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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 with-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 wath initio calculations show that this slope lies
between the calculated bounds for isotropic and uniaxial compression. Potential reasons for the
differences are indicated. @002 American Institute of Physic§DOI: 10.1063/1.1455148

GaN and related alloys, InGaN and AlGaN, have genertem. A shorting pin was placed near the sample to provide a
ated considerable interest for wide-band-gap devices such &sgger pulse. Time-resolved optical absorption measure-
blue laser diodéds and high-temperature, high-power ments, similar to those described in Refs. 10 and 11, were
transistors. Since the different materials in device hetero- carried out.
structures have large lattice mismatches, strain effects are The light intensity as a function of wavelength was re-
important. In InGaN alloys grown on GaN, for example, corded in 20-ns intervals, or tracks. Prior to each impact
pseudomorphic strain has a significant effect on measureexperiment, a reference streak was recorded fowcat sap-
values of the band gapTo investigate how strain influences phire sample. The arrival of the shock wave at the GaN
the optical properties of GaN, the effect of biaxial stfain epilayer causes an abrupt change in the transmitted light. The
and hydrostatic pressifréhave been investigated in previ- absorbance values were obtained by the expression
ous studies. Shock-wave experiments are well suited for ex-
amining strain effects in crystals becaussiaxial strain is Absorbance:log;o(1r/1), @

produced. In the present work, the band gap of GaN undefhere |, and| are the transmitted light intensities through
uniaxial-strain compression was determined. An advantagg,e sapphire reference and GaN samples, respectively. Figure
of uniaxial strain is its simplicity: in the elastic limit, only 1 shows the absorbance versus photon energy for a GaN
the c-lattice constant is compressed, while #aattice con- sample~40 ns prior to[Fig. 1(a)] and ~40 ns after[Fig.

stant remains unchanged. Through comparison alifinitio 1 ()] the arrival of the shock wave with a stress of 4.5 GPa.

calculations, the results of these experiments provide insight hsorpance plots are also shown for GaN shocked at stresses
into the optical properties of strained GaN.

GaN samples used in this study were grown by metalor-
ganic chemical vapor deposition to a thickness @fM on a 380
c-cut sapphire substrate that was polished on both sides. For T
the impact experiments, the GaN layer was backed &gt 1.0
sapphire buffer. Shock waves were generated by impacting
the sapphire substrate with a-cut sapphire impactor
mounted on a projectile fired by a light gas dlifihe shock
wave traveled through the sapphire substrate, the GaN epil-
ayer, and the sapphire buffer. Longitudinal stresses were de-
termined from the known shock responsecafut sapphiré.
Impact velocities were varied from 0.20 to 0.55 km/s to pro-
vide stresses ranging from 4.5 to 13 GPa. The sample was at
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room temperature during the measurements. A Xenon 0.0 ; ' . . .
flashlamp provided the incident UV and visible light. Trans- 3.2 3.3 3.4 35 3.6 3.7 3.8
mitted light was dispersed using a spectrometer and recorded Photon energy (eV)

using a streak camera/charge coupled device detection sys-

FIG. 1. Absorbance versus photon energy for a GaN sample th@ is
unshocked, an¢h) shocked to a stress of 4.5 GPa. Absorbance plots are also
3Electronic mail: mattmcc@wsu.edu shown for GaN shocked to stresses(©f9.2 GPa andd) 12.6 GPa.
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FIG. 2. Time dependence of the band-gap change of GaN shocked to 92,G. 3. Theoretical band-gap shift versus longitudinal stress)(for iso-
GPa. tropic compressioridashed lingand uniaxial compressiofotted ling. A
linear fit to the experimental data is shown by the solid line. The negative
. . intercept value is an artifact due to the broadening of the absorption thresh-
of 9.2 GPFig. 1(c)] and 12.6 GP§Fig. 1(d)], each at~40 44 P 9 P
ns after the arrival of the shock wave. As shown in Fig. 1,

shocked GaN exhibits a blueshift and broadening of the 14 . :
. . effect™ However, other factors such as stress inhomogeneity
band-gap absorption profile. ) .
. : and the formation of defects may also contribute to a broad-
The time dependence of the band-gap change is shown . .
in Fig. 2. In this plot, the band gap is taken to be the energy "9 of the band-gap absorption threshold.
g. <. plos gap YA background signal in the detection system led to a

at which the absorbance is 0.5. An abrupt increase in thgat ration of the absorbanc®ig. 1). To account for this
band gap is observed at a tite 200 ns. Since the signal is X uerirlnental artifact, the abslcg)]r'bar;ce was r’::odeled bI the
integrated over 20 ns, both the shocked and unshocked statgs? ' y

are measured during the=200 ns track, leading to a time- expression
averaged value for the band gap. After the rapid increase, the lo+1g
band gap increases at a slower rée8 eVjus). The rapid Absorbancelog; )

- i lpexp—ad)+1g)’
and subsequent “slow” increase in the band gap was ob- o®xf(—ad)tlg

served in all the experiments. For consistency, the shocke@hered=4 um is the GaN thicknes$g is the light intensity
band gap was taken to be the band gap two trdéRksng  through the sapphire reference sample, &nds the back-
after the first abrupt increase. ground signal. The solid lines in Fig. 1 are fits to the data,
The solid lines in Fig. 1 are fits to the data, as explainedusing Eqs.(2)—(5).
next. The absorption threshold of unshocked GaN was mod-  To provide a consistent measure of the band-gap shift
eled with a complementary error function: due to shock compression, the band gap was taken to be the
_ energy at whichwd=1.15; in the absence of a background
u(B)=(aof2)erid (E—Eo)/ABo], @ signal, this value corresponds to an absorbance of 0.5. The
where ¢, is the absorption coefficienE is the photon en- band-gap shift is plotted as a function of longitudinal stress
ergy, anday=1.3x10° cm™ ! (Ref. 12. The shocked-GaN in Fig. 3. A linear least-squares fit to the data yields

absorption profile is described by the expression
AE;=(—0.07£0.02 +(0.021*+0.002 733, (6)
g (E) = ay(E— 5E), (3) _ _ _
whereAE is the band-gap shifteV) and o33 is the stress
where SE is the shift in the absence of broadening. To ac-along thec axis (GPg. Compressive stresses and strains are

count for broadening, Eq(3) is convolved with an Airy  defined as positive. The negative value of the intercept in

function (Ai): Fig. 2 is due to the broadening of the absorption threshold
- E'—EldE’ discussed previously.
asE)=| aQ(E"AI —. (4) Ab initio calculations were performed for two bounding
- 1 1 cases: isotropic and uniaxial compression. The calculations

The parameter,, AE,, SE, andAE, were adjusted to fit were based on den_sity function_al theory amll initio
the data. In all the experiments, the absorption profiles ar@S€udopotentials, using the nonlinear core Co_”eéﬁéﬁ'
well modeled by values oE,=3.54+0.04 eV, AE,=0.11 For |sotrop|c_compreSS|on, previous calculatiSngelded a
+0.02 eV, andAE,;=0.10+0.02 eV. band-gap shift of

Equation(4) is most o_ften used to model the broadening AEs=8.0AV/V, @)
of the band-gap absorption threshold due to the presence of
electric fields (Franz—Keldysh effegf*® This broadening whereAV/V is the fractional volume change.
leads to a decrease in the absorption threshold energy by For purely uniaxial compression, onkgs#0 (€1, and
approximatelyAE;. The presence of large electric fields in e33 are the strains along treeandc axes, respectively The

shocked GaN would be consistent with the piezoelectri¢A” and “B” band gap shifts are then given b¥/*8
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AEA=(D;+Dg3)egs (8)  transmission measurements in shock-wave experiments. An
important feature of the present work is that the samples are
AEg=[A;+3A,+(2D;+D3)ezs)/2 subjected to the macroscopically exact condition of uniaxial

strain. An abrupt increase of the band gap is observed upon
~(A1-4,~Daeqn)?/4+243 ©) compression, followed by a slower increase. In the future, to
whereD;=D;—a, is the deformation potential referenced resolve the apparent contradiction between experiment and
to the conduction band minimum. The band-gap shifts givertheory, continuum measurements will be performed to deter-
by Egs.(8) and (9) were fitted to theab initio calculations. ~mine the mechanical response of GaN to shock compression.

Since the calculations neglected spin-orbit splittidg, was
set to zero during the fitting. A least-squares fit yielded vaI—_I_h The authorz a;(re Zpleased to a;:knowlt_acige A. R.ct)%/atlty, St'
ues ofD}=5.14 eV andD,=8.12 eV. ompson, and K. Zimmerman for assistance with targe
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