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The lime-resolved photoluminescence kinetics of GaSe has been measured at room tempera-
ture. The rise time of the spontaneous-emission band is within the response time of the pi-
cosecond laser pulse duration and streak camera (=20 ps) when the photogenerated carrier
density is below 5 X 10'8 ¢cm~? and increases to a measurable value when the carrier density is
above § % 1018 em™2. The increase in the rise time of the spontaneous-emission band arises
from the screening of nonpolar optical-phonon emission from hot photogenerated carriers due
1o high photogenerated carrier density. On the other hand, the rise time of the stimulated-
emission band is not time resolved with increasing picosecond laser pulse intensity.

“INTRODUCTION

Gallium selenide is a layered semiconductor with
interesting optical and electrical properties. The
valence electrons of GaSe are strongly coupled to the
lattice vibrations which are perpendicular to the layer
plane.! In the previous report on the measurements
of the time-resolved absorption spectroscopy,’ we
have observed the photogenerated hot carriers in
GaSe relax to the bottoms of bands with the emission
of nonpolar optical phonons 4{ (=167 meV), We
found that the deformation potential between the
holes and the nonpolar optical phonons 4 ‘! is re-
duced by five times when the photogenerated carrier
density reaches 10'® ¢~ as compared with the de-
formation potential at 3 x 10'7 em™ The reduction
of the deformation potential was speculated in that
report to be due 1o the screening effect of the pho-
non emissions from high density of photogenerated
hot carriers.

In this Communication, we continue our research
on GaSe and measure the time-resolved photo-
luminescence from GaSe excited by a picosecond
laser pulse at room temperature, In the photo-
luminescence of GaSe at high picosecond laser pulse
excitations, twe emission bands were observed®: a
spontaneous emission component with wavelength
less than 640 nm and a stimulated emission com-
ponent with wavelength longer than 640 nm at room
temperature. The spontaneous emission arises from
the exciton-carrier scattering emission at low excita-
tion intensities and the electron-hole plasma emission
at high excitation intensities. The Mott transition
from the exciton state to the plasma state occurs at
photogenerated carrier density of 3 x 107 em™. By
measuring the rise time of photoluminescence subse-
quent to picosecond laser pulse excitation, we can
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support our speculation and measure the slowing of
the photogenerated carriers. The rise time of the
stimulated emission band is within our time resolu-
tion. However, the rise time of the spontaneous
emission band is within our time resolution when the
photogenerated carrier density is less than 5 x 10
em™? and increases when the photogenerated carrier
density is above 5 x 10! cm™, This increase in rise
time supports our previcus speculation concerning
the screening of hot carrier relaxation in highly pho-
toexcited semiconductors and quantitatively fits the
theory* of Yoffa.

EXPERIMENTAL SETUP

A second harmonic (527 nm) of Nd: glass laser
pulse of 8-ps duration was used to excite a gallium
selenide sample. The luminescence was coliected by
a Hamamatsu streak camera with 100-pm slit,
analyzed by a temporal analyzer and a computer, It
was necessary to use 100-pm slit in order to detect
the luminescence which limits the time resolution to
20 ps. A narrow band filter at 620 nm was used to
select the spontaneous emission and a Hoya R-64
fiiter was used to select the stimulated emission
above 640 nm with Corning 3-67 filters, The excita-
tion area on the sample is ~2.6 mm?® The polariza-
tion of the incident light is normal to the ¢ axis of
GaSe. The opticat transmission of GaSe was mea-
sured to be ~40% of 700 nm which is less than the
direct band-gap energy. This means that only 40% of
the incident light intensity will be absorbed to create
the electron-hole pairs. The optical-absorption con-
stant at 530 pm is 2 x 10* cm™! at room temperature.®
The carrier densities generated optically at different
excitation intensities were estimated using the above
parameters.
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FIG. 1. Time-resoived photoluminescence of the spon-
taneous emission with 610 =t ) =2 630 nm from GaSe excited
by a picosecond laser pulse at room temperature. (a}
N=48x10%cm™, 7, ~10ps. (b} N=14x10"% ¢cm~3,
T, ~ 90 ps.

EXPERIMENTAL RESULTS

Time-resolved photoluminescence spectra for spon-
taneous emission component with wavelength of 610
to 630 nm from GaSe at room temperature is
displayed in Fig. 1. We used I(t) =A [exp(—t/74)
—exp(—t/z,)] to fit the profile of the time-resolved
emission kinetics, where 74 and 7, are the decay and
rise times of the emission, respectively. In Fig. 1{a),
the rise and decay times are 10 and 400 ps, respec-
tively, for the carrier density of ~5 x 108 em™. In
Fig. 1(b), the rise and decay times are 90 and 150 ps,
respectively, for the carrier density of 1.4 x 10¥ cm™>,

Time-resolved photoluminescence for stimulated
emission component with wavelength longer than 640
nm from GaSe at room temperature is displayed in
Fig, 2. In Fig. 2(a), the rise time is 20 ps, and the
decay time is ~100 ps for carrier density of 6 x 10
em™. In Fig. 2(b), the rise time is ~20 ps, and the
decay time is ~50 ps, for the photogenerated carrier
density ~1.0x 10 cm®,

The rise times at different photogenerated carrier
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FIG. 2. Time-resolved photoluminescence of the stimu-
lated emission with A = 640 nm from GaSe excited by pi-
cosecond laser pulse at room temperature. (a) Photogen-
erated carrier density N =6.0x 1018 em ™3, 7, =20 ps; (b)
N=10%10"%cm™, 7+, <20 ps.
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FIG. 3. Rise time of the {a) spontaneous emission (cir-
cles) and (b) stimulated emission (crosses) from GaSe at
room temperature as a function of the photogenerated car-
rier densily,

densities for both spontaneous and stimulated emis-
sion are plotted in Fig. 3. The rise time of the spon-
taneous emission increases from within time resolu-
tion to 100 ps when the carrier density increases from
~1.8x10® to ~1.6 x 10'* cm™>. However, the rise
time of the stimulated emission remains the same
=20 ps from ~1 x 104 to ~1.1 x 10"® cm™2.

DISCUSSION

The spontaneous emission arises from electron-
hole plasma?® since the photogenerated carrier density
from ~1x 10™ to ~1.6 x 10! cm™3 is greater than
carrier density 3 x 1017 cm™ for Mott transition. As
shown in Fig. 3(a), the rise time of the spontaneous
emission component from GaSe at room temperature
remains within the time resolution of the excitation-
detection system when the photogenerated carrier
density is smalfer than ~5.0 x 10'¥ cm™ and in-
creases when the photogenerated carrier density is
larger than 5.0 x 10'® cm™3. This increase of the rise
time can be attributed to the screening of high densi-
ty of photogenerated carriers on the relaxation of hot
photogenerated carriers.

The dominant relaxation process of the hot photo-
generated carriers in GaSe is the emission of nonpo-
lar optical phonons 41V (=16.7 meV) from the
holes.? From the theory developed by Yoffa,* the
emission rate » of nonpolar optical phonons from hot
carriers inside semiconductors is proportional to
[i+{N/N.)?"!, where N is the carrier density and
N, is the critical carrier density which is equal to

ef | 2mw v 1 7
Brel| K Bt )

The emission rate y remains constant when the car-
rier density N is much smaller than the critical carrier
density N, and decreases when the carrier density ¥
is larger than N,. In GaSe, €, the static dielectric
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constant, is 10.6 when the polarization of the incident
light is normal to the ¢ axis® m* is the effective mass
of hole, which is 0.5m on the direct band gap’ eis
the electronic charge which is 4.8 x 101 esu; £ w is
the A{'" phonon energy; 8= 1/kT,, and T, is the
carrier temperature. When the carrier termperature is
higher, the value of N, becomes farger, The critical
density N, is ~2 x 10" em™ when the electronic-
hole temperature 7, is ~400 K and N, is ~4.8 x 10'8
cm™ when T, ~2000 K. At the temperature decay
rate? of 30 K/ps from time-resolved absorption Kinet-
ic measurements, the temperature will drop from
2000 10400 K during the rise time of spontaneous
photoluminescence of 60 ps for photogenerated car-
rier density ~10' cm™, Eight to nine phonons are
emitted by each hole. During the rising period of the
time-resolved spontaneous emission, both the carrier
temperature and density decrease. Since it is difficult
to extract the carrier temperature and density simply
from the time-resolved emission, we did not inciude
the exact time rate of change into our fitting process.
According to the Yoffa's theory, the emission rate of
phonons from relaxing holes is

vae l/L+N(O/NADTY .

Because A, is proportional to the square root of car-
rier temperature, both N (1) and N.(¢) decrease
monotonically with time, We believe that v will be
close to a constant during the relaxation process of
holes. This can be seen in the Fig. 2 of Ref. 2,
where the carrier temperature decreased at almost a
constant rate (~—30 K/ps). Since the change rate of
carrier temperature is linearly proportional to the
phonon emission rate v from relaxing holes, » will be
close to a constant for a given N (0). Therefore the
inverse of the rise time of the spontaneous emission
should be proportional to the emission rate v of pho-
nons from relaxing holes. The initial carrier density
N (0} was determined by the experimental parame-
ters and the initial carrier temperature? was estimated
to be ~2000 K when the sample was irradiated by a
530-nm light. In Fig. 4, the inverse of the rise time
at various carrier densities is plotted. The values of
ve 1/[1+ (N/N.)?] are also plotted for N.=48x
10" cm™ at T, = 2000 K. These values fit the exper-
imental results well when the carrier density is above
$x 10" em™. Until subpiscosecond work is per-
formed with higher time accuracy, fitting the data to
a more appropriate theoretical expression and taking
inta account of changing N, with T, is not warranty
at this time.

The emission rate v at 10" cm~ and 7, = 2000 K
is about [1+(10%/4.8 x 10'8)2]~1= 0.2, or five times
smatler than the unscreened value 1. From the
time-resolved absorption spectroscopy of GaSe, we
found the deformation potential between the holes
and the nonpolar optical phonons is reduced five
times? when the initial photogenerated carrier density
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FIG. 4. The inverse of the rise time at various photogen-
erated carrier density (circles). The cross dots represent
v=A/[1+(N/N,.)?] where 4 =0.1 and N, = 4.8 x 10!8
em™. The triangles represent », 4 = 0,45 and N =2x101
em ™3,

is ~10" em™, and the energy of each pair of elec-
tron and hole decays at a rate proportional to the
square of the deformation potential.? This energy de-
cay rate would be about twenty-five times smaller
than the unscreened value. Since the rise time is less
than 20 ps which is the resolution of our measuring
system when the carrier density is below § x 1018
em™, it is impossible to know whether the inverse of
rise time will increase above 0.1 ps™. It is therefore
impossible to know experimentaly whether the emis-
sion rate v at 10" ¢m™ will be twenty-five times
smaller than the unscreened value. In Fig. 4, the
values of v e 1/[1 +(N/N.)?] are also plotted with
Ne=2x10" cm™. In this case, the value of » at

N =10" ¢cm™* would be twenty-five times smaller
than the unscreened vaiue. These values do not fit
the experimental results as well as compared with
that of N, =4.8 x 10" cm~ above 1.5 x 10! ¢m ™3,
There may be three reasons to account for this differ-
ence of emission rate » at 10" em™: one is that the
carrier density of 10" em= and carrier temperature
of 2000 K from time-resolved absorption spectros-
copy measurements could be off from the exact
vatues. The second reason is that this sample is a
layered semiconductor, therefore the theory of Yoffa
probably should be modified to account for this
change to obtain a different value of A, by a factor of
2. The third reason may be that the unscreened de-
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formation potential is smalier than® 6.6 eV/ A by a
factor of 2, therefore the emission rate is about five
times smaller at photogenerated carrier density 10*
om™,

As shown in Fig. 3(b), the rise time of the time-
resolved stimuiated emission remains within the time
resolution of the laser pulse with increasing photo-
‘generated carrier density. This implies that the rise
time of the stimulated emission is extremely fast,

In conclusion, we measured the time-resolved pho-
toluminescence kinetics of GaSe at room tempera-
ture. The rise time of the spontaneous emission is
within the resclution of the laser pulse when the pho-
togenerated carrier density is below 5 x 10" cm™ and
increases above 5 x 10" cm™? in agreement with

Yoffa's theory. The rise time of the stimulated emis-
sion remains within the resolution of the laser puise
with increasing photogenerated carrier density. One

- should extend these measurements and measure the

phonon emission rate at lower carrier density using
subpicosecond laser techniques. Furthermore, the
subpicosecond absorption Kinetic measurements
should be extended as a function of photogenerated
carrier density.
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