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Observation of Interband Two-Photon Absorption Saturation in CdS
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When using 100 fs light pulses with 2 eV photon energy, the degenerate two-photon absorptio
process in bulk wurtzite CdS exhibits a saturation behavior with a saturation intensity of 65 GWycm2.
This observation is possible because the optical pulse duration is shorter than the 350 fs thermalizati
time of the photocreated carriers in their bands that we measured. From the thermalization tim
an averaged carrier–LO-phonon interaction duration is deduced which is of the order of 25 fs
Examination of the band structure and the electronic state density of CdS shows that this saturati
is due to the electron population rather than to the hole population. [S0031-9007(96)00934-9]

PACS numbers: 78.40.Fy, 42.65.–k, 78.47.+p, 81.05.Dz
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Since its prediction by Göppert-Mayer [1] and first o
servation by Kaiser and Garret [2], two-photon absorpt
has been widely studied in a large variety of materials
der a broad spectrum of physical conditions. Becaus
the finite number of excited states in which carriers c
be promoted by the two-photon absorption process, its
uration at sufficiently high excitation intensities can e
ily be predicted. However, observation of this saturat
has never been reported in the literature. There ar
least two main reasons that explain this void in the
erature. First, the saturation of the two-photon abso
tion can be expected to occur only for power densi
larger than1010 Wycm2 in CdS [3]. At such high val-
ues of the impinging intensity, electric field induced e
fects take place which disturb the measurement proced
One of these effects is self-phase modulation which, in
dynamic manifestation, broadens the spectrum of the tr
mitted light, while in its simultaneous Kerr lens manife
tation, it modifies the optical path of the light. Anoth
effect is simply a possible breakdown of the sample at
highest intensities. Second, a mandatory requirement m
be fulfilled when trying to saturate in-band electronic sta
in a semiconductor: the duration needed for the creatio
the photocreated carrier density must be shorter than
thermalization time of these carriers to the bottom of th
bands in order to reach high values of the excited car
density.

We present two series of experimental results: a pu
and probe experiment was performed allowing the de
mination of the carrier thermalization time and a dire
one-beam transmission measurement under degen
two-photon excitation. Both experiments were perform
at room temperature.

In these experiments we used, as a sample, bulk
mium sulphide in the form of a high quality platele
130 mm in thickness, vapor grown in an argon atmo
phere, in a thermal gradient furnace. During the grow
process, the argon flux was kept between 0.3 to 3 lymin
and the furnace maximum temperature between 1050
1090±C [4]. X-ray scattering measurements showed t
0031-9007y96y77(8)y1632(4)$10.00
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the sample is in the hexagonal wurtzite structure. The
tical c axis lies in the plane of the platelet; its directio
was determined through linear optical transmission m
surement at the band gap energies [5].

Optical pulses, 100 fs in duration, at 630 nm ce
tral wavelength, were generated using a dispersion c
pensated CPM laser oscillator [6]. These pulses w
amplified [7] with a doubled Nd:YAG laser, at 20 H
repetition rate, up to an energy of1 mJ, allowing fo-
cused intensities up to 150 GWycm2. The pump beam
was focused down to ane22 radius of36 mm. In the dy-
namics study the probe pulses were kept down to in
sities less than a few percent of the pump intensity. T
pump and probe pulses were linearly cross polarized,
pump polarization being parallel to thec axis of the bulk
CdS crystal in order not to induce any spurious birefr
gence. Scattered light from the pump was rejected
linearly analyzing parallel to the probe polarization. T
time coincidence between pump and probe and the d
tion of the light pulses were determined by replacing
sample with a phase matched KDP crystal and record
an autocorrelation trace. No attempt was made to u
doubled 4 eV beam to probe absorption changes indu
by the 2 eV pump because the penetration depth of 4
photons in CdS is only 16 and 20 nm for incident lig
beams polarized orthogonally or parallel to thec axis,
respectively [8]. In the static transmission measureme
the intensity of the incoming light was varied by mea
of thin calibrated gelatin neutral filters.

Small spectral changes in the transmitted light (s
phase modulation) were taken into account by analyz
the light using a 25 cm focal length spectrograph a
an optical multichannel analyzer. The recorded spe
were then numerically integrated. The laser intens
fluctuations were estimated to be of the order of10%. The
mean value of the integrated intensity was automatic
calculated over five recordings for each value of the ti
delay between the pump and the probe or each valu
the neutral filter, in order to improve the signal to no
ratio.
© 1996 The American Physical Society
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Under our excitation conditions, the fundamental pho
energy (2 eV) is 80% of the value of the direct gap
CdS (2.48 eV), so that the instantaneous nonlinear in
of refraction is negative [9]; therefore there is no se
focusing. In these experiments, care was taken to co
all the light coming through the sample including th
experiencing defocusing. This was done by means o
fy1.5 lens.

For carrier densities of the order of1018 cm23, band
gap renormalization in CdS is overestimated to be 45 m
[10]. The fundamental 2 eV photon energy misses
equilibrium band gap energy by 480 meV, and theref
one-photon absorption can be neglected. On the o
hand, two-photon excitation of the sample creates in
changes at the 2 eV fundamental frequency. In a pu
and probe geometry these index of refraction changes
induce defocusing of the probe (n2 , 0). Recording of the
index dynamics can be done by simply transforming
induced defocusing into an intensity variation by means
an aperture placed in front of the detector [11].

Figure 1 shows the variation of the probe integra
intensity versus time delay, for three pump intensit
following the procedure outlined above. At zero tim
delay, an instantaneous index change can be obse
This has been shown in a separate experiment to be
to cross-phase modulation corresponding to a dyna
electric field induced Kerr effect. From this the valu
n2 ­ 25 3 10213 cm2yW can be deduced [12] for th
nonlinear index of refraction. The shape of the early ti
response is simply the autocorrelation function of the lig
pulses. Its width is in good agreement with that of t
separately measured KDP autocorrelation functions.
this time two-photon absorption creates carrier popu
tions with a large excess of kinetic energy; an abso
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FIG. 1. Index of refraction variations versus time del
between pump and probe for three pump intensities. Th
curves are obtained by measuring the integrated intensity o
probe spectrum through an aperture situated in a beam re
where defocusing is important: the light intensity decreases
an index increase. The background signal is subtracted an
absolute value of the signal is taken. Solid lines correspon
fits calculated with the three-level model described in the te
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tion change is created 1.52 eV above the equilibrium b
gap energy. The Kramers-Krönig relation is energetica
resonant with the absorption change and therefore ne
gible change at 4 eV of the index of refraction can
expected at 2 eV arising from the carrier population.
longer time delays the carrier population thermalizes
the bottom of the conduction and valence bands hav
now an excess energy which is only 480 meV against
2 eV photon energy. The thermalized carrier populat
induces an index change which can be seen in Fig. 1
a signal rise following the instantaneous response. A
this thermalization process has taken place, the carrier
lax their potential energy and this shows up on Fig. 1 a
slow decay along the last 3 ps. The relaxation of ene
has been studied in separate experiments. It was show
be governed by a strong stimulated radiative recomb
tion process taking place between shallow localized st
in Urbach’s tail. This radiative process was measured
last less than 4 ps.

The index variations results have been modeled us
a set of coupled dynamic differential equations describ
electronic population evolutions in a three-level system

dNstd
dt

­
nstd
tth

2
Nstd
tr

, (1a)

dnstd
dt

­ G2

µ
t
t0

∂
2

nstd
tth

. (1b)

In this set of equationsNstd is the thermalized population
of carriers, proportional to the long lasting index chan
nstd is the population of out-of-equilibrium photocreate
carriers, tth is the intraband thermalization time, an
tr is the recombination time. Finally,Gstyt0d is the
pulse intensity envelope of durationt0 which, in this
simple model, has been chosen as a squared hyper
secant function. From this set of equations an analyt
solution for Nstd is derived which is proportional to
the index change. To account for the instantane
response, which is not included in Eq. (1), the intens
autocorrelation functionG0styt0d of the pulse is added
as aNstd 1 bG0styt0d 1 c (the parameterc accounts for
small offsets in the experimental data). A least squa
fit to the experimental data following the Cholesky [1
method is then performed. The results of this calculat
are shown in Fig. 1 as solid lines. From this model
deduce a thermalization timetth ­ 350 fs, independent
of the excitation intensity, and a radiative relaxation tim
tr ­ 100 ps for the lower excitation intensities whic
decreases to 40 ps for the highest intensity. The obse
values and the shortening of the radiative relaxat
time are governed by the stimulated emission mentio
above. From this experiment, we know that the carr
thermalization time is longer by a factor of 3 tha
the optical pulse duration and therefore the mandat
condition for the observation of interband two-phot
absorption saturation is fulfilled.
1633
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The one-beam transmission measurements were
after a series of preliminary experiments. They show
that, at the highest intensities available, the sample e
riences only a shallow surface degradation of the o
of 1 mm in depth, when the light beam is focused o
the entrance surface. We checked that the scatterin
light induced by the surface roughness does not affec
transmission measurements within the experimental e
due to laser fluctuations. This was done by observing
the output registered did not change when decreasing
intensity after having reached the peak intensity.

Figure 2 shows the superposition of a set of reco
where the reciprocal transmission is plotted versus
incident intensity. In a simple model, the variation
the transmitted intensity as a function of the incid
intensity is given by the integration over the thickne
of the sample of the following differential equation wh
one-photon absorption and orders higher than two
neglected:

dI ­ 2a2sIdI2dz . (2)

In this equation the two-photon absorption coeffici
a2sId is supposed to depend on the intensity. A sim
hyperbolic approximation is then used to model
intensity variation [14]:

a2sId ­
a

0
2

1 1 IyIsat
, (3)

where a
0
2 is the low intensity response of the mater

andIsat the saturation value of the intensity for whicha
0
2

is divided by 2. Replacement in the solved differen
equation of the incident intensityI0 by Ii ­ I0s1 2 Rd
and the transmitted intensityIt by I 0

t ­ Its1 2 Rd allows
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FIG. 2. The solid circles are a plot of the measured re
rocal transmission versus incident intensity. Solid line: th
retical variation for a hyperbolic intensity dependence of
two-photon absorption coefficient. Dashed line: theoret
variation for a constant two-photon absorption coefficient.
the inset is shown the densityNe-h (in 1016 cm23) of pho-
tocreated electron-hole pairs versus the incident intensityI0 (in
GWycm2). Solid triangles:Ne-h calculated from the exper
mental data. Solid line: theoreticalNe-h for a constant two-
photon absorption coefficient.
1634
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one to account for the light reflections at the entrance
exit faces of the sample with linear reflectivity coefficie
R. During the two-photon absorption process, which la
as long as the pulse duration, the nonlinear change
the index of refraction isDn ­ 0.005 [12] and the cor-
responding relative variation of the reflection coefficie
is negligible,DRyR ­ 4 3 1023. For a thicknessd of
the sample the formal solution of Eq. (2) then reads as

1
I0s1 2 Rd

2
1 2 R

I 0
t

1
1

Isat
ln

É
I 0

t

I0s1 2 Rd2

É
­ 2 a0

2d . (4)

From this expression the reciprocal transmission (1yT ­
I0yI 0

t) has been numerically evaluated and used to
the experimental data, as shown as a solid line
Fig. 2. From this fit one findsa0

2 ­ a2sI ø Isatd ­
2.7 cmyGW, R ­ 19%, values which are in close agre
ment with the ones found in the literature [15,16]. T
good agreement obtained for the linear reflectivity furt
confirms the harmlessness of the degradation of the s
ple surface already mentioned. From Eq. (4) we dedu
saturation intensity for the two-photon absorption proc
Isat ­ 65 GWycm2.

If the saturation effect is not taken into account, t
third term on the left hand part of Eq. (4) vanish
and the variation of the reciprocal transmission ver
incident intensity should be linear, as shown in Fig. 2 a
dashed line. In that approximation the calculated re
strongly departs from the experimental data. We a
examined the possibility for one-photon excitation of t
photocreated carriers in the bands. First, the cross se
of this absorption process [17] is small (s ­ 10218 cm2)
so that the effect is negligible on our time scale [1
Following Ref. [15], we made a numerical calculation
the reciprocal transmission using a model of this effec
which the two-photon absorption coefficienta2 ­ a

0
2 is

a constant and found no set of parameters which co
account for the experimental results.

The inset in Fig. 2 shows the variation of th
density of carrier pairs versus incoming intensi
calculated from the number of absorbed photons.
varies from 1.6 3 1016 cm23 when I0 ­ 9.4 GWycm2

(1.7 3 1010 absorbed photons) to1018 cm23 when
I0 ­ 162 GWycm2 (1012 absorbed photons). Agai
the experimental variation departs from the expec
variation when no saturation is taken into account.
saturation plateau is observed due to the competi
between state filling and thermalization of the carriers.

A band structure calculation of semiconductors is s
underway [19] and not totally reliable for interpreting e
perimental results. We considered the calculation p
formed in Ref. [20] which gives, for hexagonal CdS, bo
the band structure and the associated electronic state
sity. Examination of the possible electronic transitio
under 4 eV two-photon excitation, which may happen
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the band structure, allows us to determine which e
tronic states participate in the process. The particip
ing holes lie in a 850 meV wide band around21 eV,
when the energy is measured from the top of the vale
band, while the contributing electrons are distributed i
880 meV wide band lying 280 meV above the minimu
of the conduction band. The hole band is coincident w
a peak in the valence state density while the electron b
lies in the slowly increasing conduction state density. T
density of state available for the holes is roughly 30 tim
larger than the one available for the electrons; there
the saturation of the two-photon absorption saturatio
due to the electrons. The transfer of the kinetic energ
the carriers to the lattice of the crystal is efficiently do
via their interactions with the polar LO phonons, who
energy is 37.8 meV. From our thermalization time me
surement we deduce that the electron-phonon interac
duration should be between 11 and 50 fs. This valu
about 5 times shorter than in GaAs [21] due to the m
polar character of CdS when compared to GaAs.

It has been shown that, under photoexcitation of C
with 100 fs light pulses of 2 eV photon energy, satu
tion of the interband two-photon absorption is observa
with a characteristic saturation intensity of 65 GWycm2.
This saturation is of great importance in the field of no
linear optics where the conditions for its manifestation
nowadays easily fulfilled with commercially available lig
pulses sources. Therefore it should be taken into acc
in both the experimental and the formal analysis of
nonlinear response of material under resonant two-ph
excitation. Our work also stresses the extreme briefn
of the interaction time of highly out-of-equilibrium carrie
with the phonons.

M. Joucla is kindly thanked for the sample preparati
and the careful reading of the manuscript by R. Wei
greatly appreciated.
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