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Strong optical nonlinearities in gallium and indium selenides related to inter-valence-band
transitions induced by light pulses

A. Segura, J. Bouvier,* M. V. Andrés, F. J. Manjo´n, and V. Muñoz
Institut de Ciència dels Materials, Universidad de Valencia, c/ Dr. Moliner 50, 46100 Burjassot, Valencia, Spain

~Received 8 November 1996; revised manuscript received 1 April 1997!

A nonlinear optical effect is shown to occur in gallium and indium selenides at photon energies of the order
of 1.5 eV. It corresponds to transitions from a lower-energy valence band to the uppermost one when a
nonequilibrium degenerate hole gas is created in the latter by a laser pulse. This inter-valence-band transition
is allowed by crystal symmetry. Its oscillator strength is estimated through thef -sum rule and turns out to be
about two orders of magnitude higher than that of the fundamental transition. The intensity of this effect is
stronger when the pump pulse photon energy is close to that of the inter-valence-band transition; a condition
that can be fulfilled only in indium selenide. The transient behavior of the sample transmittance is shown to be
controlled by the balance between absorption and stimulated emission, which depends on the hole quasi-Fermi
level and the gap renormalization due to Coulomb interaction in the electron-hole gas generated by the pump.
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I. INTRODUCTION

Gallium selenide~GaSe! is a III–VI layered semiconduc
tor that has been widely investigated during the last f
years due to its outstanding nonlinear optical properties.
sults on harmonic generation,1–6 parametric oscillation,7 or
frequency mixing8–10 in the near and middle infrared, as we
as effects related to excitonic optical nonlinearities givi
rise to optical bistability,11–15 can be found in the literature
Indium selenide~InSe!, belonging to the same family, ha
also been investigated as a frequency doubler in the mi
infrared.15

Both compounds have very similar linear optical prop
ties. Their absorption spectra are shown in Fig. 1. They
hibit the same structures and intensity, only shifted by
band-gap energy difference~about 0.76 eV at 300 K!.16–24

About 1.15 and 1.5 eV below the uppermost valence ba
with Se pz symmetry, two deeper bands do exist in bo
materials, with Sepx-py symmetry, as shown in the inset o
Fig. 1. Valence bands are split by crystal-field anisotropy a
spin-orbit interaction.21 The transition between those deep
bands and the uppermost one is symmetry allowed for l
polarization perpendicular to thec axis of the crystal, but
cannot be observed in the linear optical regime. In this pa
we show however, that this transition can be observed w
the top of the uppermost valence band is emptied by a l
pulse, giving rise to strong nonlinear optical effects. In S
II, we report the experimental setup. Sec. III is devoted
experimental results, which are discussed and interprete
Sec. IV.

II. EXPERIMENT

GaSe and InSe monocrystals were grown by the Bri
man method, from a stoichiometric melt in the case of Ga
and from a In1.05Se0.95 melt in the case of InSe. The qualit
of the crystals was tested through the temperature de
dence of the exciton absorption peak width. The full width
half maximum ~FWHM! of the exciton exhibits a lattice
560163-1829/97/56~7!/4075~10!/$10.00
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controlled dependence in the range from 300 to 77 K a
attains at 77 K a value of the order of 5–6 meV for GaSe an
7–8 meV for InSe, which is close to those reported in t
literature for high-purity samples.17,18

FIG. 1. Absorption coefficient spectra of InSe and GaSe in
spectral range from 1.2 to 4 eV, at 300 and 77 K. Inset: ba
scheme with the currently accepted assignment of the absorp
edges observed in the spectra to electronic transitions~Refs. 21 and
22!.
4075 © 1997 The American Physical Society
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Samples with mirrorlike surfaces parallel to the laye
were cleaved from the ingots with a razor blade and cut i
slabs 434 mm2 in size and 2–30mm thick. The crystal an-
isotropy axis~c axis! is perpendicular to the layers in bot
semiconductors. Samples were mounted in an alumin
holder with several holes and stuck to it with silver paste
order to improve the thermal contact. The sample hol
could be heated up to 100 °C. The optical setup is show
the inset of Fig. 2. A cw 3-mV GaAs laser diode mounted
a Peltier element~so as the wavelength could be tuned fro
780 to 805 nm! generates the probe beam. The probe be
was collimated with a 103 microscope objective with 15
mm focal length provided with a diaphragm with a 1 mm
diameter placed at 10 mm from the laser diode. The co
mated probe beam crosses the sample parallel to thec axis
and reaches a Si photodetector with a bandwidth of
MHz, whose response is monitored by a computer-contro
400-MHz bandwidth oscilloscope. Signal-to-noise ratio w
improved by using the averaging capabilities of the osci
scope. The pump beam is the second harmonic of a 1
Nd-YAG ~yttrium aluminum garnet! pulsed laser or a Ti-
sapphire laser pumped by the former. In both cases the p
signal is suppressed by an optical filter. When the
sapphire pulse is nearly in resonance with the probe,
pump signal attaining the detector is previously record
~without the probe! and subtracted from the pump/prob
transient. The diameter of the pump laser beam was 3 m
The energy per pulse impinging on the sample was limited
3 mJ in most experiments, corresponding to a photon flux
the order of 331025 cm22 s21 at the pump pulse maximum
for both pump lasers~the lower photon energy in the Ti
sapphire laser is compensated by the longer duration of
pulse!.

III. RESULTS

All transient responses shown in this section have b
normalized to the probe intensity transmitted by the sam
in absence of excitation. Figure 2 shows the time respons
the probe intensity transmitted by a 4.42mm-thick GaSe
sample when excited by 532 nm pump pulses with differ

FIG. 2. Transmittancy transients of a 4.42-mm-thick GaSe
sample for a 790-nm probe beam, when excited by 532 nm pu
pulses with maximum photon fluxes of 1, 2, and
31025 photons/cm2 s. Dotted line: transient intensity of the pum
pulse. Inset: experimental setup.
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energies. The probe laser wavelength was 790 nm and
corresponding photon energy, 1.569 eV, is lower than
GaSe band gap, 2.02 eV at room temperature~RT!. The
probe wavelength being close to an interference maxim
the sample transmittance in absence of excitation, is ab
93%. Losses are mainly due to the scattering of the pr
beam by surface imperfections. Three stages can be di
guished in the time response of Fig. 2. In the first sta
roughly corresponding to the rise of the pump pulse,
transmitted intensity decreases down to a value of 50%
the initial one~full curve in Fig. 2!. At higher pump intensi-
ties it can be as low as 20% of the initial value~full curve
in Fig 5!. If this intensity decrease is due to a transie
absorption of the probe beam, then a transmittance
50 to 20% corresponds to an absorption coefficient
1500– 3500 cm21. In the second stage, the intensity abrup
increases reaching a value that can be 30–50 % higher
the initial one. This stage corresponds to the fall of the pu
pulse, but starts before the pulse reaches its maximum w
the pump photon flux is of the order of 331025 cm22 s21. In
the third stage, the transmitted intensity decreases ag
reaches a new minimum, and then slowly increases to
cover the initial value. This stage starts at the end of
exciting pulse and can last as long as 90 ns. Some struct
superimposed to the slow response, appearing in this st
correspond to secondary pulses of the pump. At low pu
pulse energies, only the first stage is observed.

The time response shown in Fig. 3 has been taken in
same conditions as that in Fig. 2, but the sample is a 1
mm-thick InSe slab. In this case, the sample must be v
thin because the photon energy of the probe beam is ab
the InSe absorption edge. The linear absorption coefficien
1500 cm21 and the sample transmits about 50% of the pro
intensity. The structure of the transient is similar to that
Fig. 2, besides the fact that the increase in the second sta
less intense. The transmittance at the minimum is of the
der of 50% of the initial value~full line in Fig. 3!, corre-
sponding to an effective transient absorption coefficient
4000 cm21.

Figure 4 shows the transient intensity transmitted by

p
FIG. 3. Transmittancy transients of a 1.68-mm-thick InSe

sample for a 790-nm probe beam, when excited by 532-nm pu
pulses with maximum photon fluxes of 2 and
31025 photons/cm2 s. Dotted line: transient intensity of the pum
pulse.
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56 4077STRONG OPTICAL NONLINEARITIES IN GALLIUM . . .
4.42-mm-thick GaSe sample for various photon energies
the probe beam, at pump pulse energies of 0.3 mJ~3
31024 photons/cm2 s at the pulse maximum!. The change in
the steady state of the transmittance after the pump pulse
thermal origin and will be discussed at the beginning of S
IV. For photon energies above 1.572 eV, a transmitta
increase of the order of 2% is observed before the ther
effect dominates. Below this photon energy, a minimum
observed that becomes deeper around 1.565 eV. On th
sumption that thermal changes are proportional to the t
energy of the pump pulse absorbed by the sample un
given instant, they can be straightforwardly calculated a
subtracted from the experimental transient in order to get
electronic contribution. Curves 7 and 8 have been obtai
in that way from curves 1 and 5, respectively. From t
transmittance at the minima, an effective transient absorp
coefficient can be calculated, after correcting for thermal
fects. This is shown in Fig. 5~a! ~symbols! as a function of
the probe photon energy. The full line has been calcula
through a model that will be discussed in Sec. IV, in whi
we will also show that the transmittance increase for pho
energies higher than 1.572 eV can be related to the refrac
index change associated to the transient absorption@Fig.
5~b!#.

Figure 6 shows the effect of the sample temperature

FIG. 4. Transmittancy transients of a 4.42-mm-thick GaSe
sample for different probe photon energies, when excited by 5
nm pump pulses with maximum photon flux of
31024 photons/cm2 s. Curves 1–6~lines! are the experimental tran
sients. Curves 7 and 8~symbols! correspond to curves 1 and 5
respectively, corrected for thermal effects.
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the transients of Fig. 1. The pump pulse energy was fixe
5 mJ ~531025 photons/cm2 s at the maximum!. Heating the
sample seems to have the same effect as lowering the p
pulse energy.

In the case of InSe an additional effect can be obser
when the pump and probe photon energies are quaside

2-

FIG. 5. ~a! Transient absorption coefficient at the transmittan
minimum as a function of the probe photon energy. F
line: spectral shape calculated through Eq.~9!, with E0

51.5725 eV, EFh* 2E0B55kBT, and mrBC* 51.05m0* . ~b! Spec-
trum of the refractive index change corresponding to the full line
~a! as calculated through the Kramers-Kronig relation@Eq. ~18!#.

FIG. 6. Transmittancy transients of a 4.42-mm-thick GaSe
sample for a 790-nm probe beam, when excited by 532-nm pu
pulses with a maximum photon flux of 531025 photons/cm2 s, at
different temperatures.
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4078 56A. SEGURAet al.
erate. Figure 7 shows the transient intensity transmitted b
1.68-mm-thick InSe sample for several photon energies
the pump pulse generated by a Ti-sapphire laser. For ph
energies higher than 1.585 eV or lower than 1.560 eV,
transients are identical to those obtained with 532-nm pu
~Fig. 3!. Between these energies, when the photon ene
increases from 1.560 eV, the first stage of the transient~in-
tensity decrease! becomes wider and deeper and the sec
stage disappears. The transmitted intensity at the minim
can be as low as 3% of the initial value~curve 3 in Fig. 7!
which corresponds to an effective absorption coefficient
the order of 23104 cm21. For pump photon energies aroun
1.573 mV~curve 6 in Fig. 7!, a new maximum arises at th
center of the transient that can nearly double the transm
intensity in absence of excitation.

IV. DISCUSSION

Thermal effects due to the sample heating by the pu
pulse can obviously affect the time response of the trans
ted intensity. As the sample is heated, the refractive in
increases and the sample transmittance increases or
creases depending on the probe wavelength. The sa
heating is fast and occurs during the pulse, but the coo
can last for several tens of microseconds. Therefore, w
thermal effects are observed in the time scale used in th

FIG. 7. Transmittancy transients of a 1.68mm-thick
InSe sample for a 790 nm probe beam, when excited by Ti-s
phire pump pulses with a maximum photon flux
331025 photons/cm2 s and different photon energies. The origin
the ordinate axis has been shifted by 0.25 steps from curve 5
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experiments, they appear as a change in the final steady
of the transmittance with respect to its value before the pu
pulse. In the transparent region, the sample behaves
Fabry-Pe´rot interferometer and its transmittanceT is given
by the well-known Airy function:

T5
1

11F sin2 d
,

~1!

F5
4R

~12R!2 , R5S n21

n11D 2

, d5
2pnd

lP
,

where R is the semiconductor reflectivity for normal inc
dence,n is the semiconductor refractive index~for light po-
larization perpendicular to thec axis!, lP is the probe wave-
length, andd is the sample thickness. Figure 8 shows t
interference fringe patterns at 300 and 334 K of the 4.
mm-thick GaSe sample used in transients shown in Figs. 2
and 6. Lines correspond to the experimental spectra. Po
have been calculated through Eq.~1! with the refractive in-
dex spectra of Ref. 17 and a correction factor of 0.85 for
reflectivity, corresponding to about 3% of scattering losse
each reflection due to surface imperfections. The interfere
patterns of Fig. 8 give an account of thermal effects obser
in the experiments reported here. An interference maxim
occurs forlmax5789 nm at 300 K. Curves 1, 2, and 3 in Fi
4 correspond to a probe wavelengthlP,lmax and the ther-
mal transient is negative. Curve 4 corresponds to a wa
length very close tolmax and the thermal change is ver
small. For curves 5 and 6,lP.lmax and the thermal chang
is positive. The thermal increase of the refractive index c
be estimated from the transmittance change and turns o
be Dn.0.0022, corresponding to a temperature increase
12 °C.17 For time responses shown in Figs. 2 and 6 the pro
wavelength is also very close tolmax and thermal effects are
very weak.

p-

1.

FIG. 8. Transmission spectra of GaSe and InSe samples us
the experiments in the wavelength range of the probe beam.
spectrum of the InSe sample corresponds to 300 K. Spectra o
GaSe sample have been taken at 300~full line! and 334 K~dotted
line!. The symbols are the spectra calculated through Eq.~1!, with a
correction factor of 0.85 for the reflectivity.
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56 4079STRONG OPTICAL NONLINEARITIES IN GALLIUM . . .
The transmission spectrum of the InSe sample is a
shown in Fig. 8. It is apparent that, in the wavelength int
val close to the probe, the slopedT/dl is much smaller than
for the GaSe sample. This is due to the fact that the samp
thinner and the light is partly absorbed. Consequently, th
mal or electronic changes of the refractive index can har
affect the sample transmittance.

Let us now discuss the effect of the probe wavelength
the transient absorption. The key to the physical interpre
tion of the results reported in Sec. III is the band structure
layered III-VI selenides. The inset of Fig. 1 shows a ske
of the band structure of GaSe in the center of the Brillo
zone. The valence bands are namedA, B, andC, according
to the notation of Kuroda, Munakata, and Nishina.21 The
uppermost one (B) has mainly a Sepz character, with a
small component being Sepx-py which makes the funda
mental transition to thes-character conduction band weak
allowed for light polarization perpendicular to thec axis.
The bandsA and C, mainly with Sepx-py character, are
deeper thanB due to the crystal-field anisotropy~the Cou-
lomb attraction of Sepx-py electrons with In cations is muc
larger than that of Sepz electrons!.21,22 On the other hand
bandsA andC are split because of the spin-orbit interactio
The corresponding band scheme of InSe is nearly identica
that of Fig. 1, besides the value of the band gap~1.27 eV for
InSe at RT!. The transition fromA or C to B is allowed by
crystal symmetry for light polarization perpendicular to t
c axis, but cannot be observed in the linear optical regi
because there are no empty states in bandB. Things are
different when an intense pump pulse is present. In exp
ments reported in Sec. III, the photon energy of the pu
pulse is higher than the band gap, but electrons~holes! are
thermalized to the minimum~maximum! of the conduction
~valence! band in a time much shorter than the duration
the pump pulse. Then, the top of bandB is emptied and the
transition fromC to B can be observed. The energy diffe
enceEvB2EvC is about 1.56 eV in both semiconductor
close to the probe photon energy. Then, results of Sec
can be interpreted as an absorption of the probe light
electrons of bandC that are excited to the empty states
bandB, created by the pump pulse.

We could also attempt to interpret our results throug
model involving transitions of nonequilibrium electrons
the conduction band to upper conduction bands. This wo
not affect the formalism developed in the rest of this secti
Nevertheless, the model involving inter-conduction-ba
transitions would imply hypothesis concerning t
conduction-band structure of InSe and GaSe, as the eff
reported here occur in both semiconductors at the same
ton energy. All spectroscopic data and band-structure ca
lations confirm the similarity between the uppermost vale
bands of both compounds. On the other hand, the spe
scopic data reveal differences between InSe and GaSe in
arrangement and energies of the conduction-band states

Let us determine the spectral shape of the transient
sorption. Figure 9 shows a density-of-states scheme in w
the degenerate electron~hole! gas created by the pump puls
is represented by the quasi-Fermi level and the occup
~empty! states in the conduction~valence! band. We will
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assume, for simplicity, isotropic bands with parabolic disp
sion relationE(k). Near to the maxima theE(k) relations
are

EVB~k!5E0VB2
\2k2

2mVB*
,

~2!

EVC~k!5E0VC2
\2k2

2mVC*
.

Let us assume thatmVC* .mVB* , which is coherent with re-
cent linear muffin-tin orbital band-structure calculations.25 In
an optic direct transition the energy conservation implies

EVB~k!5EVC~k!1\v. ~3!

If we defineE05E0VB2E0VC and a reduced massmrBC* :

1

mrBC*
5

1

mVB*
2

1

mVC*
, ~4!

then, the energy conservation condition can be written

E02\v5
\2k2

2mrBC*
. ~5!

It must be outlined that the reduced mass is higher t
mVB* . In fact it will be infinite if mVB* 5mVC* , reflecting the
fact that, in this case, the transition between bandsC and
B would occur only at a photon energy\v5E0 .

FIG. 9. GaSe density-of-states band scheme: the degen
electron~hole! gas created by the pump pulse is represented by
quasi-Fermi level and the occupied~empty! states in the conduction
~valence! band.
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The absorption coefficient for a direct transition betwe
C andB is given by the following expression:26

aCB5
pe2

«0cnm0
2v

uPCBu2E dtk

1

4p3

3dF\v2E01
\2k2

2mrBC* GFVC~12FVB!. ~6!

PCB is the dipole matrix element between bandsC and B,
FVC is the occupation probability of states in bandC, which
can be assumed to be 1, and 12FVB is the probability of the
final state in bandB to be empty, which can be written as
function of the hole quasi-Fermi level:

12FVB5
1

11e~EFh* 2E0VB~k!!/kBT
. ~7!

Using Eq.~5!, we can write

EFh* 2EVB~k!5EFh* 2E0VB1
\2k2

2mVB*
5EFh* 2E0VB

1
mrBC*

mVB* ~E02\v!. ~8!

Let us define the oscillator strength of theCB transition
f CB52uPCBu2/(m0\v). After integration in thek space and
rearrangement of constants, Eq.~6! yields the absorption co
efficient

aCB~\v!5
4v

cn S mrBC*

m0
D 3/2

f CB

R0
1/2

\v

3
E02\v

11e~EFh* 2E0B!/kBTe~mrBC* /mVB* !~E02\v!/kBT
,

~9!

whereR0 is the Rydberg constant. The fact that the abso
tion edge appears at energies below a certainE0 is a conse-
quence of the assumptionmVC* .mVB* .

The oscillator strengthf CB of this transient absorption ca
be estimated from thef -sum rule,27

E
0

`

v«9~v!dv5
p

2
vP

2 , ~10!

which establishes the constancy of the total oscilla
strength in the electron gas. Let us consider the band st
ture shown in Figs. 1 and 9. The shape of the absorp
edge from theC valence band to the conduction band wou
be affected by the filling of the conduction band due to
pump pulse. Taking into account the band-filling effects~but
not considering the electron-hole interaction! this absorption
edge would be given by an expression similar to Eq.~9!:
n

-

r
c-
n

e

aCC~\v!5
4v

cn S mrCC*

m0
D 3/2

f CC

R0
1/2

\v

3
\v2E1

11e~EFe* 2E0c! /kBTe2~mrCC* /mc* ! E12\v/kBT

5
aCC

0 ~\v!

11e~EFe* 2E0c!/kBTe2~mrCC* /mc* !~\v2E1!/kBT
, ~11!

where we have introduced the reduced effective massmrCC*
51/mVC* 11/mC* , oscillator strengthf CC , and energy gap
E15E0C2E0VC between the valence bandC and the con-
duction band, and the quasi-Fermi level of electrons in
conduction bandEFe* . In absence of excitation, this expre
sion reduces to the well-known absorption edge for dir
allowed transitions. In the presence of strong excitation,
absorption coefficient decreases, especially for photon e
gies betweenE1 andEFe* . The absolute decrease of the a
sorption coefficientDaCC(\v)5aCC

0 (\v)2aCC(\v) will
be given by

DaCC~\v!5
aCC

0 ~\v!

11e~E0c2EFe* !/kBTe~mrCC* /mC* !~\v2E1!/kBT
.

~12!

If we express thef -sum rule in a function of the absorp
tion coefficient a(v)5v«9(v)/cn, and neglect the
refractive-index change in the interval through whichaCB
andDaCC are different than zero, we can write

1

nE0

E
2`

E0
aCB~\v!d~\v!5

1

nE1

E
E1

`

DaCC~\v!d~\v!.

~13!

Let us introduce the following variables and parameters:

u5
mrCB*

mVB*
E02\v

kBT
, v5

mrCC*

mC*
\v2E1

kBT
,

a5
EFh* 2E0VB

kBT
, b5

E0C2EFe*

kBT
.

Using these variables in the expressions of the absorp
coefficients, Eq.~13! becomes

f CB

nE0

2 E
0

` u1/2du

11eu2a 5
f CC

nE1

2 E
0

` v1/2dv
11ev2b . ~14!

From the definition of parametersa andb, it follows that

Dp

NV

1

nE0

2 f CB5
Dn

Nc

1

nE1

2 f CC , ~15!

where Dn5Dp are the densities of photoexcited carrie
Finally, f CB is given by

f CB5S nE0

nE1

D 2S NV

NC
D f CC5S nE0

nE1

D 2S mVB*

mC*
D 3/2

f CC . ~16!
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TABLE I. Values of the semiconductor parameters involved in Eq.~16! for GaSe and InSe.

Eg

~eV!
mC*

m0

mV*

m0

E1

~eV! nE1 f CC

E0

~eV! nE0 f CB

InSe 1.25
~Ref. 19!

0.12
~Ref. 31!

0.45
~Ref. 32!

2.75
~Refs. 19 and 21!

3.6
~Ref. 19!

2.85
~Ref. 21!

1.55
~Refs. 19 and 21!

2.85
~Refs. 19 and 20!

12.8

GaSe 2.00
~Ref. 17!

0.18
~Ref. 17!

0.50
~Ref. 17!

3.55
~Ref. 16!

4
~Ref. 16!

2.80
~Ref. 16!

1.55
~Refs. 16 and 17!

2.90
~Ref. 17!
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Equation~16! indicates that, in fact, the appearance of t
transient inter-valence-band absorption can be considere
a direct consequence of thef -sum rule. As the absorption
coefficient of the transition from valence bandC to the con-
duction band decreases due to the conduction-band fill
the subsequent loss of oscillator strength is compensate
the appearance of a new transition from valence bandC to
the empty states of valence bandB. According to studies of
optical nonlinearities in the fundamental absorption edge
GaSe,11–13 exciton screening and band-filling effects are o
served at excitation rates ranging from 1024 to 2
31025 photons/cm2 s, that are of the same order as tho
used in the experiments reported in Sec. III. In GaAs,28 ex-
citon screening and band filling effects are observed at lo
excitation rates~from 1022 to 1024 photons/cm2 s! owing to
the larger exciton radius and lower conduction-band eff
tive mass with respect to GaSe.

Table I gives the values off CC found in literature, as well
as the other parameters involved in Eq.~16!, and the estima-
tion of f CB for GaSe and InSe. With this estimation of th
oscillator strength, Eq.~9! can give quantitative account o
inter-valence-band transitions. In absence of excitation,EFh*
2E0B is positive and very large and no absorption is o
served. In the presence of a pump pulse yielding a dege
ate hole gas in valence bandB, EFh* 2E0B is negative and
absorption appears in the spectral range through which
sum of exponents in the denominator of Eq.~9! is negative.
If the upper limit isE0 , the lower limit would be of the orde
of

\vmin5E02
mVB*

mrBC* ~E0VB2EFh* !. ~17!

If the hole gas in valence bandB is not completely degener
ate, the absorption coefficient is proportional to the hole c
centration and the FWHM of the absorption peak is of
order of (m0 /mrBC* )kBT.

Now we are in condition to fit the expression of the tra
sient absorption given by Eq.~9! to the experimental result
of Fig. 5~a!. The full line in Fig. 5~a! has been calculate
through Eq.~9!, with E051.572 eV, mrBC* 51.05m0* , and
EFh* E0B55kBT, corresponding to a hole concentration
the order of 1017 cm23. This is coherent with the fact that th
FWHM of the absorption peak is of the order ofkBT, indi-
cating that the hole gas in valence bandB is not completely
degenerate~the full degeneracy in GaSe valence band is
attained until hole concentrations higher than 1020 cm23!.
Nevertheless, with the excitation rates used in transient
Fig. 4 and the carrier lifetimes found in the literature,29 the
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hole concentration should be of the order of 531018 to
1019 cm23. The origin of this disagreement can be due to t
following factors.

~i! On the one hand, we have calculated the effective
sorption coefficient on the assumption of a homogene
excitation of the sample, which is not the case. The fact t
in a much thinner InSe sample the effective absorption co
ficient is higher suggests that the transient absorption oc
in a thin layer near the sample surface.

~ii ! On the other hand, we have assumed the occupa
probability of bandC to be 1, which is not necessarily tru
when the probe beam is a laser and the nonlinear absorp
coefficient is very high. In fact, as we will see at the end
this section, in these conditions, stimulated emission fr
bandB to C can affect the probe intensity transmitted by t
sample. Unfortunately, the gain limitations of the broadba
detector used in our experiments prevented us from stud
the transient absorption at lower probe intensities.

With these reserves, the fact that the spectral respons
the effect reported here follows Eq.~9! confirms our assump
tion. The decrease of the probe intensity in the first stage
the time responses shown in Figs. 2–7 would be due to
appearance of a transient allowed transition between ba
C andB as the top of bandB is emptied by the pump pulse

The appearance of a transient absorption peak necess
leads to a transient change in the refractive index. Fig
5~b! shows the refractive index change corresponding to
absorption peak with the intensity and spectral shape of
continuous line of Fig. 5~a! as calculated through th
Kramers-Kronig relation:26

Dn~E!5
\c

p
PE

2`

E0 aCB~E8!

E822E2 dE8. ~18!

For photon energies slightly higher than 1.572 eV, the refr
tive index change isDn.20.0015. This can give an ac
count of the transmittancy increase observed in curves 1
2 of Fig. 4 at the beginning of the pulse. In this curve
thermal increase of the indexDn.20.0022 results in a
transmittancy decrease of 4.6%. Coherently, an electro
decrease of the indexDn.20.0015 results in a transmit
tancy increase close to 3% at the maximum@curve 7 in Fig.
5~a!#.

Results of Fig. 6 can also be understood through Eq.~9!.
As temperature increases,E0 decreases19 and the photon en-
ergy becomes closer to the upper absorption edge@Fig. 5~a!#,
which results in a lower absorption of the probe.

Coulomb attraction in the degenerate electron-hole
created by the pump pulse allows for an explanation of
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onset of the second stage of the transients, as it leads
reduction of the band gap. This allows theB band to move
up in energy, as the electron and hole concentrations
crease, which ‘‘detunes’’ the photon energy of the pro
with respect toE0 . In Eq.~9!, asE0 increases, the absorptio
coefficient decreases, which corresponds to the fact tha
bandB moves up, the final state that fulfills the energy co
servation is deeper in the band and then, its occupation p
ability is higher. Nevertheless, the decrease ofaCB explains
the onset of the second stage but not the subsequent inc
of the transmitted intensity well above the initial value.
transient change in the refractive index due to the trans
i
n
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absorption cannot account for that increase because in
transients shown in Figs. 2 and 6, the probe wavelength
responds to an interference maximum and any refractive
dex change would result in a transmittance decrease.

An alternative explanation can be found in the possibil
of an amplification of the probe beam by stimulated emiss
in the sample. If stimulated emission is included, the eff
tive absorption coefficient is also calculated from Eq.~5! but
the occupation number factor is nowF5FC(12FB)
2FB(12FC)5FC2FB . Then, with the energy conserva
tion condition @Eq. ~3!#, the absorption coefficient can b
written as
aCB~\v!5
4v

cn S mrBC*

m0
D 3/2

f CB

R0
1/2

\v
AE02\vF 1

11e~E0C2EFC* !/kBTe2~mrBC* /mVC* !~E02\v!/kBT

2
1

11e~E0B2EFh* !/kBTe2~mrBC* /mVB* !~E02\v!/kBTG , ~19!
d
he
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ent
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where we have introduced the quasi-Fermi level of holes
valence bandC,EFC* . The sign of the effective absorptio
coefficient depends of the sign of the last parenthesis.
easy to show that it is negative ifEFh* 2EFC* .\v, which
means that, in that case, the stimulated emission domin
If we assume that bandB moves up due to Coulomb attrac
tion, the quasi-Fermi levelEFh* follows the band and the
condition for amplification of the probe beam is fulfilled at
certain level of excitation. The second stage of the trans
of Fig. 2 would then correspond to the amplification of t
probe beam by stimulated emission.

Results of Fig. 7 confirm this interpretation. When t
photon energy of the pump is close toE0 , a part of the pump
flux can also contribute to the transitions fromC to B. As a
result, a high concentration of holes is created in bandC and
the hole concentration in bandB decreases, i.e., holes a
redistributed among bandsC and B. In this case, the Cou
lomb attraction would act between electrons in the cond
tion band and holes in both bands and the detuning ef
would be less effective. This is the situation in which t
decrease of intensity in the first stage becomes larger
more intense~curve 3 in Fig. 5!. On the other hand, at ene
gies very close to resonance, the hole concentration in b
C becomes very large. Then the stimulated emission co
tion is fulfilled and the probe beam is amplified~curve 6 in
Fig. 7!.

The nonlinear absorption and the measured transmitta
transients can be accounted for from carrier kinetics diff
ential equations, with a few simplifying assumptions. T
recombination of holes in the uppermost valence band
assumed to be controlled by a nonlinear equation:

dpB

dt
5FPump~ t !a02kp22

dpC

dt
, ~20!
n

is

es.

nt

-
ct

nd

nd
i-

ce
-

is

whereFPump(t) is the pump photon flux,a0 the absorption
coefficient of the material for the pump photon energy, ank
the electron-hole quadratic recombination coefficient. T
last term must be included as holes in bandC are created by
electron transitions to the empty states of bandB. On the
other hand, the recombination of holes in theC valence band
is assumed to be linear,

dpC

dt
5FProbeaNL~pB ,pC ,hv!2

pC

tC
, ~21!

whereFProbeis the probe photon flux,aNL the valence-band
to valence-band nonlinear absorption coefficient given
Eq. ~19!, andtC the lifetime of holes in bandC. This dif-
ferential equation is nonlinear as the absorption coeffici
depends on the hole concentrationspB andpC . Both differ-
ential equations can be numerically solved. The band-
renormalization due to Coulomb attraction, which gives r
to the increase ofE0 in Eq. ~19!, has been included in the
calculation through the parametric expression given
Vashishta and Kalia.30 Figure 10 shows the results of a ca
culation in which the pump pulse shape and energy~includ-
ing secondary pulses!, as well as the probe intensity, hav
been assumed to be those corresponding to the experim
conditions. The effective mass in bandC has been taken so
as to give the reduced massmrBC* 51.05m0 , which is the
value estimated from the spectral shape of the transient
sorption@Fig. 5~a!#. The electron-hole quadratic recombin
tion coefficientk and the lifetime of holes in bandCtC have
been taken as free parameters.

The main features of the experimental results are rep
duced in the calculated response shown in Fig. 10, with
parameter values given in the legend. It must be outlined
the shape of the calculated response is very sensitive to
lifetime of holes in bandC. A shorter lifetime~5 ns! makes
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the second stage of the response~corresponding to the probe
amplification! disappear. A longer lifetime~15 ns! makes
this stage become much more intense than that experim
tally observed. On the other hand, quadratic electron-h
recombination must be assumed in order to give an acco
of the third stage of the experimental transient of Fig.
~slowly decreasing absorption of the probe!. This third stage
is reproduced even if secondary pulses of the pump are
included. On the other hand, if electron-hole recombinat
is assumed to be linear this stage cannot be reproduced

FIG. 10. Transmittance transients calculated through Eqs.~19!–
~21!, with the following values for parameters:mB* 50.5m0 , mC*
50.95m0 , k52.5310211 cm3/s, tC510 ns.
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V. CONCLUSIONS

Strong nonlinear optical effects at photon energies co
sponding to the transition from a lower-energy valence b
to the uppermost one have been shown to occur in GaSe
InSe when the edge of the latter band is emptied by an
tical pulse. The intensity and spectral shape of the trans
absorption has been quantitatively accounted for and sh
to depend on the hole quasi-Fermi level and reduced ef
tive mass between both bands. An estimation of the osc
tor strength of the inter-valence-band transition has b
made through thef -sum rule. The transmission transien
could also be interpreted through carrier kinetics equati
including stimulated emission and renormalization of
band gap due to Coulomb interaction in the electron-h
degenerate gas.

These results open the way to a better understandin
the valence-band structure in III-VI layered compounds a
can certainly be extended to other semiconductor c
pounds. Time-resolved spectroscopy of these effects in
femtosecond range can also yield valuable information ab
hole thermalization processes in III-VI compounds.
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