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A pump-and-probe technique was used to investigate shock effects on the photoluminescence
spectra ( ~833 nm) at T = 80 K due to the direct transition E, from the I'; conduction band
to the 'y fourfold degenerate top valence band in GaAs. Under the shock loading condition,

. the photoluminescence peak was observed to blue shift and split into two components,
corresponding to the transitions from the I's conduction band to the valence heavy- and light-
hole subbands, because of symmetry breaking by the uniaxial shock compression along the
{001] direction. From the blue shift of the photoluminescence peaks, we deduced our -

picosecond-laser-driven shock pressure of ~ 10 kbar.

Significant changes in the optical and transport proper-
ties of semiconductors occur with the application of a uniax-
ia} stress due to changes in symmetry and lattice param-
eters.' Knowledge of stress effects on band structure is
important for operation of GaAs in high-speed ultrasmall
devices and switches. In this letter we report on a new obser-
vation of the photoluminescence spectra from galliom arsen-
ide (GaAs) under picosecond-laser-driven shock wave load-
ing. The shock waves were generated by focusing intense
picosecond laser pulses onto an aluminum (Al) foil>® at-
tached to the sample.

GaAs has a zinc-blende structure® of the space group
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where  8E, = —a(S$;; +2S5;)P, OE, = —a'(Sy,
+25,,)P, SEs = — 2b(S,, — S1,)P, SEj.

= —2b'(S,, — S1,) P, and A, is the spin-orbit splitting, S,
and §,, are components of the elastic compliance constants,
g and @' are the deformation potentials of the T'y and T';
valence bands for hydrostatic effects, and b and b " are the
deformation potentials of the I'y and I'; bands for shear ef-
fects. If the pressure-induced shift and splitting are much
smaller than A, the eigenvalues of Eq. (1) can be written
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Including the effect of the conduction-band shift, the pres-
sure dependence of the energy gap changes is given by

S(E, —E, ) = AEy, + 1 8E;, (3a)
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T2. The lowest conduction band is s-like and twofold degen-
erate, having a I', symmetry at the Brillouin zone center.
The top valence band is a sixfold degenerate p-. -like band that
splits into a fourfold P, maultiplet (J =372, M, = - 3/2,
4+ 1/2) with a I'y symmetry and P,;, doublet (/= 1/2,
M, = + 1/2) with a T, symmetry due to the spin-orbit in-
teraction. The band structure is shown in th 1 (the left-
hand side). The lowest energy band-to-band direct transi-
tion (labeled E,) occurs at the center of the Brillowin zone.
The total Hamiltonian matrix for the valence band in the
presence of a uniaxiai compresswn Palong the [001] dlrec-
tlon can be written

, (1
l .
(8Es.)? S
J(Ec—Eul)iAEH—%SES—( s) \ (3b)
o 24,
: (8Es. )? :
S(E, —E,)=Ag+ AEy +———, (3c)
where AEp = — (e, +a)(S, + 25,,)P, :-AEH'

— (e, +a") (S“ + 28,,)P, and ¢, is the deformhation po-
tentlal of the conduction band. For light polarized perpen-
dicularly to the stress axis ¢, the transitions between the 5-
like ' conduction band and all three valence bands, 0,,05,
and b, are allowed.® From Egs. (3a) and (3b}, we deduce
that under shock loading condition, the photoluminescence
peak corresponding to the E, transition will be subject to a
blue shift because of the hydrostatic component of the pres-
sure [ represented by the term AE,, in Egs. (3a) and (3b)].
It will also split into two components corresponding to the
transitions £,(1) and £,(2) {see Fig. 1, the right-hand side)
because of the reduced symmetry by the uniaxial naturé of
the shock pressure { represented by the term E in Eqs.(3a)
and (3b)]. Since the heavy-hole band v, has a lower energy
under uniaxial compression,'” the corresponding transition
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FIG. 1. Band structure 'bf GaAs at T'=80 K for unshocked (left) and
shocked (right) crystals: '

E,(2) will have a larger blue shift. In addition, the blue shift
of the emission peak of the electron-light-hole recombina-
tion { the transition E,(1) ] willincrease sublinearly with the
increasing pressure because of the pressure-induced cou-
pling between the sets of M, = + 1 bands (v, and v,).

. A schematic diagram of the experimental geometry is
shown in Fig. 2. The experimental setup was described in
Ref. 11. A Quantel Nd:YAG laser of 30 ps pulse width and
25 mJ pulse energy at 1.064 um was utilized as the pump
beam to generate shock waves in the aluminum foil. The
shock waves were launched into the GaAs sample Jocated
bebind the aluminum foil. The probe beam of 27 ps at 532
nm was delayed through a white cell approximately by 46 ns
relative to the arrival of the pump beam at the aluminum foil
to ensure that the probe pulses reach the sample surface area
right after the arrival of the shock front. This was necessary
to observe the maximum effect of sheck pressure.

The GaAs sample was # type with a carrier concentra-
tion of ~ 10'® cm ™. The thickness of the sample was about
50 1m with the cubic [001] axis perpendicular to the sample
surface. The aluminum foil had a thickness of 20 um. The
sample and aluminum foil were loaded between two quartz
plates and placed in the center of a liquid-nitrogen Dewar.
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FIG. 2. Schematic diagram of the experimental geometry.
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APIEZON N-grease was added to the interface of the sam-
ple and aluminum foil to ensure efficient mechanical cou-
pling at 7= 80 K. The pump beam was focused by a 15-cm
focal length lens to a 500-um-diam spot on the aluminum
toil, which ensured planarity of the shock wave and a peak
power density of ~4.2x 10'" W/cm”. The probe pulse was
focused to a 400-pm-diam spot by a 15-cm focal length lens
on the sample, giving a peak power density of ~ 1.6 10’ W/
em-,

The emitted light was dispersed by a 1/4 m spectrom-
eter, detected by a silicon-intensified target coupled to an
optical multichannel analyzer and storedina PDP 11/23 +
host computer. The resolution of the detection system was
about 2 nm. All spectra were recorded at T = 80 K by single
shots of the laser.

The observed photoluminescence spectrum of GaAs
without shock loading is dominated by a single peak due to
the band-to-band recombination at the lowest energy gap E,,,
as shown in Fig. 3 (left). No emission lines due to impurity
transitions were observed. The effect of shock waves was
most pronounced for the delay time between the pump and
probe beam, 7 = 40~ 60 ns. At 7<35 ns, no shock effect was
observed. A typical spectrum showing the shock effects on
the photoluminescence from GaAs is displayed in Fig, 3 for
T = 46 ns and probe intensity 1.6 X 107 W/cm?. Under shock
ioading, the emission peak was split into two, with blue shifts
of 20 and 85 meV, respectively.

The lowest energy band gap in GaAs in the absence of

. the shock pressure can be written'?

E (7)) =1530eV — (50107 *eVK T, (4

The peak energy of the emission due to the band-to-band
transition £, at 7= 80 K is E, =E, (80 K) = 1490 eV,
ie, A, =832 nm, which agrees with our observed un-
shocked emission line at 833 nm (Fig. 3) within our experi-
mental accuracy. Since the energy gap E, — E, expands
linearly with the increasing pressure P, the blue shift of the
transition energy E,(2) was chosen to calibrate the shock
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FIG. 3. Unshocked (left) and shocked {right) photoluminescence s;jectra
atadelay time 7 = 46 ns and probe intensity 1.6 107 W/cm?®. The shocked
spectrum consists of two peaks, corresponding to the transitions E,(1) and
Ea(2).
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pressure. From Eq. {3a) the pressure coefficient of this tran-
sition energy is given by

dE,(2
ﬁi — (¢, +a)(S;, +252) — bS5, —S512).
(5)
With the reported values,” ¢, +a= —13.0 eV,

b= —1.66 eV, and™ S, =1.16x10"> kbar~', 5,

= — 3.67x107* kbar~!, we obtain dE,(2)/dP=28.5

meV/kbar. Therefore, the experimentally measured blue

shift of 85 meV (Fig. 3) for the electron-heavy-hole recom-

bination emission line gives a magnitude of the laser-driven
- shock pressure in GaAs of ~ 10 kbar.

From Eq. (3b) and the reported values,” b’ = — 2,47
eV and A, = 0.34 eV, we obtain §(E, — E, ) = 21.5 meV
for a pressure of 10 kbar, which consistently agrees with our
observed blue shift of ~20 meV under the same shock com-
pression condition. Therefore, the shocked system is in qua-
siequilibrium state.

In conclusion, the picosecond-laser-drive shock waves
offer a new technique to investigate properties of materials at
very high pressures with a table-top laser facility. Using this
technique, we have observed blue shift and line splitting in
the photoluminescence spectrum of GaAs due to band-gap
expansion and symmetry breaking by the uniaxial shock
compression atong the [001] direction. The pressure range
of the shock waves generated in our experiment by a 25-mJ
picosecond laser pulse is ~ 10 kbar.
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