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The band-gap shift of GaN has been examined as a function of uniaxial compression along thec axis
using time-resolved, optical absorption measurements in shock wave experiments. The hydrostatic deformation
potential acz−D1 sparallel to thec axisd, has been determined independently fromact−D2 sperpendicular
to the c axisd. Based on the experimental results, a set of deformation potentials has been obtained:
acz−D1=−9.6 eV,act−D2=−8.2 eV,D3=1.9 eV, andD4=−1.0 eV. These values indicate that the deformation
potentials in wurtzite GaN are anisotropic.
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I. INTRODUCTION

Wide band-gap III-nitride semiconductors have received
considerable attention for their many applications in short-
wavelength optical devices and high-power electronic de-
vices. Despite the technological advances based on these ma-
terials, many of their fundamental physical properties have
not been characterized.1 In particular, the effect of strain on
the optical properties is not well understood. Due to the large
differences in lattice parameters and thermal expansion coef-
ficients between the substratesnormally sapphire or SiCd and
the different III-nitride epilayers, strain is always present in
these devices. A more complete understanding of strain-
induced effects on the band gap of GaN will improve the
modeling of III-nitride optoelectronic devices.

For wurtzite GaN with small strains, four distinct valence-
band and two conduction-band deformation potentials2,3 are
necessary to describe the band-edge variations. Three of
these deformation potentials are used to characterize the ef-
fect of strain components along thec axis and the other three
are used for strain components perpendicular to thec axis.
The deformation potentials are derived from theoretical
calculations,2–6 where the parameters are fit to experimental
data.7–12 However, reported values are scattered over a large
range, with variations of nearly a factor of 6 in some cases.

Commonly, quasicubic13 or spherical cubic14 approxima-
tions are introduced to reduce the number of unknown pa-
rameters. These approximations are based on the similarity
between the wurtzite and zinc-blende crystal structures,
which have nearly identical nearest-neighbor tetrahedral en-
vironments. For wurtzite GaN, deformation potentials have
been obtained using hydrostatic pressure15–18 and in-plane
biaxial stress.7–12 Since these methods involve strain compo-
nents both along and perpendicular to thec axis, the cubic
approximation is used to determine the deformation poten-
tials. However, no experimental data are available to test the
validity of such an approach.

In this paper, we present band-gap measurements for
uniaxial strainalong thec axis of wurtzite GaN. This unique
method enables the direct measurement of the deformation
potential along thec axis. Combining this result with other

published experimental data, we are able to determine the
remaining deformation potentials. Our results suggest that
the deformation potentials for wurtzite GaN are anisotropic
and are not well described by the cubic approximation.
Given the experimental data, the deformation potentials ob-
tained in this work are expected to be more accurate than
those published previously.

II. EXPERIMENT

The samples used in this study were GaN:Mg and GaN:Si
epilayerss4 mm thickd on c-cut sapphire substratess420 mm
thickd grown by metal-organic chemical vapor deposition.
The band-gap shifts of these samples were studied as a func-
tion of uniaxial strain compression along thec axis using
time-resolved, optical absorption measurements in shock-
wave experiments. The experimental configuration is shown
schematically in Fig. 1. Light from a xenon flashlamp was
collimated and reflected by two turning mirrors mounted on
the projectile and then passed through the impactor, GaN
sample, and back window. The transmitted light was col-
lected by an UV-transparent lens and focused onto two opti-
cal fibers. The light from one fiber was spectrally dispersed
by a spectrometersARC SpectraPro 150d, temporally dis-
persed by an electronic streak camerasImacon 500d, and
digitally recorded on a charge-coupled devicesCCDd detec-
tor as a series of transmission spectra, each separated in time
by 20 ns. The second fiber delivered the transmitted signal to
a fast photodiode, which was used as a timing diagnostic.
C-cut sapphire single crystals were used for both the impac-
tor and back window. Sapphire is transparent over a wide
spectral range when shocked to stresses below the Hugoniot
elastic limit sabout 14 GPad.19 From the measured projectile
velocity, the stress in the GaN epilayer was determined by
the shock response of ac-cut sapphire, which is known to an
accuracy of 1%–2%.20 A constant stress was maintained for
130 to 270 ns, depending on the size of each sample. All
experimental data were collected within this time window.

Absorption spectra of GaN:Si shocked to 9.0 GPa are
shown in Fig. 2. The absorption coefficienta was obtained
as a function of photon energy"v using
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a = lnS I0 − Ib

I − Ib
DY d, s1d

where I is the intensity transmitted through the sample
sGaN+sapphire substrated, I0 is the intensity transmitted
through the reference samplessapphire substrated, Ib is the
background intensity recorded with the streak camera shutter
closed, andd is the thickness of the GaN epilayer. As can be
seen from Fig. 2, the absorption spectrum shifted to higher
energy upon arrival of the shock wave. The band-gap energy
was defined to be the energy at whicha=2.883103 cm−1.
The band-gap shiftDEg was taken to be the difference be-
tween the shocked band gaps120 ns after the initial shockd
and the unshocked band gap.

The shift of the absorption edge measured at a constant
value ofa will represent the band-gap shift only if the shape
of the absorption profile does not change significantly.15

However, GaN has large piezoelectric coefficients, and shock
compression along itsc axis will produce a large electric
field along the same direction. This piezoelectric field results
in a broadening of the absorption edgesFranz-Keldysh ef-
fectd. In order to suppress the Franz-Keldysh effect, GaN:Mg
sRef. 21d and GaN:Si samples were used. The free carriers in
these samples screen the piezoelectric field and thus reduce

the broadening of the band-gap threshold. For the determi-
nation of DEg, we only used the absorption spectra from
GaN samples that showednegligible broadening22 after
shock compression. The plot ofDEg as a function of longi-
tudinal stressszz is shown in Fig. 3.

III. THEORY

A. Band gap

For wurtzite semiconductors,2,3 the three valence bands
HH sG9

Vd, LH sG7
Vd, and CHsG7

Vd have energy maxima given
by

E0
HH = D1 + D2 + l« + u«,

E0
LH = sD1 − D2 + u«d/2 + l« + ÎfsD1 − D2 + u«d/2g2 + 2D3

2,

s2d

FIG. 1. Schematic diagram of
the experimental configuration.

FIG. 2. Absorption spectra of GaN:Si before and after shock
compression to 9.0 GPa.

FIG. 3. The measured band-gap shift of GaN as a function of
longitudinal shock stressszz. The solid line is the best fit to the
experimental data using deformation potentials obtained in this
work, while the dotted lines are results expected by using values
published in the literature:sad Gil et al. sRef. 7d; sbd Tchounkeuet
al. sRef. 8d; scd Shanet al. sRef. 12d; sdd Chuanget al. sRef. 2d; sed
Kumagai et al. sRef. 3d. Here we use D1=8.4 meV and
D2=D3=5.9 meVsRef. 25d.
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E0
CH = sD1 − D2 + u«d/2 + l« − ÎfsD1 − D2 + u«d/2g2 + 2D3

2,

where

l« = D1«zz+ D2s«xx + «yyd,

u« = D3«zz+ D4s«xx + «yyd, s3d

whereD1 is the crystal-field splitting of theG9 andG7 orbital
states,D2 andD3 are parameters that describe the spin-orbit
coupling,«ii are components of the strain tensor, andDi are
valence-band deformation potentials. Here we use the con-
vention that a positivesnegatived value of«ii indicates tensile
scompressived strain. For the conduction band, the minimum
energy is given by

E0
C = D1 + D2 + Eg + acz«zz+ acts«xx + «yyd, s4d

whereEg is the band gap in the absence of strain andacz and
act are the conduction-band deformation potentials. Combin-
ing Eqs.s2d–s4d yields the band-gap shifts due to strain,

DEA = sacz− D1d«zz+ sact − D2ds«xx + «yyd − D3«zz

− D4s«xx + «yyd, s5d

DEB =
D1 + 3D2

2
+ Sacz− D1 −

D3

2
D«zz+ Sact − D2 −

D4

2
Ds«xx

+ «yyd −ÎFD1 − D2 + D3«zz+ D4s«xx + «yyd
2

G2

+ 2D3
2,

DEC =
D1 + 3D2

2
+ Sacz− D1 −

D3

2
D«zz+ Sact − D2 −

D4

2
Ds«xx

+ «yyd +ÎFD1 − D2 + D3«zz+ D4s«xx + «yyd
2

G2

+ 2D3
2,

whereacz−D1 andact−D2 are the “hydrostatic” deformation
potentials parallel and perpendicular to thec axis, respec-
tively.

B. Strain relations

In the present study of shock compression along thec
axis, the followinguniaxial strain relations hold:

«zz= szz/C33 and «xx = «yy = 0, s6d

whereCij are the elastic constants andsii are components of
the stress tensor. Wurtzite GaN thin films grown on sapphire

or SiC typically experiencebiaxial stresscaused by the sub-
strate:

«zz= − s2C13/C33d«xx and «xx = «yy Þ 0. s7d

Under hydrostatic pressure, szz=sxx=syy; however, the
compression is not isotropic,

«zz=
C11 + C12 − 2C13

C33sC11 + C12d − 2C13
2szz and

«xx = «yy =
C33 − C13

C33sC11 + C12d − 2C13
2szz. s8d

In this work, we use the elastic constants given in
Ref. 23: C11=390 GPa,C12=145 GPa,C13=106 GPa, and
C33=398 GPa.

Using the strain relations given above, we calculated the
slopes for theA, B, andC band-gap shifts versus«zz sTable
Id. These linear shifts ignore the contribution fromD3 in Eq.
s5d, a good approximation for the range of strains in this
study. If one neglects the strain-dependent variations of the
exciton binding energies, which are small,3 then the slopes
shown in Table I also represent the shifts forA, B, and C
exciton resonance energies with respect to«zz. Since the ab-
solute shifts of the conduction- and valence-band edges have
not been measured independently, we will treatacz−D1 and
act−D2 as two independent deformation potentials. SinceD3
was reported to be positive in all studies,2–12 it is reasonable
to assume thatacz−D1−D3 is less thanacz−D1.

IV. RESULTS

In this section, we use our shock compression results,
along with previous studies involving hydrostatic pressure
and biaxial stress, to calculate a set of deformation poten-
tials.

A. Shock compression

From Table I, it can be seen that under uniaxial shock
compressions«zz,0d, the lowest band-gap shift arises from
the B band gap. Thus, the slope of the band-gap shift versus
«zz is equal toacz−D1. A least-square linear fit to the experi-
mental data in Fig. 3 results in

DEB = s24.2 meV/GPaduszzu = − 9.6«zz eV. s9d

Hence,acz−D1=−9.6 eV. This value is compared to the pre-
viously reported deformation potentials in Table II. Our

TABLE I. A comparison of linear slopes forA, B, andC band-gap energies versusc-axis strains«zzd under biaxial stresss', c axisd,
hydrostatic pressure, and uniaxial strainsi, c axisd conditions.

Band
gap

Biaxial stress perpendicular toc axis

Hydrostatic pressure
Uniaxial strain along

c axis s«zz,0d«zz,0 «zz.0

A sacz−D1−D3d−
C33

C13
sact−D2−D4d sacz−D1−D3d+

2sC33−C13d

C11+C12−2C13
sact−D2−D4d sacz−D1−D3d

B sacz−D1d−
C33

C13
sact−D2d sacz−D1−D3d−

C33

C13
sact−D2−D4d sacz−D1d+

2sC33−C13d

C11+C12−2C13
sact−D2d sacz−D1d

C sacz−D1−D3d−
C33

C13
sact−D2−D4d sacz−D1d−

C33

C13
sact−D2d sacz−D1d+

2sC33−C13d

C11+C12−2C13
sact−D2d sacz−D1−D3d
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value foracz−D1 is larger in magnitudesmore negatived than
those found by most other groups.

B. Hydrostatic pressure

PhotoluminescencesPLd and reflectance studies of high-
quality wurtzite GaN on sapphire under hydrostatic pressure
revealed that the pressure coefficients forA, B, andC exci-
tons are the same to within experimental uncertainty.24 That
observation places the following constraint onD3 andD4:

D3 +
2sC33 − C13d

C11 + C12 − 2C13
D4 = 0, s10d

or D3=−1.8D4. The linear pressure coefficient for free-
standing GaNsRef. 16d is

DE = s41.4 meV/GPaduszzu = − 24.4«zz eV, s11d

where szz=sxx=syy. From Table I, we have the following
relation:

sacz− D1d +
2sC33 − C13d

C11 + C12 − 2C13
sact − D2d = − 24.4 eV.

s12d

Using acz−D1=−9.6 eV, we deriveact−D2=−8.2 eV.

C. Biaxial stress

To determineD3 and D4, we need to consider the strain
dependence of exciton resonance energies in GaN under bi-
axial stress. From Table I, the slope forC excitonss«zz.0d
is given by

sacz− D1d −
C33

C13
sact − D2d = 21.2 eV. s13d

This value is much smaller than the values of 38.9 and
34.5 eV, derived by Chichibuet al.10,11 and Shanet al.,12

respectively. TheC exciton energies assigned by these au-
thors are the highest-energy points in Fig. 4. However, our
results suggest that these energies were misassigned. As
pointed out by Kornitzeret al.,25 misassignment ofC exciton
energies may occur easily for reflectance or PL studies made
at very low temperatures.

From Table I, the difference between the slopes forA and
C excitons with respect to«zz is D3−sC33/C13dD4. Given a
slope for EA equal to 15.4 eV,10 the slope difference is
5.8 eV. Using the fact thatD3=−1.8D4, we derive
D3=1.9 eV andD4=−1.0 eV. However, it should be noted
that experimental uncertainties limit the accuracy of these
values. We plotted the free exciton energies reported by dif-
ferent authors versus«zz ssymbolsd under biaxial stress as
well as the calculation resultsslinesd using these deformation
potentials in Fig. 4. Our set of deformation potentials yield a
good fit to the experimental data.

V. DISCUSSION

In zinc-blende semiconductors, the hydrostatic deforma-
tion potentialsac sconduction bandd, av svalence bandd, and
the shear deformation potentialb are used. For wurtzite
semiconductors, the parametersD1 andD2 are analogous to
av, while D3 and D4 are analogous tob. The hydrostatic
deformation potentials shift theA, B, and C energy gaps
uniformly, whereas the shear components lift the degeneracy
of the valence bands atk=0. Our values forD3 andD4 are of
the same magnitudes as the shear deformation potentials of
zinc blende GaNfb=−1.6 to −3.6 eVsRef. 26dg and other

TABLE II. Deformation potentials for wurtzite GaN in units of
eV.

acz−D1 act−D2 D3 D4 Reference

−8.16 −8.16 3.71 3.71 a

−8.16 −8.16 1.44 −0.72 b

−6.5 −11.8 5.3 −2.7 c

−4.78 −6.18 1.4 −0.7 d

−2.9 −10.9 8.00 −4.00 e

acz+15.35 act+12.32 3.03 −1.52 f

acz+13.87 act+13.74 3.03 −1.63 g

5.73 −2.86 h

8.82 −4.41 i

−9.6 −8.2 1.9 −1.0 This work

aGil et al. sRef. 7d.
bTchounkeuet al. sRef. 8d.
cShanet al. sRef. 12d.
dChuanget al. sRef. 2d.
eKumagaiet al. sRef. 3d.
fSuzukiet al. sRef. 5d.
gSuzukiet al. sRef. 6d.
hChichibuet al. sRef. 9d.
iShikanaiet al. sRef. 10d and Chichibuet al. sRef. 11d.

FIG. 4. A plot of the transition energies forA, B, andC excitons
versusc-axis strain under biaxial stress. The symbols are experi-
mental data presented by Shikanaiet al. sRef. 10d, Gil et al. sRef.
7d, Shanet al. sRef. 12d, and Kornitzeret al. sRef. 25d, while the
lines indicate calculation results predicted by this work. The slope
of theA exciton line was taken to be 15.4 eVsRefs. 10 and 11d and
the free exciton energies for strain-free GaN were taken from Ref.
25.
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III–V zinc-blende crystals27 fe.g.,b=−1.7 eV for GaAssRef.
28dg. Furthermore,D3 and D4 closely match the cubic ap-
proximation,D3=−2D4.

However, the cubic approximation also states thatsacz

−D1d−sact−D2d=D3. Our results show thatsacz−D1d−sact

−D2d=−1.4 eV, which is different fromD3=1.9 eV. Hence,
the deformation potentials in wurtzite GaN show significant
anisotropy. If we take into account the Franz-Keldysh effect,
the band gap shift in Fig. 3 could be even higher, resulting in
a larger magnitude foracz−D1 and a more pronounced an-
isotropy.

VI. CONCLUSIONS

In summary, the band-gap shift of GaN under shock
wave compression along itsc axis has been measured using

time-resolved optical absorption experiments. The observed
shift, 24.2 meV/GPa, is comparable to previous uniaxial-
strain measurements that did not account for broadening.21,29

The hydrostatic deformation potential along thec axis
of wurtzite GaN,acz−D1, has been determined experimen-
tally to be −9.6 eV. Combining this result with the known
behavior of wurtzite GaN under hydrostatic pressure and
biaxial stress, the deformation potentials have been
estimated:acz−D1=−9.6 eV,act−D2=−8.2 eV,D3=1.9 eV,
andD4=−1.0 eV.
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