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Light-induced transmission nonlinearities in gallium selenide
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The intensity of a He—Ne las¢633 nm, 5 m\W transmitted by different GaSe samples is observed

to change in correlation with a Nd-yttrium—aluminum—garnet laser pE32 nm, 7.8 ns, 3 mJ

which excites them. Such time response has been attributed to a nonlinear optical effect, i.e., a
decrease in the refractive index due to the exciton screening by the photogenerated carriers. A
calculation of the absorption coefficient and refractive index at different carrier concentrations has
led to a reconstruction of transmittance transients which fully agree with the experimental data at
different incident intensities and temperatures.1€@99 American Institute of Physics.
[S0021-897€09)05707-2

I. INTRODUCTION to calculate the absorption coefficient which allows to repro-
duce the transmission time response.

Layered IlI-VI semiconductors and among them gal-
lium selenide(GaSe are known to present outstanding non- || ExPERIMENT
linear optical properties which have been widely investigated o
during the last few years. Their refractive index anisotropy ~ 1he GaSe crystalsH;=2.02 eV) used in this study have
makes them suitable for second harmonic generatibn, P€en grown by the Bridgman-Stockbarger method from a
parametric oscillatiof, and frequency mixifg® in the stoichiometric polycrystalline melt. The quality of the crys-
middle infrared spectral zone where they are transparent, (@l was tested through the temperature dependence of the

On the other hand, the optical properties can be varie&XCiton absorption peak Width. Thg _fuII width at half maxi-
significantly by exciting the samples with a pump laserMUm (FWHM) of the exciton exhibits a lattice-controlled

beam. This fact, combined with feedback, lead to Opticapependence in the range from 300 to 77 K and_attains_ at 77
bistability and hence to the possibility of reproducing the:< a\;alur(]e_ Or: the .ct>rder of |5£7§318mev, as reported in the fitera-
operation modes of electronic devices by purely opticalure or high-purtly samples.

- . - Samples with mirrorlike surfaces parallel to the layers
means. Such variations of the absorption coefficient and re- . . )
L . L were cleaved from the ingots with a razor blade and cut into
fractive index can be very large in the vicinity of the absorp-

tion edge and they are nonlinear because they do not deperi!rja zfalo;ﬁ;g'trrgn? ?Xé::zzx?sr)‘d :r_z%?;uﬁglrdt((’) ?ﬁén%tfs
directly on the incident beam intensity, but on some other, 4 Py Perp Yers.

variable which depends on it. These optical effects have be gamples were mounted in an aluminum holder with several
: P el P _14 oles and stuck to it with silver paste in order to improve the
reported in cadmium sulfidecd9*! and GaS¥*and they

thermal contact. The sample holder could be heated up to

are explained in terms of the screening of excitons by pho'lOO"C. The optical setup was similar to that used in a pre-

togenerated carriers. The collision broadening of the free %ious work® A He—Ne lase633 nm, 5 mW generates the
citon resonance has also been claimed in order to explaig, .o bear.n which crosses the san;ple parallel tocthgis
changes in the absorption and refractive index in CdS angnd reaches a Si photodiode of about ¥ON gain and a dc
5
Gase! . . 125 MHz nominal frequency band. The photoreceiver output
Recently, a new nonlinear optical effect has been ShowRy g ptored by a computer-controlled 400 MHz bandwidth

to occur in gallium and indium selenides, corresponding tG,gijloscope. Signal to noise ratio was improved by using the
transitions from a lower-energy valence band to the UPPeTayeraging capabilities of the oscilloscope.

most one when a nonequilibrium degenerate hole gas is cre-  The second harmonic of Nd-yttrium—aluminum—garnet
ated in the latter by a laser pulst. . . ~ (YAG) laser (532 nm worked as a pump laser, providing
The aim of this article is to evidence, in a quantitative gptical pulses of 7.8 ns FWHM and a 10 Hz repetition rate.
mittach in GaSe when s.amples are optically excited. Afte.r #he sample was limited to 3 mJ per pulse in most experi-
description of the experiment we present the transmissiogents, corresponding to a photon flux on the order of 1.7
pulses obtained at different temperatures and incident intenx 102°ph cn2s™! at the pump pulse maximum. The re-

sities, together with some qualitative considerations on theigidual pump signal was suppressed by an optical filter.
characteristics. Then we use a semiphenomenological model

lll. EXPERIMENTAL RESULTS AND DISCUSSION

dElectronic mail: chantal.ferrer@uv.es . . .
YESPCI, Laboratoire de Physique du Solide, 10 Rue Vaugueln, 1he He—Ne probe beam intensity transmitted by GaSe

75231 Paris, Cedex 05, France. samples was observed to change in coincidence with the Nd-
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1.5 FIG. 2. Steady state transmissifp vs the sample temperature relative to

its value at 300 K. The inset graphs show the transmission pulses under
excitation at a constant photon flgmominal 17X 10?*cm2?s%) and at the
temperatures indicated by the arrows, bef@@lid lines and after(dashed
lines) the correction for thermal effects.
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The sinusoidal modulation has been studied elsevifiere
and can be explained in terms of photoacoustic generation of
dilatational waves which become resonant within the sample
leading to a variation of the optical path and hence of the
sample transmittance.

The change in the quasisteady state of the transmittance
after a pump pulse has a thermal origin and has been also
FIG. 1. () Time response of a 1am sample transmitted intensity, at 300 reported®!® The pump energy is deposited in the sample
K, relative to the value in the absence of excitation at different incidentand its temperature is raised, leading to an increase in the
pump photon fluxessolid line curves The dash-and-dot curve' s the  refractive index. On the assumption that thermal changes are
transmission signal g after the subtraction of the thermal contribution. The .
inset shows the transmittance corrected for thermal effects vs the square roB{Oport'onal to the pump pulse total energy absorbed by the
of the absorbed incident energy. The dashed line cirgis the pump ~ Sample until a given instant, they can be straightforwardly
incident laser pulseb) The same at 380 K. calculated and subtracted from the experimental transient in

order to isolate the fast contribution. In our example at 300 K
YAG (pump bear incident pulses. The pump energies such subtraction implies a corrected transmission transient
ranged from 0.15 to 3 mJ and, specifically, the followingwhich represents 60% of the initial value for the maximum
photon fluxes were considergdm 2s™%): (a) 0.85x 1074, pump energycurveg’ in Fig. 1(@], in which the thermal
(b) 1.4x 10?4 (c) 2.3x 10?4, (d) 3.6xX 10?4, (e) 5.4x 10?4 (f)  part of the transmittance has already been subtracted.
8.5x 10?4, and(g) 17x 10?*. Throughout this article, the ex- The discrete points in Fig. 2 show the experimental
perimental curves will be labeled with these lower-case lettransmittance in the absence of excitation versus tempera-
ters in order to indicate the pump photon flux at which theyture. As explained in more detail in a previous wotkhe
have been obtained. samples exhibit a Fabry-Re transmittancgEq. (1)], in

The solid lines in Fig. (a) show a typical set of intensity which the refractive index and the absorption coefficient in-
versus time curves for the probe beam transmitted by a 1%erease with temperature. The inset figures are transmittance
um-thick GaSe sample when excited by pump pulses at difpulses under excitatio8 mJ at different temperatures be-
ferent energies, at 300 K. The transient response has beéore (solid lineg and after(dashed linesthe subtraction of
normalized to the transmission value in the absence of excihe thermal contribution. The thermal steady state transmit-
tation. The negative 10-ns-wide pulse which appears practtance increment or decrement, which can be observed in the
cally in coincidence with the pump pulse implies a decreasdlifferent inset figures, is consistent with the slope of the
of the transmitted intensity which can be as high as 78% ofransmittance-versus-temperature dotted curve.
the initial value for the maximum pump energy. After this The thermal energy actually absorbed by the sample can
pulse, in a time interval of about 20 ns, the transmitted signabe easily obtained from the temperature increntmtGaSe
increases and reaches a quasisteady state which lasts sevetai 48.5 J/mol/K andp=5.03 g/cni),?° and in the case of a
tens of microseconds. This relatively slow transient exhibitsmominal pump energy of 3 mJ, the quantity absorbed by the
a superimposed oscillation at a definite frequency. The samgample is 1.06 mJ, equivalent to a photon flux of 6
characteristics can be observed in Fith)1which shows the X 10?*cm 2s™%. Once the transients have been corrected by
transmission time response at 380 K and at different pumpemoving the thermal contribution and the impinging energy
laser energies. In this case the transient is positive and reras been recalculated in order to obtain the absorbed part, the
resents an increment up to 40% over the initial valuemaximum transmittance decrement is found to keep a linear
whereas both the steady state level and the amplitude of ttiependence on the square root of the absorbed energy, as
oscillations are lower. shown in the inset in Fig.(&).
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Such “electronic contribution”—as we will call the cor- tration of electrons and holes which are created by the ab-
rected transmission from now on—can be accounted for bgorption of the exciting laser light. Such carriers, which are
nonlinear changes in the absorption coefficiamt and re- assumed to be in quasiequilibrium in their respective bands,
fractive index(n) caused by the photogeneration of carriers.are responsible for the plasma screening of the Coulomb in-
Let us discuss why, as is shown in Fig. 2, the electronideraction between electrons and haotefich reduces the ex-
contribution is negative at low temperatures, disappears atiton binding energy and shifts the semiconductor)gamd
341 K, and then reappears as a positive pulse at higher terfer the modification of the band filling factor. Bgai and
peratures. As we previously pointed out, the transmittance iKoch?! developed a partly phenomenological theory in
that of a Fabry-Pet which such effects are incorporated into a generalized Elliott

2. —ad formula for the absorption through a density-dependent pa-
(1-R)“e 1 9 . .
= —— i : rameterg=12/m“ayk, a, being the Bohr radius and the
(1-Re *)? 1+Fsir’ § screening wave number given by

with 1 12 o 312
@ K2:_f7 EEQ) .f dxxd2 (fﬂz)
4 Re _ 4mnd mag\ Er 0 aZeh | Mgy

F=—Fmramz 0=
(1_Re )2 A Xf(X_,LLa)[l_f(X_ILLa)], (3)

where 6 is the temperaturek is the exciton Rydberg en-
ergy, me, is the exciton reduced mass,, and ., the carrier

The transmission relative variation with both the refrac-
tive and absorptive contributions is therefore

AT F&sin28 mass and quasi-Fermi level, respectivédy electrons,h:
B (1+F sir? o)n An holeg, andf is the Fermi—Dirac distribution function.

The exciton wave functions obey a modified Wannier
equation with a screened Coulomb potential and a band gap
shift. The screened Coulomb potential, approximated by the

. . . . Hulthen potential, is
The term in parentheses in the absorptive contribution is P

always negative whereas the refractive one depends on the 2e

1+Re 2d d
1-Re “91+Fsif s

Aa. 2

— 2rlagg __ -1
sign of sin25. At 300 K the absorption coefficient at the Vi anog[e ®-1] )

probe wavelength is very low~=36 cmi 1) and the transmit-
tance variation is dominated by the refractive index changes"’,1
SO we can just concentrate on the first term in 3. At 300 1\2

K and for ad=15.047um the term sin s negative, hence -1+ 1- a) Er 0=1

a decrement in the refractive index also leads to a decrement OEq= , (5)
in the transmission. In our example the observed maximum —ZEq g<1

transmission decrement is consistent with a change in the

refractive indexAn=—0.001, S where an excitation-independent exciton energy has been as-
At 380 K the absorption coefficient increases due to they;meq.

shift of the absorption edge and the excitonic peak towards Banyai and Koch solved the Wannier equation and ar-

the probe wavelength. The changes in the absorption Coefflyeq 4t the following expression for the absorption coeffi-
cient become thus more relevant, leading to a predominanggqnt-

of the second term in Eq2) and hence to a positive trans-

mission pulse. At this temperature the transmission incre- lg
ment is consistent with a change in the absorption coefficient (@)= aoA(w){ >, 78 (d+(1N—1/g)?)
Aa~—300cm . At any intermediate temperature the op- =t

posite effects of the absorptive and refractive contributions

nd the band gap shift

1 2]

may lead to a total suppression of the electronic peak as X2(g—|2)(2|2—g) n?[n’?—(g—1%)?]

observed at 341 K. 1°g° iz (n*=1%)(n17—g?)
In the next section we will confirm the nonlinear origin (n#0)

of the observed transmission peaks. The absorption coeffi- S = 2gn?—g?

cient will be calculated with the aid of the model developed + fo dxx nﬂl 1+ (n?—g)%+n’g’x

by Banyai and Kocf! and, together with the refractive index
calculus via the Kramers—Knig relations, we will repro-
duce the transmission time response at different pump inten- X Op(Xx—a) ¢, (6)
sities and temperatures.

where ¢ is proportional to the absolute square of the inter-
band transition matrix, and A(w)=tanh(Gw— .
—un)/2kgT) is the band filling factorm=(Aw—Ey)/Eg,

As pointed out in the preceding section, the semiconducé(x) =Eg/@I" coshiEg/T) is the exciton line shape func-
tor nonlinearities are mainly caused by the elevated concertion of width I', andE = Eg+ OE, is the renormalized gap

IV. CALCULATION OF THE TRANSMISSION
ELECTRONIC CONTRIBUTION
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energy which depends on the carrier density. The sum runs

over the existing bound states up to the largest integer num-

ber. If the carrier density is greater than the Mott density,

g<1 and the sum vanishes, so that only the contribution of

the continuum, represented by the integral, is significant.
We have used expressid@f) in a code which first cal-

culates the quasi-Fermi levels by taking the carrier density as

an input, then calculates the screening wave numbéor,

equivalently, the parametey) and the gap renormalization

and finally the absorption coefficient as a function of fre-

guency. In GaSe the perpendicular and parallel effective

masses of electrons and holes %Aren,, =0.15my, my, ()

=0.26my, m,, =0.71my, and m,=0.17my, the perpen-

dicular and parallel permittiviti€S e,, =10.6, €5=6.18,

Egr=19.2meV anéf Eg= 2.02—4.5x10 4(T—300). Thes

function width is, for GaSé& I'=10.5-0.055(300

—0) meV. I" has been considered excitation independent.
Figures 3a) and 4a) show the calculated absorption co-

efficient at 300 and 380 K, respectively, for a carrier density

N which ranges between 10and 5x 10cm™3. In particu-

lar, curves at several representative carrier density values

have been plotted: A: X10%cm™3 B: 1x10"cm 3, C:

6x107cm 3, D: 9x10Ycm 3, E: 2x10®¥cm™3, F: 3 S A T T

x10%em 3, G: 4x10%8cm 3, H: 5% 10"®cm 3. From now 8 6 -4 2 0 2 4 6

on, the capital letter labels will be used to indicate the carrier (b) (hv-E °)E,

density at which the curves have been calculated. The exci-

tonic absorption peak decreases progressively for increasid_dG- 3. (a)_CaIcuIated absorption coeffici_ent at 300 K at ci!sﬁerér;t ce.lrrier

carrier concentration to finally disappear at a concentrgtiorigllcfgfrst'g?séﬁoﬁact:f_j{’“Dt:hegQi%;lgrzggg?fse; 'I/dlgéh‘f? #:Bs;

of about 7x 10" cm™> density at which a complete screening 51 cm 3, G: 4x10%cem 3 H: 5x10%¥cm 2. Inset: calculated absorp-

of the exciton is accomplished. At densities higher than 2tion curve A (N=10"cm™3). together with some experimental points from

X 108 cm‘3, negative values of the absorption correspondihe literature(see Rgf. 21 (b) The g_or_respon_ding re_fractive inQex incre-

ing (0 stimulated emission over the Moft density are ob701% SACUREd v e eaers -t fotors, i sbecitn e

tained. The (Ealculated absorption coefficient initge ak;)senc\ﬁavdength posit}on on the abcisa.

of excitation (curve A, for a carrier density of t@cm™

coincides with the experimental points reported by Pictoli

[see the inset in the upper left of Fig@B. On comparing  with

the two curves, a correction factor can be deduced, which

allows to calculate the absolute absorption value at any den- Pk:Aa(UkH) —2Aa(oy) +Aa(oy-1)

sity, given that the interband matrix element is unknown. Ao

This model has been previously used in order to adyy aking in account the conditionse(o;)=Aa(o,) and
equately explain room-temperature optical nonlinearities iny (-, V= A a(ar,).

H 421,23 : . . A
gallium arsenidé!?3 From the comparison of the calculated Here o is the specific wave number at which the refrac-

absorption coefficients at 300 K in GaAs and GaSe we CaRye index is computed, by calculating the sum over all the

conclude that our results in GaSe are similar to those ob&k, whereasAa(o) = a(a,N)—a(o,N,) represents, in

tained for GaAs, with the exception that the absorption o case, the absorption coefficient increment when the ab-
efficient values in GaSe are almost one order of magnltudgorption curve A in Fig. @) is taken as a referenceN(,;

lower. On the other hand, a similar reduction of the exciton_ ; 105¢cm ).
absorp.tion pea}k is obtained'at photogenerated carrier CoN-  Eigures b) and 4b) show the refractive index incre-
centrations which are approximately one order of magnitude,ants for the corresponding values in Figs. @) and 4a).

higher in GaSe than in GaAs. _ _ There is not a\n curve A in this set of plots as it would just
Any absorption incremenfa, relative to the value in  pa 3 zero line.

absence of excitation, is related to the refractive index incre- It must be pointed out that at the probe wavelength the

mentAn through the Kramers—Krog relation, which can  orqer of magnitude of the computeth and A« values is
be easily computed from the following discrete expression: ;ompatible with those deduced in the previous section from
the experimental transmittance.

o (10° em™)

_0.5"..||..|.i.,||..|.‘.|...|...

An (107

o In order to reproduce the transmitted intensity time re-
An(o)= 40 ,Zfl [(ox—0)In|oy—o|=(ovt o) sponse, the carrier densityis needed as a function of time.
It has been obtained as a numerical solution to the recombi-
XIn(oy+ o) Py (7)  nation differential equation
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order to calculate the and An curves. The absorption co-
efficient and refractive index values at the probe wavelength
have been plotted versus the carrier concentration and fit
with a polynomial function that has been subsequently used
to computea(t) andn(t).

Let us discuss the transmission example at 300 K and
photon flux of 6<10°*cm 2s™* (curve d in Fig. 1). In the
previous section we deduced a maximum expected refractive
index decremeniAn=—0.001, which implies a maximum

05 L carrier concentratioN,,~1x10"8cm 3. Besides, ¢y max

T8 6 -4 2 0 2 4 6 ~0.84max, @S it can be deduced from the delay between the
(a) (hV'Ego)/ER laser pulse in Fig. 1 and the point in which the transmission
pulse takes its minimum value. Such values lead to a recom-
bination coefficient ko which is too high (IX 108

2 cm %s), and to an absurd carrier concentration pulse, with
quickly disappearing free carriers and concentration values
0 which subsequently become negative at an early stage. Re-
”g ducingkq would lead to an increment of the carrier concen-
o 2 tration and to a decrement of the refractive index larger than
S that deduced from the experimental transmission pulse.
The explanation for such a result lies in the effective
-4 H 380 K photogenerated carrier concentration involved in this nonlin-
L T ear phenomenon. On the one hand, the pump laser intensity
’6_8 6 -4 -2 0 2 4 6 profile has been implicitly considered flat whereas, far from
(b) (hv-Eg°)/ER being Gaussian, it is quite inhomogeneous and presents some

“hot” points, as experimentally observed. Just the assump-
FIG. 4. (a) Calculated absorption coefficient at 380 K at different carrier tion of a Gaussian profile leads to an energy reduction rang-
concentrations. The dashed vertical line indicates the probe wavelength p?ﬁg from 15% to 78% depending on the considered spot
sition on the abcisa(b) The corresponding refractive index increments, . ! . . .
calculated via the Kramers—Kmig relations, with absorption curve A as a radius. On the other hand, a relevant diffusion m'ght be

reference. In both figures the dashed vertical line indicates the probe wavresent, with carriers running away from the area limited by

length position on the abcisa. the probe beam spot. Both effects can be accounted for in the
N code by introducing an effective energy invested in carrier
— =a¢(t)—koNZ—k N (8)  9eneration instead of the nominal energy.
at '

In the example taken under discussion with 3 mJ of

wherea is the absorption coefficient at the pump Iaserwaveﬁomi”a[1 energy a_nld just 1.06 mJ absorbed by the sample
length (@=2000cm), kq is the quadratic recombination (6X1302 phcm “s ™) an effective energy of 0.07 mJ<4
coefficient,k, is a linear recombination coefficient, agdt) X 10?°phcm ?s™) is consistent with the expected refractive

is the pump pulse, which is best reproduced by the functiofndex decrement and reproduces correctly the experimental
transmission pulse, as shown by curve g in Fi@)5A re-

¢(t)=¢0(£ 9) duqtior_l of the absorbed enerdgwith a reduction fa_ctor.

T which is kept constahtleads to calculated pulses which fit
where 7 is the pulse width andsy= e In the steady well the experimental data at lower nominal energmsgves
state, whernIN/at=0, the carrier concentration, which takes ¢ @nd § by keepingkq andk, constant. At 380 K the calcu-

its maximum value, has a square-root dependence on tHated and experlmentgl transmission pulsgs are also in agree-
absorbed photon flux, consistently with the linear behaviofM€Nt: as shown in Fig.(B). It must be pointed out that in
pointed out in the previous section and illustrated by theNiS case the same effective energies have been considered
inset in Fig. 1. An approximate value fég, is provided in and the pulses whl_ch best fit _the _experlmgqtal pomt_s have
the steady state by the relatitg = ¢y il (Nma)?, Where been calculated using rgcombmanon c_oefﬂments which are
& max IS the absorbed photon flux at the carrier concentrath€ same order of magnitude as those introduced at 300 K.
tion maximumN 5.

Even if the recombination is predominantly quadratic
the linear term with the coefficietd has been introduced in
order to guarantee that the carrier concentration vanishes at In this article we have reported on a transmission non-
longer times (> 7), when the pump pulse intensity has also linearity which consists of a change in the He—Ne probe
substantially decreased. beam intensity transmitted by GaSe samples in response to a

Once the concentratioN(t) is known, a(t) and n(t) 7.8 ns Nd-YAG laser bearfpump incident pulse. At 300 K,
can be calculated to give the calculated transmission pulsand after the correction for thermal effects, a 40% maximum
T(t), by using Eq.1). For practical reasons, a limited num- transmittance decrement is found, consistently with a refrac-
ber of carrier concentration values has been considered itive index decremenAn= —0.001.

3
e—(t/’r)3 t=0

V. SUMMARY
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1.1 sponse of the devices described in this article makes them

Lok suitable for modulation or commutation at frequencies over
TE 100 MHz.
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