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The photoluminescence spectra of gallium selenide consist of two bands at both 77 and
300 K. The lower-energy part of the spectra is associated with stimulated emission. The
higher-energy part of the spectra is assigned to the exciton-electron (-hole) scattering pro-
cess at lower excitation intensity and to the electron-hole plasma at higher excitation inten-
sity. From the analysis of the high-energy tails of the higher-energy part of the emission
spectra, the transition from the exciton-carrier scattering emission to the electron-hole plas-
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ma emission at 300 K was obtained for an excitation intensity of about

(1.70+0.25) X 10* W cm 2,

I. INTRODUCTION

A layered semiconductor having interesting opti-
cal and electrical properties is gallium selenide
(GaSe). From the measurements of the Hall mobili-
ty of the holes and the direct energy gap, Schmid!
concluded that holes interact strongly with the
homopolar optical phonons 4;'" (=16.7 meV).
There is still uncertainty in the literature over the
location of the fundamental energy gap of GaSe
since the direct and indirect energy gaps are close to
each other—within 10 meV.>*® The direct exciton
absorption and emission were observed over a wide
range of temperatures and attributed to the reso-
nance effect between the direct exciton state and
the indirect conduction band.

Over the years many studies have been performed
on the photoluminescence spectra of GaSe. Nahory
et al’ reported the measurements of stimulated
emission in single-crystal e-GaSe, and showed that
the emission arises from recombination across a
direct band gap. Ugumori et al.®” investigated the
emission spectra from GaSe under nitrogen-laser
excitation at 4.2 and 77 K. They observed two
emission bands ascribed to the recombination of the
exciton-electron and exciton-exciton collision pro-
cesses. Mercier et al.® observed four lines at high
excitations, of which two were attributed to
exciton-carrier scattering: one arising from spon-
taneous emission and the other from stimulated
emission. The two other lines correspond to two
different exciton-exciton scattering processes. The
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stimulated emission was observed by Kuroda et al.,’
who attributed the emission mechanism to the
Auger process between the direct and the indirect
excitons. The electron-hole plasma emission was
observed on the lower-energy side of the exciton
emission at both 77 and 300 K by Baltramiejunas
et al.'® using the second harmonic of a
neodymium:glass laser. However, they did not ob-
serve the exciton-carrier scattering emission. The
electron-hole plasma emission was also observed at
the low-energy side of the stimulated emission line
(S line) in the temperature range 77—300 K by
Cingolani et al.!' using a nitrogen pulsed laser.
This result is different from our experimental result
which shows that the electron-hole plasma emission
is on the high-energy side of the S line when the
sample temperature is at 300 K.

In this paper we have extended the above work
and have measured the photoluminescence spectra
from GaSe under high-power picosecond laser-pulse
excitations at 77 and 300 K. Two emission bands
were observed. The lower-energy band is attributed
to stimulated emission and the higher-energy band
arises from the exciton-electron (-hole) scattering at
low excitation intensity (0.7—1.6)x10® Wcm™2
and the plasma effect at high intensity
(1.7—7)x10® Wem™2.  The transition from the
exciton-carrier scattering emission to the electron-
hole plasma emission was apparent from the spec-
tral changes of band shape and emission maxima
when the excitation was increased above 1.7 10%
Wcem~2  The exciton-electron (-hole) scattering
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emission changes into the plasma emission with the
band gap reduced at room temperature as the exci-
tation intensity was increased beyond 1.7 108

Wem™? (photogenerated carrier density ~ 310"
—3
m~").

II. EXPERIMENTAL METHODS

A single 6-ps pulse at 0.53 yum from a Nd:glass
laser was used to excite the GaSe sample on the
front surface. The excitation area was 7 mm? The
luminescence spectra emitted from the front surface
was detected and analyzed using a 7-m Spex spec-
trometer, a PAR SIT camera, and an optical mul-
tichannel analyzer (OMA). The polarization of the
excitation pulse was perpendicular to the ¢ axis
which is normal to the layer of GaSe.

III. EXPERIMENTAL RESULTS

Two series of time-integrated photoluminescence
from GaSe at different excitation intensities are
shown in Figs. 1 and 2 at 77 and 300 K, respective-
ly. As the excitation increases, the emission line
shape changes at both temperatures.

In Fig. 1 as the intensity is increased from 10’
Wem~2 to 5 X 108 Wem ™2, the two bands change.
In Fig. 1(a), the excitation is (0.15+0.02)X 108
Wem™2, two peak energies are 2.094 eV (5918 A)
and ~2. 049 eV (6050 A) in Fig. 1(b), the excitation
is (0.2140.03) X 108 Wem™2, two peak energies are
2.093 eV (5922 A) and 2.048 eV (6048 A); in Fig.
1(c), the excitation is (0.22+0.03)X 108 Wcem ™2,
two peak energies are 2.093 eV (5922 A) and 2.051
eV (6044 A) the intensity of the lower-energy band
increases faster than that of the higher-energy band;
in Fig. 1(d), the excitation is (0.76+0.11)X 108
W cm 2, the higher-energy band cannot be observed
clearly since the lower-energy band s so large, the
peak energy is at 2.041 eV (6071 A) and m Fig.
1(e), the excitation is (5.07+0.74) X 108 Wcem 2 and
the lower-energy emission peak is 2.024 eV (6124
A).

Figure 2 shows that, as the intensity is increased,
the two bands change. In Fig. 2(a), the excitation is
(0.82+0.12)x 108 Wcm“2 the higher-energy peak
is at 1.994 eV (6216 A) in Fig. 2(b), the excitation
intensity is (0.97+0.14)x 108 Wcm—2 the higher-
energy peak is at 1.996 eV (6209 A) the lower-
energy band peak is not clear; in Fig. 2(c), the exci-
tation intensity is (1.34+0.20)X10® Wcem™2, the
higher-energy peak is at 1.993 eV (6218 A); in Fig.
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FIG. 1. Series of the photoluminescence spectra from
GaSe at different 530-nm psec-pulse excitation intensities
at 77 K. The excitation intensities (measured in units of
108 Wcem=?) are as follows: (a) (0.15+0.02), (b)
(0.21+0.03), (c) (0.22+0.03), (d) (0.76+0.11), and (e)
(5.07+0.74).

2(d), the excitation intensity is (1.61+0.24)x 103
Wcm_z, the higher-energy peak is at 1.987 eV
(6237 A) in Fig. 2(e), the excitation intensity is
(1.70+0.25)X 10° Wem ™2, the higher-energy peak
is at 1.973 eV (6282 A) which is smaller than that
of Fig. 2(d); in Fig. 2(f), the excitation intensity is
(1.93+0.28)x 10° Wem ™2, the higher-energy peak
is at 1.973 eV (6282 A) which is equal to that of
Fig. 2(e); in Fig. 2(g), the excitation intensity is
(3.13+0.46) 10° Wcm™2, the higher-energy peak
is at 1.964 eV (6311 A) which is smaller than that
of Fig. 2(f); in Fig. 2(h), the excitation intensity is
(3.86+0.56) x 10® Wcm“2, the two peak energies
are 1.962 eV (6318 A) and 1.912 eV (6481 A), the
lower-energy-band intensity has increased faster
than the higher-energy band which has smaller peak
energy than that of Fig. 2(g); in Fig. 2(i), the excita-
tion is (4.15+0.61)X 10> Wcm™2 the higher-
energy-band intensity is very small compared with
that of the lower-energy band which is peaked at
1.909 eV (6493 A) and in Fig. 2(j), the excitation is
(7.1+£1.0) X 10 Wem™2, the higher-energy band is
not clearly recognizable but its intensity is still
larger than that of Fig. 2(i), the lower-energy band
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FIG. 2. Series of the photoluminescence spectra from
GaSe at different 530-nm psec-pulse excitation intensities
at room temperature. The excitation intensities (mea-
sured in units of 10° Wcm~=2) are as follows: (a)
(0.82+0.11), (b) (0.97+0.14), (c) (1.34+0.20), (d)
(1.61+£0.24), (¢) (1.70+£0.25), (© (1.93+0.28), (g)
(3.13+0.46), (h) (3.86+0.56), (i) (4.15+0.61), and ()
(7.1£1.0).

is peaked at 1.906 €V (6503 A).

The emission intensity as a function of the excita-
tion intensity is plotted in Figs. 3 and 4 for the ob-
served two bands at 77 and 300 K, respectively.

10 =N
3 a) Higher-Energ; _ (b) Lower-Energy
10 ( BO?’ld at 77Ky |05_ - Band at 77K
4
A 101
10 =
- | = >~
= [
> @10}
B 5
=
z0 z
0t=
| R | 10 L " 4
7 8 > 7
10 0" (Wem2) 10 10° I (Wem2)
EXCITATION EXCITATION

FIG 3. Emission intensity as a function of the 530-nm
psec-pulse excitation intensity at 77 K. (a) Higher-energy
band. (b) Lower-energy band.
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FIG. 4. Emission intensity as a function of the 530-
nm psec-pulse excitation intensity at room temperature.
(a) Higher-energy band. (b) Lower-energy band.

The intensity dependences for higher and lower
band data at 77 K are displayed in Figs. 3(a) and
3(b), respectively. For the higher-energy band, the
luminescence increases linearly with the excitation
intensity. Beyond 2.5X 107 Wcem™2, the higher-
energy band is small as compared with the lower-
energy band. The luminescence intensity depen-
dence of the lower-energy band increases sharply
with the excitation intensity. The luminescence in-
tensity dependence on the excitation intensity for
the higher- and lower-énergy bands at 300 K are
plotted in Figs. 4(a) and 4(b), respectively. The
luminescence of the higher-energy band increases
linearly with the excitation intensity. Above 4 10%
Wem™2, the higher-energy band is no longer ap-
parent as compared with the lower-energy band
which increases sharply with the excitation intensity
from 3 108 to 8 X 108 Wcem ™2,

The peaks of higher- and lower-energy lumines-
cence bands are plotted in Fig. 5 for 300 and 77 K
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FIG. 5. Peak energies of the higher- and lower-energy
bands at 77 and 300 K as functions of the excitation in-
tensity. (a) Higher-energy band at 77 K. (b) Lower-
energy band at 77 K. (c) Higher-energy band at 300 K.
(d) Lower-energy band at 300 K.
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as a function of excitation intensity. The error bars
of the peak energies were determined from the spec-
tral resolution of the measuring system. In Fig.
5(a), the peak energy of the higher-energy band at
77 K, is close to a constant within experimental er-
ror between the excitation intensities of 1.3 107 to
2.5%10” Wem™2; in 5(b), the peak energy of the
lower-energy band at 77 K decreases continuously
from 1.3% 107 to 6x 108 Wem™2; in 5(c), the peak
energy of the higher-energy band at 300 K is close
to a constant (~1.994 eV) within experimental error
below the excitation 1.6 X 102 Wcm™2 and starts to
decrease above the excitation 1.7 102 Wem™2; and
in 5(d), the peak energy of the lower-energy band at
300 K decreases continuously from 8X10’ to
8x10* Wem ™2

IV. DISCUSSION
A. Higher-energy band

In the preceding section we presented data on the
time-integrated photoluminescence at different exci-
tation intensities. In this section the shape of the
high-energy tail of the higher-energy luminescence
band will be analyzed using the theoretical expres-
sions for exciton-electron (-hole) scattering emis-
sion, exciton-exciton scattering emission, and
electron-hole plasma emission processes in the dif-
ferent intensity regions.

The theoretical expression for the luminescence
shape arising from exciton-electron (-hole) scatter-

J

Py(hv)
S (Bo—hvP+(my /e)E3 KTy,

where p(hv)dv is the number of photon modes in
the crystal between the frequencies v and v+dv,
and E_ is the binding energy of the exciton.

The theoretical expression for the shape of
luminescence arising from electron-hole plasma
emission with K selection at high temperature is
given by

Py(hv) « (hv —E,)"%exp] —(hv —E,) /KT, ]
3)

where Eg + %kTe is equal to the peak energy of the

emission band.
At 77 K the high-energy side of the higher-

hvP (hv) Ng (= =
vP (hv 0 fo d§f0 dt

ing emission is given by!?

N,
Py(hv)oc o oo ~
Be (Eo—hV) +(7T’}//6)E0

a 172
X ——2—] Ki[2(a;a3)'?]
a
My (e)
— 1
X exp 2M(Eo hv) |, (1)
where
o = B B M
"ToM B T AM M |’
_Me(h)Be 2
azz—z'hz'_(Eo—‘hV) >

E, is the exciton energy, B,=1/kT,, and
B =1/kT;. The above symbols are defined as fol-
lows: T, and T; are the temperatures of carriers
and lattice, respectively; Ny and 7 are the occupa-
tion number of excitons and electrons (holes) for a
null wave vector, respectively; K;(x) is the first-
order modified Bessel function of the third kind;
M =m,+m, is the effective mass of the exciton;
my /€ is the exciton-photon coupling, which is not
known for GaSe. We choose 7y/e~2.5x10"*
from CdS as a typical value, and m,=0.2m,,
my =0.5m0.13

The theoretical expression for the luminescence
shape arising from exciton-exciton scattering emis-
sion is as follows'*:

g Eq—El—hmv—¢ |’
b eXp —t—‘l— 9 = i g
(1+E/ED)* 4¢ kT, ’

[
energy band can be fitted by the exciton-electron

(-hole) scattering process given by Eq. (1) with
T,=T, =71 K, Ey=2.098 eV for Fig. 1(a) and
1(b). In Fig. 6 the dots with error bars are the ex-
perimental data while the solid line is the theoreti-
cal fits by Eq. (1). As the excitation increases, the
higher-energy band of Fig. 1(c) is very small in in-
tensity relative to the lower-energy band. At
2.5% 107 Wcem™2, the higher-energy band does not
grow as fast as the lower-energy band as shown in
Figs. 1(d) and 1(e).

At room temperature, the higher-energy bands
from Figs. 2(a)—2(d) can also be fitted by Eq. (1) on
the high-energy tails with 7,=7; =300 K and
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FIG. 6. High-energy tail of the higher-energy band at
77 K of Fig. 1(a) is fitted by the theoretical expression of
exciton-electron (-hole) scattering emission. The dots
with error bar means the experimental results. The solid
line represents the theoretical fit by Eq. (1).

Ey=2.0 eV. This is shown in Fig. 7. These curves
are for excitation intensities less than 1.7x10%
Wcem~2  For higher-excitation intensities, the
high-energy tails of the higher-energy bands can no
longer be fitted by Eq. (1) with T, =T, =300 K and
E;=2.0 eV. The high-energy tail of the higher-
energy band of Fig. 2(e) can be fitted by Eq. (1)
using 7,=2000 K, T; =300 K, and E;=1.979 eV.
But higher carrier temperature and smaller exciton
energy are unreasonable because the carrier tem-
perature should not change from 300 to 2000 K
when the excitation changes from 1.61x 10}
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FIG. 7. High-energy tail of the higher-energy band at
300 K of Fig. 2(a) is fitted by the theoretical expression
of exciton-electron (-hole) scattering emission. The dots
with error bars means the experimental result. The solid
line means the theoretical fit by Eq. (1).

Wcem™2 of Fig. 2(d) to 1.70X 10 Wem™2 of Fig.
2(e). Also the exciton energy should not change at
different excitation intensities. It has been shown
by picosecond absorption spectroscopy'® on GaSe
that the hot photogenerated carriers thermalize
within 100 ps to the lattice temperature. Since the
photoluminescence recombination time'® (~300 ps)
is much longer than 100 ps, the time-integrated
emission will be from excitations thermalized with
the lattice.

The peak energy of the theoretical formula for
the exciton-exciton scattering would be at 2.078 eV
(2.0 eV), with E;=2.098 eV (2.0 eV), and EX=20
meV, when the sample is at 77 K (300 K). As
shown in Figs. 8 and 9, the theoretical expressions
for the exciton-exciton scattering emissions at 77
and 300 K are represented by solid lines and the ex-
perimental data from Figs. 1(a) and 2(c) are
represented by dots with error bars. It is clear that
Eq. (2) cannot fit the high-energy tails of the
higher-energy bands of the photoluminescence spec-
tra for both temperatures.

As shown in Fig. 5(c), the peak energies of
higher-energy bands shown in Figs. 2(a)—2(d) for
excitation intensities smaller than 1.7 10® Wcm™—2
are almost the same value (~1.994 eV). There is a
sudden decrease by ~20 meV for the peak energy
shown in Fig. 2(e) when the excitation is ~ 1.7 10%
Wem™2 For larger excitation intensities, the peak
energy decreases monotonically shown in Figs.
2(e)—2(h). It is reasonable to guess that the emis-
sion is from the electron-hole plasma in this latter
region given by Eq. (3). Using Eq. (3), the high-
energy tails of the higher-energy bands displayed

INTENSITY (Arb. Unit)
——

200 205 210
ENERGY

2‘,15 ( eVJ)

FIG. 8. High-energy tail of the higher-energy band of
Fig. 1(a) is not fitted by Eq. (2).
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FIG. 9. High-energy tail of the higher-energy band of
Fig. 2(c) is not fitted by Eq. (2).

from Figs. 2(e) to 2(h) can be fitted with 7, =300 K
as shown in Fig. 10. The solid line is from Eq. (3)
and the dots with error bars are the experimental
data from Fig. 2(e). The value of E, as a function
of the carrier density is plotted in Fig. 11. The car-
rier density was calculated using the measured ab-
sorption coefficient, values of incident light energy,
and loss of scattered light. For the excitation inten-
sity (1.70+0.25)x 108 Wcem—2 of Fig. 2(e), the cal-
culated density is 3107 cm™3. The absorption
constant!” at 530 nm is 2% 10° cm~!. In this sam-
ple, 97% of incident light is not absorbed due to
scattering of incident light as determined from the

INTENSITY (Arb, Unit)

1.95 200 205 20 25 (eV)
ENERGY

FIG. 10. High-energy tail of the higher-energy band at
300 K of Fig. 2(f) is fitted by an expression of plasma
emission of Eq. (3) with K selection. The dots with error
bar means the experimental result. The solid line is the
theoretical fit.
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FIG. 11. Reduced band gap from the higher-energy
band of the emission spectra as a function of the carrier
density at room temperature.

absorption measurement.!® As shown in Fig. 11,
the reduced band gap becomes smaller when the
carrier density increases.

From the analysis of the high-energy tails and the
peak energies of the higher-energy bands, we found
that at room temperature the exciton-electron
(-hole) scattering emission disappears when the exci-
tation intensity reaches (1.70+0.25)x 108 Wcm™?2
as shown in Figs. 2(¢) and 5. Above this intensity
the electron-hole plasma emission appears.

From the data displayed in Fig. 4(a), the emission
intensity is linearly proportional to the excitation
intensity for both the exciton-electron (-hole)
scattering emission and the plasma-emission re-
gions. Since the exciton-electron (-hole) scattering
is proportional to the numbers of excitons and elec-
trons (holes) as shown in Eq. (1), and the plasma
emission is proportional to the numbers of electrons
and holes. The numbers of excitons, electrons, and
holes are all linearly proportional to the square root
of excitation intensity'? at high excitations; there-
fore, the intensity dependences of both exciton-
electron (-hole) scattering emission and the plasma
emission are linear with the excitation intensity.

Although the direct exciton binding energy is 20
meV,'® the exciton-electron (-hole) scattering emis-
sion can still be observed at room temperature be-
cause of the existence of the excitons.!” Comparing
the data in Figs. 3(b) and 4(b), we observed that the
threshold for the stimulated emission occurs at a
much higher excitation intensity
(~3X10* Wem™?) than that at 77 K (~107
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Wcm™2). Therefore, this gave us a wider intensity
region at room temperature to observe the change
from exciton-electron (-hole) scattering emission to
electron-hole plasma emission.

B. Lower-energy band

From the data displayed in Figs. 3(b) and 4(b), we
can conclude that the lower-energy bands at both
temperatures arise from stimulated emission. The
peak energies of the lower-energy bands are located
about 50 meV or more below the higher-energy
bands. Many processes have been proposed earlier
to account for this stimulated emission: the
exciton-carrier complex,”® the exciton-exciton
scattering,’ the exciton-electron scattering,® and the
Auger process due to the direct and indirect exci-
tons.® At room temperature, the excitation intensi-
ty required for stimulated emission is larger than
1.7x 108 Wem ™2, Since the exciton-carrier scatter-
ing emission disappears above this intensity, a pos-
sible mechanism for the stimulated emission process
involves only free carriers of plasma from the in-
direct gap. Since the knowledge of the electronic
energy-band diagram of GaSe is not complete at

this time, it is difficult to determine the exact
mechanism for the stimulated emission process.

V. CONCLUSION

We have observed two emission bands at 77 and
300 K. The higher-energy band is the exciton-
electron (-hole) scattering emission at lower excita-
tion intensity and the electron-hole plasma emission
at higher excitation intensity. The transition was
observed from the exciton carrier scattering emis-
sion to the electron-hole plasma emission in GaSe
under high-power picosecond laser excitations at
room temperature. We also found the reduced band
gaps in some region of high carrier density. The
lower-energy bands are stimulated emissions. The
threshold for the stimulated emission is lower at 77
K than at 300 K.
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