
APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 11 18 MARCH 2002
Band gap changes of GaN shocked to 13 GPa
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The band gap of GaN under uniaxial-strain compression was determined using time-resolved optical
transmission measurements in shock-wave experiments. Shock waves were generated by impacting
the GaN samples withc-cut sapphire impactors mounted on projectiles fired by a gas gun. Impact
velocities were varied to provide longitudinal stresses ranging from 4.5 to 13 GPa. An abrupt
increase of the band gap is observed upon shock-wave compression, followed by a slower increase.
By measuring the absorption threshold before and during shock compression of the GaN layer, the
band-gap shift for a particular longitudinal stress was obtained. A linear fit to the data yields a
band-gap shift of 0.02 eV/GPa. Comparison withab initio calculations show that this slope lies
between the calculated bounds for isotropic and uniaxial compression. Potential reasons for the
differences are indicated. ©2002 American Institute of Physics.@DOI: 10.1063/1.1455148#
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GaN and related alloys, InGaN and AlGaN, have gen
ated considerable interest for wide-band-gap devices suc
blue laser diodes1 and high-temperature, high-powe
transistors.2 Since the different materials in device heter
structures have large lattice mismatches, strain effects
important. In InGaN alloys grown on GaN, for exampl
pseudomorphic strain has a significant effect on measu
values of the band gap.3 To investigate how strain influence
the optical properties of GaN, the effect of biaxial strain4,5

and hydrostatic pressure6,7 have been investigated in prev
ous studies. Shock-wave experiments are well suited for
amining strain effects in crystals becauseuniaxial strain is
produced. In the present work, the band gap of GaN un
uniaxial-strain compression was determined. An advant
of uniaxial strain is its simplicity: in the elastic limit, only
the c-lattice constant is compressed, while thea-lattice con-
stant remains unchanged. Through comparison withab initio
calculations, the results of these experiments provide ins
into the optical properties of strained GaN.

GaN samples used in this study were grown by meta
ganic chemical vapor deposition to a thickness of 4mm on a
c-cut sapphire substrate that was polished on both sides
the impact experiments, the GaN layer was backed by ac-cut
sapphire buffer. Shock waves were generated by impac
the sapphire substrate with ac-cut sapphire impacto
mounted on a projectile fired by a light gas gun.8 The shock
wave traveled through the sapphire substrate, the GaN
ayer, and the sapphire buffer. Longitudinal stresses were
termined from the known shock response ofc-cut sapphire.9

Impact velocities were varied from 0.20 to 0.55 km/s to p
vide stresses ranging from 4.5 to 13 GPa. The sample wa
room temperature during the measurements. A Xe
flashlamp provided the incident UV and visible light. Tran
mitted light was dispersed using a spectrometer and reco
using a streak camera/charge coupled device detection
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tem. A shorting pin was placed near the sample to provid
trigger pulse. Time-resolved optical absorption measu
ments, similar to those described in Refs. 10 and 11, w
carried out.

The light intensity as a function of wavelength was r
corded in 20-ns intervals, or tracks. Prior to each imp
experiment, a reference streak was recorded for ac-cut sap-
phire sample. The arrival of the shock wave at the G
epilayer causes an abrupt change in the transmitted light.
absorbance values were obtained by the expression

Absorbance5 log10~ I R /I !, ~1!

where I R and I are the transmitted light intensities throug
the sapphire reference and GaN samples, respectively. Fi
1 shows the absorbance versus photon energy for a G
sample;40 ns prior to@Fig. 1~a!# and ;40 ns after@Fig.
1~b!# the arrival of the shock wave with a stress of 4.5 GP
Absorbance plots are also shown for GaN shocked at stre

FIG. 1. Absorbance versus photon energy for a GaN sample that is~a!
unshocked, and~b! shocked to a stress of 4.5 GPa. Absorbance plots are
shown for GaN shocked to stresses of~c! 9.2 GPa and~d! 12.6 GPa.
2 © 2002 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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of 9.2 GPa@Fig. 1~c!# and 12.6 GPa@Fig. 1~d!#, each at;40
ns after the arrival of the shock wave. As shown in Fig.
shocked GaN exhibits a blueshift and broadening of
band-gap absorption profile.

The time dependence of the band-gap change is sh
in Fig. 2. In this plot, the band gap is taken to be the ene
at which the absorbance is 0.5. An abrupt increase in
band gap is observed at a timet5200 ns. Since the signal i
integrated over 20 ns, both the shocked and unshocked s
are measured during thet5200 ns track, leading to a time
averaged value for the band gap. After the rapid increase
band gap increases at a slower rate~0.3 eV/ms!. The rapid
and subsequent ‘‘slow’’ increase in the band gap was
served in all the experiments. For consistency, the shoc
band gap was taken to be the band gap two tracks~40 ns!
after the first abrupt increase.

The solid lines in Fig. 1 are fits to the data, as explain
next. The absorption threshold of unshocked GaN was m
eled with a complementary error function:

au~E!5~a0/2!erfc@~E2E0!/DE0#, ~2!

whereau is the absorption coefficient,E is the photon en-
ergy, anda051.33105 cm21 ~Ref. 12!. The shocked-GaN
absorption profile is described by the expression

as
~0!~E!5au~E2dE!, ~3!

wheredE is the shift in the absence of broadening. To a
count for broadening, Eq.~3! is convolved with an Airy
function (Ai):

as~E!5E
2`

`

as
~0!~E8!AiFE82E

DE1
G dE8

DE1
. ~4!

The parametersE0 , DE0 , dE, andDE1 were adjusted to fit
the data. In all the experiments, the absorption profiles
well modeled by values ofE053.5460.04 eV, DE050.11
60.02 eV, andDE150.1060.02 eV.

Equation~4! is most often used to model the broadeni
of the band-gap absorption threshold due to the presenc
electric fields ~Franz–Keldysh effect!.13 This broadening
leads to a decrease in the absorption threshold energ
approximatelyDE1 . The presence of large electric fields
shocked GaN would be consistent with the piezoelec

FIG. 2. Time dependence of the band-gap change of GaN shocked t
GPa.
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effect.14 However, other factors such as stress inhomogen
and the formation of defects may also contribute to a bro
ening of the band-gap absorption threshold.

A background signal in the detection system led to
saturation of the absorbance~Fig. 1!. To account for this
experimental artifact, the absorbance was modeled by
expression

Absorbance5 log10S I 01I B

I 0 exp~2ad!1I B
D , ~5!

whered54 mm is the GaN thickness,I 0 is the light intensity
through the sapphire reference sample, andI B is the back-
ground signal. The solid lines in Fig. 1 are fits to the da
using Eqs.~2!–~5!.

To provide a consistent measure of the band-gap s
due to shock compression, the band gap was taken to be
energy at whichad51.15; in the absence of a backgroun
signal, this value corresponds to an absorbance of 0.5.
band-gap shift is plotted as a function of longitudinal stre
in Fig. 3. A linear least-squares fit to the data yields

DEG5~20.0760.02!1~0.02160.002!s33, ~6!

whereDEG is the band-gap shift~eV! ands33 is the stress
along thec axis ~GPa!. Compressive stresses and strains
defined as positive. The negative value of the intercep
Fig. 2 is due to the broadening of the absorption thresh
discussed previously.

Ab initio calculations were performed for two boundin
cases: isotropic and uniaxial compression. The calculati
were based on density functional theory andab initio
pseudopotentials, using the nonlinear core correction.15,16

For isotropic compression, previous calculations16 yielded a
band-gap shift of

DEG58.0DV/V, ~7!

whereDV/V is the fractional volume change.
For purely uniaxial compression, onlye33Þ0 ~e11 and

e33 are the strains along thea andc axes, respectively!. The
‘‘A’’ and ‘‘B’’ band gap shifts are then given by17,18

.2FIG. 3. Theoretical band-gap shift versus longitudinal stress (s33) for iso-
tropic compression~dashed line! and uniaxial compression~dotted line!. A
linear fit to the experimental data is shown by the solid line. The nega
intercept value is an artifact due to the broadening of the absorption thr
old.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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DEA5~D181D3!e33 ~8!

DEB5@D113D21~2D181D3!e33#/2

2A~D12D22D3e33!
2/412D2

2 ~9!

whereD185D1—ac is the deformation potential reference
to the conduction band minimum. The band-gap shifts giv
by Eqs.~8! and ~9! were fitted to theab initio calculations.
Since the calculations neglected spin-orbit splitting,D2 was
set to zero during the fitting. A least-squares fit yielded v
ues ofD1855.14 eV andD358.12 eV.

For purely uniaxial deformation, the straine33 is related
to the longitudinal stress bye335s33/C33, where C33

5398 GPa~Ref. 19!; the contracted notation is used for th
elastic constants. For isotropic deformation, the volu
change is related to the stress byDV/V53s33/(2C13

1C33), whereC135106 GPa~Ref. 19!. Equations~7!–~9!
can then be expressed in terms ofs33 and compared with the
experimental results, for whichs33 is known. It should be
noted that for a given value ofs33, the values ofs11 ands22

depend on the nature of the deformation, and are differen
isotropic and uniaxial compression. The calculated band-
shifts for isotropic and uniaxial deformations are plotted
Fig. 3. In the case of uniaxial deformation, the discontinu
in the slope of the calculated band gap is due to a crossin
the valence bands. The band-gap minimum is plotted
values ofD1522 meV andD255 meV ~Ref. 18!.

We note that the slope of the experimental curve
larger than that of the calculated curve for uniaxial compre
sion. This finding raises two possibilities: the calculated
formation potentials are not entirely accurate, or the G
unit cell undergoes nonuniaxial deformation. The latter
sponse is expected when plane shock wave compressio
crystals results in elastic-plastic deformation.20 Whether
shocked GaN is undergoing elastic-plastic deformation at
stresses considered in the present work will require an in
pendent determination of its mechanical response in pl
impact experiments. After the initial shock, the slow increa
in the band gap~Fig. 3! is consistent with a gradual defo
mation toward nonuniaxial compression at the lattice lev
An alternate explanation is that time-dependent screenin
piezoelectric fields results in the slow band-gap increase

In conclusion, the band gap of GaN under uniaxial co
pression has been determined using time-resolved op
Downloaded 02 Aug 2002 to 13.1.101.37. Redistribution subject to AIP
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transmission measurements in shock-wave experiments
important feature of the present work is that the samples
subjected to the macroscopically exact condition of uniax
strain. An abrupt increase of the band gap is observed u
compression, followed by a slower increase. In the future
resolve the apparent contradiction between experiment
theory, continuum measurements will be performed to de
mine the mechanical response of GaN to shock compress
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