923 cm’, bg,n = -8564¢m

197 cm™, and b, = -208 em™) from difw
and piezoelectric moduli ds; \XQ@V and d;; = 2.83 pm/V measured on bulk

ammonothermal GaN crystals Kﬂ\\

TABLE I. Biaxial stre$s an hcal electric field coefficients of the zone center optical phonon
frequencies for the Ex(high), }q (LO), and E, (low) modes of wurtzite GaN.

=-753 em™, by, 0 =-1117 em™, ag, ) =

nces [27],[29]-[30] and the elastic constants

-~

Mode ( %\f%c‘ﬁl'l/GPa) B® cm/(MV/cm) B+ o /(M V/em)
Ez(higzr \ -3.14° 0.01° -1.39

Y.
ALQ) N /£ 2.11° -0.11° 2.16

A
Ea ( ) 1.09° -0.11° -0.36
C .

)

?ﬁzef. 71 adjusted with the elastic constants from Ref. [28].
efs. [291-[30].

c. Qalculated from Refs. [27]-[30].
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To demonstrate this effect experimentally in GaN HEMTs, we measured changes in the
E; (high), A; (LO) and E, (low) Raman peak positions of commercially available GaN on SiC

HEMTs (CGHV1J006D, Cree) designed for RF power amplifier appl'g,/ ions. These 6 X 200 um

HEMTs consisted of a 22 nm Al »,Gag 7N barrier, 1.4 um insul inQ}aN buffer, and 100 pm
cin

SiC substrate with a gate length of L, = 0.25 um and gate- ra.)s S of Lgq = 3.7 um [31].
Raman spectra of the GaN buffer were acquired in the adg@ﬁ“g configuration with a free
space micro-Raman spectroscopy system consisting.of a 2.934 nm frequency stabilized diode
laser (SLM-FS, REO), optical microscope (B 4gﬂzapus), long pass edge filter (LP02-
633RU-25, Semrock), and 750 mm focal@ctrograph (Acton Spectra-Pro SP-2750,
Princeton Instruments) equipped with a 180Q lines/imm grating and CCD camera (PIXIS 400 BR,

Princeton Instruments). A 100X \ni bope objective with a numerical aperture of 0.8

(LMPlanFL N, Olympus) was @us the laser excitation and collect the Raman scattered

light, resulting in a laser spot of size“ef ~1.0 pm and depth of field of =4 pm [32]. Each Raman

spectrum was individuéall @ted with spontaneous emission lines from a neon calibration
lamp (6032, NewpOrt) /pr(y(/ide high precision and repeatability [16]. The temperature of the
device was iﬂb&@\{ 20.0 £ 0.1 °C by a thermoelectric cooling module to eliminate the
possible fect/o perature changes on the Raman peak positions.

Under e/simplifying approximations of symmetric stress and strain in the c-plane,
négligib ar stress in the c-plane, and negligible stress along the c-axis, the frequency shifts
.@ (high), A; (LO), and E, (low) modes are described by Equation (6). Since Equation (6)

\

contains two unknowns (o,, and E,), 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

18
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Publishiafthe E, (low) mode, most of the reports of micro-Raman thermography in the literature have
used the E, (high) and A; (LO) modes to measure temperature rise and thermoelastic stress [4]-

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

simultaneously without moving the grating position of the spectro Qc;adetermine the in-
plane stress and vertical electric field according to Equation (6). Réman spectra were acquired at

different drain bias points (V;5 = 0 V) in the pinched OFF state}%i- V), and the changes in
frequency of the phonon modes were determined by ﬁttin‘g oigtdineshape [33] to each peak

and calculating the change in peak position (centroid of Voi}t lineshape) relative to the Vg, =

A

V measured for this device, the drain and jw e currents were both below 10 pA/mm,

resulting in negligible temperature rise d\ heating. We also measured the change in E,

(low) mode peak position with incre }g «drain bias in a separate series of measurements

because the E, (low) mode COHQS{&) rved at the same time as the E; (high) and A; (LO)

0, V45 = -5 V peak position. Because the gate biaﬁbe@w the threshold voltage of V;;, = -2.8

Ny

modes without moving the gratin sition of the spectrograph. Changes in the E, (high), A,

g
(LO), and E, (low) pe é@ with increasing drain bias in the pinched OFF state are shown
in Figure 5 up to%sQ at a gate bias of V5 = -5 V measured in the gate-drain access region
adjacent to th in contact of one of the center fingers. For the E, (high) mode, Raman spectra
were recorded /in parallel Z(yy)z and cross-polarized Z(xy)z to investigate the possibility of

asymhetric st and stress in the c-plane [17],[34]. The error bars in the change in Raman peak

pésitions . Figure 5 represent the standard deviation of multiple spectra acquired at each drain
ias

Wi

were measured to be 568.36 + 0.01 cm'l, 734.14 + 0.01 cm'l, and 143.74 + 0.01 cm'l,

i } For reference, the E; (high), A, (LO), and E; (low) frequencies at Vgs =0V, Vg = -5
respectively.
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. 5. (3) Change in E; (high) and E; (low) and (b) A; (LO) Raman peak positions with

F
ificreast ain bias in pinched OFF state adjacent to the drain contact in the gate-drain access

egionalnset shows the device under test and measurement location. Error bars represent the
I~

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 E; (high)

and A; (LO) peak positions shifted positively and negatively, respectively, when a positive drain
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Publishibigs was applied in the pinched OFF state. The magnitude of the A; (LO) peak shift was slightly
higher than that of the E, (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 E,
(high) mode between measurements in the parallel and cross(golarized configurations,
suggesting the asymmetry of the strain €,, — €,,,, and stress oy, 0» in the c-plane does not
exist or is too small to be measured [9]. We found that the EN ak position also shifts
positively by one order of magnitude less than the E, (hi&h 0de€0.043 cm™ vs. 0.39 cm™ at

Vis = 50 V). Due to the frequency stabilized laser excitation, c}reful calibration of each Raman

spectrum, and temperature stabilization of the ,&ghple, 6)1‘ measurements were repeatable to
-

within the error bars. \\

IV. Electro-mechanical Modeli ggl\z;ults

.

A. Electro-mechanical Device m
In order to compare the%N\of strain, stress, and electric field related to the measured

changes in Raman peak p iﬁ%in Figure 5 and those expected in the GaN buffer for the device
we tested, we ed £ 3D uncoupled electro-mechanical model in the Silvaco
ATLAS/BLA E)d% simulation and COMSOL Multiphysics finite element software

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

£

Silvace “AT SﬁéLAZE; then, we determined the 3D electric field, stress, and strain

distributions }n the buffer in COMSOL Multiphysics from the electric potential from the
prg'o&)tep. More details of this electro-mechanical modeling framework can be found in our

dent 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 10" cm™ to account for the
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Publishidgpletion 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 AIGaN/GaN interface was set to a value
of 9 x 10" cm™ to reproduce the threshold voltage of -2.8 V measured for this device at V, =
0.1 V. Careful attention was taken to model the geometry of the ?‘(e-connected and source-
connected field plates from cross-sectional scanning electron miéroscepy images. The electric

potential distribution in the device from the Silvaco ATLAS/BL&% el is shown in Figure 6

‘)/.‘iihe difference between these

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

for drain biases of V3 =0 V and 50 V at a gate bias of V; =
Sy

to the measurement of Aw = w (Vs = 0) — w(Wys )’%ed to experimentally determine the
{ -

electric field, stress, and strain components. \\
\\
& h

N
&
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FIG. 6. Simulated elgCtric ‘bial distribution in the GaN-on-SiC HEMT in the pinched OFF
state at (a) Vs 70 Véind V5 = -5 V and (b) V5 =50V and Vgs = -5V from the Silvaco

g
mo Tﬁe difference between the potential distributions in (b) and (a) is
plotted in (c) anduis used as the input to the electro-mechanical model in COMSOL for

nitride'passivation layer and source connected field plate, respectively.

~

e AS se}l in Figure 6, the application of a positive drain bias in the pinched OFF state
re&@a decreasing electric potential from the AlGaN barrier to the SiC substrate, which
?cﬁbes a negative electric field component E, along the c-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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Publishiagrage vertical electric field is equal to E, = —Vs/Lpyfrers Where Ly, srer is the thickness of
the GaN buffer. There is also a lateral electric field component E,, along the channel but this field

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

plane, which should not affect the E, (high), A; (LO), and E, (low) frequencies to first-order

[17]. The electric potential distribution in the GaN buffer (1.4 p t@k), AIN nucleation layer
(100 nm thick), and SiC substrate (100 um thick) calculate er ilvaco ATLAS/BLAZE
model was imported into COMSOL Multiphysics in order &Tﬁe the electric field and solve
for the mechanical stress and strain distributions shov‘v‘n F iguSe 7. The top surface of the GaN

buffer was allowed to freely deform (zero stress), sides of the GaN buffer were assigned a
| -
mentialong the x-direction), and the bottom of

symmetric displacement constraint (zero di 1%&\

the substrate was set to zero displacemeﬁ%sgribed in more detail by our prior work [10],
these mechanical boundary conditions \ntytbg lectric potential distribution in a GaN HEMT
result in compressive strain al g&\c%l (€5, < 0), negligible strain in the c-plane (|€,,| <

S

l€,,1), compressive stress in the c-plane (o, < 0), negligible stress along the c-axis (|o,,| <

|o,y|), and approxim: eg@y in the c-plane (€yx = €, and oy, = 0y,). Although there
<”\-
ari

were significant ?étia ations in the electric field, stress, and strain components throughout
the buffer, th d\){%\average values of these quantities are still related to each other through

the consti tivf; relation in Equation (2).
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G. % (a) Vertical electric field E,, (b) in-plane stress o,,, (¢) in-plane strain €,,., and (d) out-
-plane €, at the center of the gate calculated with the COMSOL Multiphysics model at

= 50}V and V5 = -5 V. The dashed region indicates the 1 um diameter region where Raman
spectra were measured in the experiments.
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PublishiBg Analysis of the Experimental Data

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

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

of two modes, such as the E, (high) and A; (LO) modes /
. \
Oex)  [KE B [Awg, D
[ 0 ] =| " A (10)
24 1Ky, Ba] 1804 \
P
with the values of the biaxial stress and electric field cdefficie isted in Table I. Then, the in-

plane strain €,, and out-of-plane strain €,, cochTnents be expressed in terms of the

frequency shifts of these two phonon modes b tlbsogsﬁmtive relations in Equation (2) to yield
[Exx] — [511 + 812 daq X
€zz 2513 ds\}
-1
_ [S11 + Sz H@] . Br, [A“)Ez]
251(\\ Kil B, | [Awg,

In Figure 8, we show a co %ween modeled and measured values of the in-plane strain,

(11)

out-of-plane strain, inéplanesstress and vertical electric field with increasing drain bias derived
£
from the measured cha S!ﬂl the E; (high) and A; (LO) frequencies. To further support our

hypothesis tl@(;em 1 electric field is shifting the phonon frequencies apart from the IPE
sofplo

effect, welal the strain, stress, and electric field components derived from the E; (high)

—

and Ej (low) §1 surements shown in Figure 5 even though these peak shifts were not measured

af the sagn ime. Strain, stress, and electric field values from the electro-mechanical model

owiin Figure 8 were calculated by averaging these quantities through the thickness of the 1.4
~

um GaN buffer over a 1 um 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 um is larger
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Publishithgn 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 gkperiment [10]. The error
bars in Figure 8 represent 95% confidence intervals on the meas d‘V}h the electric field,

stress, and strain components determined from the variance in R&ﬂ{ k position measured at

each drain bias point, treating w (Vs = 0) and w (Vg i@‘h&dﬁpendent measurands. For
simplicity, uncertainties in the phonon stress coefficients, and é)astic and piezoelectric constants
were not included in the calculation of the confid&gﬂpte‘fyls.

? -

N
N

S
/Q\

N
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FIG. 8. Measured and modeled va Nﬁ‘(\a) vertical electric field E,, (b) in-plane stress o,
(c) in-plane strain €,.,,, and (d) 0&%&&1&1 e strain €,, and from analysis of the E, (high), A,
(LO), and E; (low) Raman hifts.*"Values from the model in COMSOL Multiphysics
represent depth-averaged values through the thickness of the GaN buffer. The error bars

represent 95% confidencedntervals on‘the measured values of the electric field, stress, and strain
components determin ;ﬁ%‘j variance in Raman peak position measured at each drain bias
point
L/
Using(the %&d E; (high) and A; (LO) peak shifts and the total electric field shift

coefficiet B # B B+ jn Equation (6), our experimental data in Figure 8(a) shows that

ﬂ
the average \Srt al electric field in the GaN buffer is negative and increases with drain bias in

N
t plnc]Se

Hﬁ? are ~35% lower in magnitude than those predicted by the electro-mechanical model, which
N

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

aréery close to E, = —Vy, /Lpusfer- 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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Publishiiigplane stress in Figure 8(b) was found to be compressive (0, < 0) with a magnitude up to -19

+ 5 MPa at V;; = 50 V and with good quantitative agreement between measured and modeled

values. If we did not include the electric field coefficient B ) in the analysis of the

experimental data, we would have obtained values of 6.0 + 0.3 MV/C?/ %4 + 4 MPa for the
ich

vertical electric field and in-plane stress at Vo = 50 V, respectinA

from the modeled values. Owing to the fact that the bottom s rfw GaN buffer is clamped

3

is, our electro-mechanical model

viate significantly

in the c-plane by the substrate but free to expand along t ec-

predicts that the in-plane strain (€,, = 1.7 X 107 at V5 =50 V) éhould be much less than the out-

1gure 8(c) are indeed less than the out-of-

we found that the in-plane strain values pljtw

plane strain values, which noticeably incé\ drain bias in Figure 8(d). Because the electric
PE ¢ e\P

field coefficient apart from the I BUMD) s an order of magnitude larger than that

of-plane strain (e,, = -8.1 x 10 at V5 = 50 V)%thgjiz (high)/A; (LO) experimental data,
| -

associated with the IPE effect (iQ?G\Ez (high) and A, (LO) modes, the phonon frequencies

are much more sensitive to the vertieal electric field than to the IPE-induced strain and stress
components. As a res lt,g@inties in the strain and stress components are relatively large
compared to that ?( the /rtic,dl electric field.
We al 'Slmgt the vertical electric field derived from the E, (high) and E;, (low)
mode me ure}ne is negative but =~25% lower in magnitude than the values obtained from the
4

)

E; (h!{')‘:f (LO) modes. The in-plane stress values showed a similar trend of increasing
esstve Stress with increasing drain bias but with values approximately twice as high as

CcoImpr
thosespredicted by the model and derived from the other phonon modes. Due to these differences
-

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

obtained from the E, (high) and E, (low) modes displayed the opposite trends of those from the
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PublishiBg(high) and A; (LO) modes. We attribute these differences mainly to uncertainty in the biaxial
stress coefficient of the E; (low) mode [29]-[30], which has not been measured by as many
references as the E, (high) and A; (LO) modes [27],[29]-[30], and the general difficulty in
measuring the small shifts of the E, (low) mode, e.g., -0.043 cm™ at / s = 50 V. The E; (high)
and A; (LO) modes provide a more reliable data set to dete 'ne}dhﬁb‘ive values of the

strain, stress, and electric field components but the E, (low) mod&% ens our hypothesis by

providing an independent measurement of the vertical elec:cﬂ ?1&"\

Based on these results, we have developed a mo comﬁjete understanding for the reason
the pinched OFF state is the proper unpowere Lﬁeren?y needed to decouple the effects of
| -

temperature rise and thermoelastic stress fro ose of IPE-induced stress and electric field on

the Raman peak positions in the ON %aN HEMTs. Following Ref. [10] and the
R

Appendix of this paper, the total cha% Raman peak position of a single mode between the

zero bias state and ON state is given

won(Vgs = 0) — w>: 0) = Ko, + BE2N + AAT (12)

S

where the total in-planesstress. o,, = off + olPF is the sum of the thermoelastic and IPE-
induced contribu 'ow tal electric field coefficient B includes the contributions of B® and
BUiHiD) angd t ?cal temperature coefficient A includes the contributions of thermoelastic strain
and p ono honén coupling [6]. The total change in Raman peak position between the
unpow ed sbate OFF (V45 = 0) state and the pinched OFF state (V3 > 0) at the same
su hreshsald gate bias is given by

S . worr(Vas = 0) — wopr (Vs = 0) = K"oy5F + BEJFF (13)
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Publishibgause 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 (Vg4 = Vg — V) associated with Equations (12) and (13), i.e.,
EO9N ~ EOFF we subtract Equation (13) from Equation (12) to yield

won(Vas = 0) — worr(Vgs = 0) = K'alf + AGT \ (14)

In deriving Equation (14), we have assumed that the IPE% chd\stress olPE is the same in
-

Equations (12) and (13) because the average vertical ele(@d&l is approximately the same. We

have also assumed that the difference between tl‘gmpeijrered OFF state and zero bias state

Worr(Vgs = 0) — wo (V4 = 0) = 0 because tk%te ';?llas a very weak impact on the Raman

peak positions at zero drain bias [8]. hu&suring the change in Raman peak position

between the pinched OFF state and %‘[ the same drain bias given by Equation (14)

removes the impact of the IPE—indéb%\t{ and electric field on the Raman peak position.

V. Conclusions \

ided experimental evidence that the electric field can shift the

In this work,
optical phonon ftéquenc i{ wurtzite GaN apart from the IPE effect. Although this effect has
been previou@n}{}ated via first principles calculations for zincblende GaAs, it has been

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

overlookéd ing
‘&f
the GaN bufger f HEMTs biased in the pinched OFF state. From our own first principles

—
c Iculati%ns, we found that the zone center optical phonon frequencies of the E; (high), A; (LO),

» (low) modes are very strongly shifted by the electric field component along the c-axis,
N
whi

ch we explain in terms of the change in the internal structural u parameter, even at zero

macroscopic strain. Using measurements of the E, (high), A; (LO), and E, (low) phonon
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Publishifrgquencies 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. Furthet researchy including direct
measurement of the electric field coefficients, are needed to obtain better agreement between
micro-Raman spectroscopy measurements and electro-mechanicalsmodeling. 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 pincheduOQFF 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 Sh\with Strain, Stress,

Electric Field, and Temperature ‘)

-
Optical phonon frequencies near the I'-point of rtzitesGa , which we characterized by

T—

micro-Raman spectroscopy, are simultaneously a@ted)by strain, stress, electric field, and
temperature rise in GaN HEMTs. Fundam tN&' in the literature on the temperature
dependence of phonon-phonon interactj e\],fhe stress dependence of optical phonon
frequencies (piezospectroscopy) [1 HQ% d the electric field dependence of phonon
frequencies [18]-[19] have consm&& h:f these factors in isolation. To the best of our
knowledge, there has not been\ hensive theoretical treatment supporting Equation (12)
that combines the effect 61 the four factors in a self-consistent manner. Previous experimental
works in micro-Raman the rm raphy of GaN HEMTs [4]-[10],[11] have indirectly suggested
that Equation (1{ vali by empirically assessing the impact of stress, electric field, and
temperat o%aman spectrum of wurtzite GaN. In this appendix, we derive the full form of
EquatlonéQ om potential deformation theory [17], which simplifies to Equation (6) when
there 18,zero t§mperature rise.

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

mespectroscopy [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
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Publishimgdes by evaluating matrix elements of the form (¢,|Vi;|@m), where |@,,) is the unperturbed
eigenfunction of a particular mode and V;; is the perturbation operator associated with the strain

component €;;. Symmetry analysis (group theo determines whether a particular matrix
p ijo oY ry y group ry p

element (¢n|Vi j|¢m) vanishes owing to the symmetry of the modes éﬂsh&tof the perturbation
Vij. In Section II, we argued that the strain perturbation shoul Qmented by another term

that accounts for the perturbation to the crystal potential fro a?lflec ic field that is independent
—

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

perfectly constrained by mechanical forces in the @sen f’a non-zero macroscopic electric

field, a perturbation term expanded only in te of th&grain components suggests that there

should be no change in the phonon freq X\ wever, we found from first principles

of wurtzite GaN, even at fixed values of the lattice

calculations that an electric field alpng %is strongly shifts the internal structural u

parameter and optical phonon freque

parameters a and ¢ (zero mac c;pxcqtr in). Therefore, we added an additional term appearing
in Equation (5) that led torthe presence of the electric field coefficient B+ ) in Equation (6),
which is independen off;lgtféeffect. The need for this additional term is also consistent with
the principle that two 1 iréic properties (strain, stress, polarization, and electric field) are

odynamic state and structure of a piezoelectric crystal.

required to s ci&t
AS.seed in expression for the free energy of a piezoelectric and thermoelastic crystal

- V.
do = fijdo'ij +PldEl + Tds (Al)

-

wh CD)S the specific free energy, P; is the polarization vector, and s is the specific entropy, the
erm\odynamic 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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AllP

Publishipgturbation 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.,

V= Z Vi](-i)fij n Z Vk(ii+iii)Ek + V@AT /\ (A2)
ij K
3
The physical origin of this contribution V) to the cryst IW s the influence of the
ensemble of phonon modes at a finite temperature T to the-fre r:}r of a particular mode due to

anharmonic phonon-phonon interactions [35]. By Cam 'ng}he character table of the point

group Cg, [36] reproduced in Table II, we Can@i?le symmetry properties of the terms
+ 25 l"(ll+lll) = A1 + El’ and l"(l‘l]) - A1

appearing in Equation (A2) as I'® =2

because these three terms transform as ~%I'fckorder tensor, a polar vector, and a scalar,
-y

respectively. &

TABLE II. Character tab? @1 group Cg,, [36].

_ Y. \\) E C, 2C, 2C, 30, 30,
x2+y%z /A 1 1 1 1 1 1
/!\\f{; 1 1 1 1 -1 -1

LU B 1 1 1 1 1 1

< < B, 1 1 1 1 | 1

(xz,y X,y) E; 2 -2 -1 1 0 0
(x? — y&,xy) E, 2 2 -1 -1 0 0

- \/
— om}lrst-order perturbation theory, the energy shift of the A; (LO) mode in wurtzite
Gngto strain, electric field, and temperature is related to the matrix elements (¢4, |V|d4,)
w],\many of which may vanish due to symmetry. This can be determined by evaluating the

direct product of the representations of the phonon mode [pponon = A1 and that of the
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Publishipgturbation I}, = 4A4; 4+ 2E; + E, according to Iy ® [yponon. If this direct product does not
contain the representation of the mode Ipponon, then particular matrix elements (¢4, [V]p,,)

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 A; (@e, only the terms
transforming as A; in [}, contribute to the energy shift of the A; Miode, which"we write in terms
of the frequency as \

‘)

Awy, = ay (Exx + €yy) + ba €57 + Bﬁ”iiinZ %T (A3)

where Agif) is the temperature coefficient of the A(QJO)"l)mde apart from thermoelastic strain.
| -

Using the constitutive relation for a piezow d thermoelastic solid, we can rewrite

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

Awy, = Gy (0gx + 0yy) + E<ZZ\'[>B“1 + B{HOIE, + |40 + 4% |aT (Ad)

NN\

where the d,, = %K /{i = ay, (SN + by, S13 is the uniaxial stress coefficient in the c-plane

13 b)g is the uniaxial stress coefficient along the c-axis [29],

. £ .
Bfg? = 2a,, d3; 1—/6/11 33.is #he IPE strain-related electric field coefficient [10], and Agl) =

[101,[27], ba, = 2a,

2a4, axx + b a@%hermoelastic strain-related temperature coefficient. This is a general

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

-
ﬁeld,san temperature to the frequency shift of the A; (LO) mode in wurtzite GaN.

e E, (high) and E, (low) modes, the corresponding calculation is slightly more
plicated because the modes transforming as E, are doubly degenerate, i.e., there are two
modes labeled as E, (high) with the same frequency that represent atoms vibrating along the x-

and y-axes, respectively. In this case, degenerate first-order perturbation theory specifies that the
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Publishieggrgy shift of the E, (high) mode is given by the solution to the secular equation |V, —
Awdy,| = 0, where Vi, = (p,|V|¢py) and &y, is the Kroenicker delta tensor [37]. Only the
matrix elements (g, )|V |$g,)) that do not vanish corresponding to terms in the direct product

[y ® E, that contain E, enter into the secular equation. After solvir{! wular equation, we
dentic

found that the frequency shifts of the E, (high) and E, (low) mod arB

(LO) mode except for a term related to the asymmetric strairz'n,t)h\e%>
2 H.. axa .
Asz = ag, (Exx + 63’3’) + bEz €2z T CEz\/(exx - EJ’}’) Z?J%NQHM)EZ + Ag:)AT (AS5)
All of the terms transforming as E; in the represénta o‘f)he perturbation Iy (€x, €y, Ex, and
-
E,) do not affect the E; (high), A; (LO), a@

similarly be rewritten in terms of the streN%ﬁeld, and temperature rise as
\

S
- - . 2 N a1y oese
Awg, = @g,(0xx + 0yy) + b, GZZ(‘QK Oxx — Oyy) + 402, + [B}E_;) + B}g;lﬂu)]EZ A6

® (iv)
+ 4D + Ag: ]‘&%
where Cg, = cg,[S11 — Sg@ shear stress coefficient in the c-plane [17]. This derivation is
£
t1

1 to that of the A,

ne [17]

modes to first-order. Equation (AS5) can

consistent with potén eformation theory and identifies the individual mechanisms associated
with stress, € C'n)c\ﬁekL and temperature that contribute to the total frequency shift of the

optical p nonmodgs.

— £
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