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Shock- waves in GaSe semiconductors were produced by high-power picosecond laser pulses.
Spontaneous and stimulated emissions in GaSe were used to probe the effect of shock waves. Under
the laser-driven shock loading, 2 24-nm spectral red-shift of the spontaneous-emission peak position,
which corresponds to 14-kbar shock pressure, was detected. Significant line broadening of the spon-
tancous emission is attributed to the shock-wave-induced collision mechanism. The observed larger
red-shift of 36 nm and the intensity decrease of the stimulated-emission peak were explained by the
shock-wave-induced band-gap “shrinkage "through the gain-reduction mechanism based on the

exciton-exciton scattering process in GaSe.

I INTRODUCTION

Over the past 40 years, shock-wave research has been
an active area because of its technological importance.!
The generation of high pressure by shock waves differs in
essence from generation by conventional methods in that
it relies on the inertial response of matter to rapid ac-
celeration rather than on static constraints applied by a
fixed apparatus. The application of mode-locked pi-
cosecond laser pulses for the generation of ultrahigh pres-
sure and short-duration shock waves’ ® has brought
about the possibility of studying the properties of con-
densed matier under extreme high pressure and tempera-
tures.” The fast energy transfer from macroscopic
mechanical disturbance to microscopic electronic and vi-
brational states in condensed media are key processes ré-
sponsible for chemical and physical changes.

Recently, we have reported”® picosecond-laser-excited
spontaneous phdtoluminescence studies of GaSe layered
semiconductors subject to high-power picosecond-laser-
induced shock pressures. It is well known that the energy

- band structure of semiconductors changes under pressure.

For GaSe, the energy band gap shrinks under pressure,
causing the shift of both the absorption and Iuminescence
specira to the red. The spectral shift of the spontaneous-
emission band gives a measure of the shock pressure gen-
erated by the pump beam. Furthermore, by delaying the
probe beam with respect to the pump beam, we were able
to map out the entire shock profile.

In this paper, we will extend our previous work and in- -

vestigate spontaneous- and stimulated-emission spectra
from GaSe under different probe intensities with and
without the application of the laser-driven shock pressure.
At low probe intensity, in addition to a spectral red shift,
we have observed, for the first time, a broadening in
spontaneous-emission line due to shock-wave-induced ex-
citon collisions. At higher intensities, the effects of shock
waves on the stimulated emission in GaSe have also been
investigated. Previously, we have correlated and modeled
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both spontaneous and stimulated emission in GaSe to the
same origin: exciton-exciton scattering process. The pur-
pose of the present paper is to reveal the shock effect on
both spontaneons and stimulated emission and explain
them using this modei.

II. EXPERIMENTAL ARRANGEMENT
AND TECHNIQUE

A schematic diagram of the experimental setup is
shown in Fig. 1. A pump-and-probe technique was used
to observe the shock effect on the photoluminescence
emission in GaSe. A Quantel Nd:YAG laser (YAG
denotes yttrium aluminum garnet) of 30 psec pulse width
and 35 mJ pulse energy at 1.064 um was utilized as the
pump beam to generate shock waves in the aluminum foil.
An R-70 filter was inserted in the pump beam to elim-
inate the fluorescence emission from the flashlamps in the

YAG laser system. The shock wave was launched into

the GaSe sample located behind the aluminum foil. Part
of the infrared pulse was frequency doubled by passing it
through a potassinm dihydrogen phosphate (KIDP) crystal
to produce 27-psec laser pulses at 532 nm. This pulse was
used as a probe be#m. It was delayed through a white cell
approximately by 39 nsec relative to the arrival of the
pump beam at the aluminum foil. This was necessary to
observe the maximum effect of shock pressure. The pulse
selection of the YAG laser system was monitored by a
fast photodiode coupled to a Tektronix 7104 oscilloscope.
The thickness of the GaSe sample was about 50 um
with the ¢ axis of the crystal parallel to the thickness of
the sample. The aluminum foil had a thickness of 20 gzm,
The sample and the aluminum foil were loaded between
two %-in.-thick Pyrex plates and clamped tightly.

"Mineral oil was added to the interface of the sample and

aluminum foil to ensure efficient mechanical coupling,
The pump beam was focused by a 15-cm-focal-length lens
to a 450-um-diam. spot on the aluminum foil which en-
sured planarity of the shock wave and a peak power densi-
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FIG. 1. Schematic diagram of the experimental setup.

ty of ~7x 10" W/cm?. The probe pulse was focused to a
350-pm-diam. spot by a 15-cm-focal-length lens on the
sample. The thickness of the probed region was approxi-
mately equal to the penetration depth of the 532-nm laser
beam in GaSe which is ~5 pm. Proper care was taken in
aligning the two beams. Since the pump beam damaged
the aluminum foil, a different spot on the aluminum foil
was employed each time that a shock was generated.

The emitted light was collected by a lens of 15 cm focal
length and focused onto a +-m Jarrell-Ash spectrometer.
Corning 3-67 filters were placed in front of the spectrom-
eter to climinate the elastically scattered light from the
sample. The signal was detected by a silicon-intensified
target coupled to an optical multichannel analyzer OMA
I (Princeton Applied Research), and stored in a
PDP11/23 PLUS host computer. The trigger pulse ob-
tained from the laser firing was used to synchronize OMA
scans. The resolution of the detect system was about 2
nm. All spectra were recorded at room temperature by
single shots of the laser.

11I. RESULTS AND DISCUSSION

A. Shocked spontaneous emission

The effect of shock waves were found to be most salient
for the delay time between the pump and probe beam
739 nsec. When 7 increased from 39 nsec to above 100
nsec, the shock effects gradually weakened and disap-

" peared. At 730 nsec, no shock effect was observed.

i
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This feature agreed with our previous results {see Fig. 3.0of
Ref. 7). The typical spectra showing the shock effects on
both spontaneous and stimulated emissions in GaSe are
displayed in Figs. 2, 3, and 4 for 7==39 nsec and probe in-
tensities 0.17x 108, 0.68x10%, and 1.3x10° W/em?,
respectively. Under the shock loading, the spontaneous-
emission peak was red-shifted by 28 nm (Fig. 2) and 24
nm (Fig. 3).

The energy band gap in GaSe shrinks with increasing
pressure of temperature:””

E,(T,P)=2.020 ¢V —(0.47 meV K~ 'X(T 300 K)

2X6.2 meV kbar— )P , (1)

where T =300 K is the lattice temperature which does not
change much during the shock loading.” The peak energy
of the spontaneous emission due to the exciton-exciton
scattering process is

E,—E,—2E, . (2)

Taking the partial derivative with respect to the pressure,
one obtains

oE, oK, oE,
P~ aP  ~ oP
The reported value for the change of the exciton bind-
ing energy with uniaxial static pressure is?
aE,
oP

— 0.6 meV kbar—!,
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FIG. 2. Unshocked (right) and shocked (left) spontaneous-
emission spectra at low probe intensity (0.17x 10° W/cm?).

therefore
oE,
P

The experimentally observed reds-shift of 71 meV (Fig.
3) gives the value of laser-induced shock pressure in GaSe
to be in the range of 14 kbar. This shock-pressure magni-
tude has been confirmed by our recent transducer mea-
surements.>

Significant line broadening in the spontaneous-emission
spectra under the shock loading was clearly and repeated-
ly observed: This is shown in Figs. 2 and 3. The follow-
ing four features are apparent for spontaneous-emission
profiles,

{1} The magnitude of broadening ranges from 20 to 30
nm. In Fig. 2 the fuil width at half maximum (FWHM)
is 39 nm for the unshocked spectrum and 67 am for the
shocked spectrum. In Fig. 3 the FWHM of the spontane-
ous curves is 36 nm for the unshocked and 62 nm for the
shocked case. .

{2) This broadening occurred at different delay times.
It is found that the amount of broadening is proportional
to the red-shift of the spontaneous-emission peak position.

=—5.0 meVkbar !, ' (3
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FIG. 3. Unshocked {right} ‘and shocked (left) stimulated-
emission spectra at medium probe intensity (0.68 % 10° W/cm?).
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FIG. 4. Unshocked (right) and shocked (left) stimulated-
emission spectra at high probe intensity (1.3 % 10° W/cm®).

(3) The peak amplitude decreases under shock loading
such that the integrated spontaneous-emission intensity
(area) approximately remains same for both shocked and
unshocked spectra,

(4) The broadened spontaneous spectrum has a
Lorentzian profile.
~. The observed line broadening of the spontaneous-
emission profile is attributed to the shock-wave-induced
collision process in condensed matter. The emitting exci-
tons in the shocked region all suffer from additional col-
lisions with the entire array with a directional particle
velocity #,. The collision frequency for each exciton is

fc :azumeo] 5 ) ] {4)

where a is the Bohr radius of the exciton in GaSe which
is'%~32 A, N, is the molecular density in GaSe which
is ~2%10"” cm™3, The particle velocity at 14 kbar is
about 2x 10* emsec—!. Therefore, the collision broaden-
ing Av=2f /m~2.5%x10" Hz or AA~33 nm which
agrees well with the observed value.

Since the collision frequency is proportional to up,
which is related to the shock pressure P by the jump con-
dition! P —p, =p0\l'fsup, where U, is the shock velocity,
and pg and Py are density and pressure in the unshocked
region, the shock-wave-induced collision broadening is ex-
pected to be proportional to the red-shift of the
spontaneous-emission peak. The collision broadening is
homogeneous and has a Lorentzian line shape.!! This is
also confirmed by our experiment.- From the fact that the
shocked spontaneous emission has the same integrated in-
tensity as the unshocked one we deduce that the elastic
collision (phase-perturbing collision) plays a main role in
our line-broadening mechanism because inelastic collision
(quenching collision) will decrease the number of emitting
excitons and reduce the integrated intensity significantly.

Note that the usual pressure broadening which is cru-
cial for gaseous systems essentially comes from an in-
crease in particle density and a decrease in mean free path
due to high pressure. This cannot be significant in con-
densed matter because of its extremely small compressibil-
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ity (typically p/pg~1.2 at P=200 kbar). OQOur shock-
wave-induced exciton collision broadening is a new mech-
anism which is directly related to the unique nature of the
shock waves and exciton in condensed matter.

B. Shocked stimulated emission

Typical experimental stimulated spectra, both
unshocked and shocked, are displayed in Fig. 3. There are
three salient features evident from the shocked spectra.

(1) The stimulated peak is red-shifted due to the shock
pressure by 36 nm {in Fig. 3) which is greater than the
spontaneous shift of 24 nm (in Fig. 3, under the same
shock loading condition).

(2) The spectrum is considerably broadened. .

(3) There is an intensity decrease of the stimulated
emission under laser-driven shock pressure. ’

~ According to the exciton-exciton scattering model for
the photoluminescence emission in GaSe, the relation be-
tween the optical gain and the spontaneous-emission spec-
trum is given by'?

E_—(E,—2E,)
g(E)ocI,(E) |1 —mexp - T s (5
_ L kpT,
where .
nn m2 3/2
n= ezh " ©
Py m ity

The stimulated-emission profile for unsaturated gain is
given byt

1,(E)=TIoexplgL) .. (7)

The broadening of the stimulated-emission spectrum is
a direct conmsequence of the broadening of the
spontaneous-emission spectrum Ig,, as seen from Eq. (5).
Since the ratio  depends on temperature, excitation in-

tensity, and excitation length, we can approximately use -

the same value of 2.0 for , as derived from our preceding
paper. However, since the shock pressure shrinks the en-
ergy band gap, 4 increases to an effective value of

— AE,+2AE;

7' =1 exp ToT.

with
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meV

AE, =—6.2 4 kb :

g 6 Kbar x1 ar ,

meV

AE,=—0.6 x 14 kbar ,
kbar

T, =500 K,

therefore
7'=10."

The increased effective value of 7 causes both the larger
red-shift of the stimulated-emission peak relative to the
spontaneous peak and the intensity decrease of the stimu-
lated emission under the shock loading condition. As 1
increases from 2 to 10, the gain peak value calculated
from Eq. (5) will decrease from 12.5 to 1.8 (arbitrary
units). The peak intensity ratio of the shocked and un-
shocked stimulated emission will be I' /I =exp[(g'—g)L]
~exp[—0.86gL). Using'® g ~1000 cm ™" and L ~10 um,
we obtain I'/I~0.4. This estimate agrees with the ob-
served quenching factor quite well. Physically, the
shrunken band gap due to the applied shock-pressure re-
sults in lowering the quasi-Fermi level of electrons and
genérating more free electron and hole pairs which in turn
produces additional  stimulated absorption  causing
quenching of the stimulated emission.

In conclusion, picosecond-lase-driven shock waves ap-

.pear to be a very powerful technique to study properties

of ‘condensed matter under extremely high pressure. The
observed red-shift of the spontaneous-emission' peak under
shock loading gives an estimate of 14 kbar for the laser-
driven shock pressure in our experiment. The significant
line broadening of the spontaneous emission is attributed
to the shock-wave-induced exciton collision mechanism.
The larger red-shift and intensity decrease of the
stimulated-emission peak under the same shock loading
condition were explained by the shock-wave-induced

‘band-gap shrinkage through the gain—reduction mecha-

nism based on the exciton-exciton scattering process in
GaSe.
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