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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 absorption
process in bulk wurtzite CdS exhibits a saturation behavior with a saturation intensity of g&rEW
This observation is possible because the optical pulse duration is shorter than the 350 fs thermalization
time of the photocreated carriers in their bands that we measured. From the thermalization time
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 saturation
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

Since its prediction by Goppert-Mayer [1] and first ob- the sample is in the hexagonal wurtzite structure. The op-
servation by Kaiser and Garret [2], two-photon absorptiortical ¢ axis lies in the plane of the platelet; its direction
has been widely studied in a large variety of materials unwas determined through linear optical transmission mea-
der a broad spectrum of physical conditions. Because afurement at the band gap energies [5].
the finite number of excited states in which carriers can Optical pulses, 100 fs in duration, at 630 nm cen-
be promoted by the two-photon absorption process, its satral wavelength, were generated using a dispersion com-
uration at sufficiently high excitation intensities can easpensated CPM laser oscillator [6]. These pulses were
ily be predicted. However, observation of this saturationamplified [7] with a doubled Nd:YAG laser, at 20 Hz
has never been reported in the literature. There are aépetition rate, up to an energy df uJ, allowing fo-
least two main reasons that explain this void in the lit-cused intensities up to 150 GMm?. The pump beam
erature. First, the saturation of the two-photon absorpwas focused down to a# 2 radius of36 um. In the dy-
tion can be expected to occur only for power densitiesiamics study the probe pulses were kept down to inten-
larger than10'® W/cn? in CdS [3]. At such high val- sities less than a few percent of the pump intensity. The
ues of the impinging intensity, electric field induced ef- pump and probe pulses were linearly cross polarized, the
fects take place which disturb the measurement procedurpump polarization being parallel to tleaxis of the bulk
One of these effects is self-phase modulation which, in it€dS crystal in order not to induce any spurious birefrin-
dynamic manifestation, broadens the spectrum of the trangtence. Scattered light from the pump was rejected by
mitted light, while in its simultaneous Kerr lens manifes- linearly analyzing parallel to the probe polarization. The
tation, it modifies the optical path of the light. Another time coincidence between pump and probe and the dura-
effect is simply a possible breakdown of the sample at théion of the light pulses were determined by replacing the
highest intensities. Second, a mandatory requirement musample with a phase matched KDP crystal and recording
be fulfilled when trying to saturate in-band electronic statean autocorrelation trace. No attempt was made to use a
in a semiconductor: the duration needed for the creation adoubled 4 eV beam to probe absorption changes induced
the photocreated carrier density must be shorter than they the 2 eV pump because the penetration depth of 4 eV
thermalization time of these carriers to the bottom of theiphotons in CdS is only 16 and 20 nm for incident light
bands in order to reach high values of the excited carriebeams polarized orthogonally or parallel to tbeaxis,
density. respectively [8]. In the static transmission measurements

We present two series of experimental results: a pumghe intensity of the incoming light was varied by means
and probe experiment was performed allowing the deteref thin calibrated gelatin neutral filters.
mination of the carrier thermalization time and a direct Small spectral changes in the transmitted light (self-
one-beam transmission measurement under degeneragtease modulation) were taken into account by analyzing
two-photon excitation. Both experiments were performedhe light using a 25 cm focal length spectrograph and
at room temperature. an optical multichannel analyzer. The recorded spectra

In these experiments we used, as a sample, bulk cadvere then numerically integrated. The laser intensity
mium sulphide in the form of a high quality platelet, fluctuations were estimated to be of the ordet@f. The
130 um in thickness, vapor grown in an argon atmos-mean value of the integrated intensity was automatically
phere, in a thermal gradient furnace. During the growthcalculated over five recordings for each value of the time
process, the argon flux was kept between 0.3 tgn3in  delay between the pump and the probe or each value of
and the furnace maximum temperature between 1050 artle neutral filter, in order to improve the signal to noise
1090°C [4]. X-ray scattering measurements showed thatatio.
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Under our excitation conditions, the fundamental photortion change is created 1.52 eV above the equilibrium band
energy (2 eV) is 80% of the value of the direct gap ofgap energy. The Kramers-Kronig relation is energetically
CdS (2.48 eV), so that the instantaneous nonlinear indesesonant with the absorption change and therefore negli-
of refraction is negative [9]; therefore there is no self-gible change at 4 eV of the index of refraction can be
focusing. In these experiments, care was taken to colle@xpected at 2 eV arising from the carrier population. At
all the light coming through the sample including thatlonger time delays the carrier population thermalizes at
experiencing defocusing. This was done by means of ¢he bottom of the conduction and valence bands having
f/1.5 lens. now an excess energy which is only 480 meV against the

For carrier densities of the order ¢0'® cm™3, band 2 eV photon energy. The thermalized carrier population
gap renormalization in CdS is overestimated to be 45 meVhduces an index change which can be seen in Fig. 1 as
[10]. The fundamental 2 eV photon energy misses the signal rise following the instantaneous response. After
equilibrium band gap energy by 480 meV, and therefordhis thermalization process has taken place, the carriers re-
one-photon absorption can be neglected. On the othéax their potential energy and this shows up on Fig. 1 as a
hand, two-photon excitation of the sample creates indeslow decay along the last 3 ps. The relaxation of energy
changes at the 2 eV fundamental frequency. In a pumpas been studied in separate experiments. It was shown to
and probe geometry these index of refraction changes doe governed by a strong stimulated radiative recombina-
induce defocusing of the probe,(< 0). Recording ofthe tion process taking place between shallow localized states
index dynamics can be done by simply transforming then Urbach’s tail. This radiative process was measured to
induced defocusing into an intensity variation by means ofast less than 4 ps.
an aperture placed in front of the detector [11]. The index variations results have been modeled using

Figure 1 shows the variation of the probe integrateda set of coupled dynamic differential equations describing
intensity versus time delay, for three pump intensitieselectronic population evolutions in a three-level system:
following the procedure outlined above. At zero time

delay, an instantaneous index change can be observed. dN(t) _ M _ M (1a)
This has been shown in a separate experiment to be due dt Tth T

to cross-phase modulation corresponding to a dynamic dn(t) _ F2<L> _n() (1b)
electric field induced Kerr effect. From this the value dt fo Th

ny, = —5 X 10713 cm? /W can be deduced [12] for the

nonlinear index of refraction. The shape of the early timeln this set of equation®/(¢) is the thermalized population
response is simply the autocorrelation function of the lightof carriers, proportional to the long lasting index change,
pulses. Its width is in good agreement with that of then(z) is the population of out-of-equilibrium photocreated
separately measured KDP autocorrelation functions. Atarriers, 7y, is the intraband thermalization time, and
this time two-photon absorption creates carrier populas, is the recombination time. Finallyl'(¢/#y) is the
tions with a large excess of kinetic energy; an absorppulse intensity envelope of duratioy which, in this
simple model, has been chosen as a squared hyperbolic
secant function. From this set of equations an analytical

25 1 ] . . . . . .
— | ' ; ' ] solution for N(¢) is derived which is proportional to
0 =19 GW/cm . .

T 20 [ o 12 GW/em? - the index chgngfe. To_ account for the instantaneous
; - 4 9.5 GW/em? - response, which is not included in Eq. (1), the intensity
. ; P .

8 15 | — autocorrelation functionl(z/1y) of the pulse is added

% - - asaN(t) + bI''(¢t/19) + ¢ (the parametec accounts for

> 10 - - small offsets in the experimental data). A least squares
% - . fit to the experimental data following the Cholesky [13]
z 5 = method is then performed. The results of this calculation
= B 7 are shown in Fig. 1 as solid lines. From this model we
= 0 T m deduce a thermalization timey;, = 350 fs, independent

of the excitation intensity, and a radiative relaxation time
7, = 100 ps for the lower excitation intensities which
DELAY (ps) decreases to 40 ps for the highest intensity. The observed
FIG. 1. Index of refraction variations versus time delayVvalues and the shortening of the radiative relaxation
between pump and probe for three pump intensities. Thestime are governed by the stimulated emission mentioned

curves are obtained by measuring the integrated intensity of thghove. From this experiment, we know that the carrier
probe spectrum through an aperture situated in a beam regig/

where defocusing is important: the light intensity decreases witRﬂerma“Z"Jltlon ime is longer by a factor of 3 than

an index increase. The background signal is subtracted and t Qe (?Ptica' pulse duration .and thgrefore the mandatory
absolute value of the signal is taken. Solid lines correspond tgondition for the observation of interband two-photon

fits calculated with the three-level model described in the text. absorption saturation is fulfilled.
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The one-beam transmission measurements were domae to account for the light reflections at the entrance and
after a series of preliminary experiments. They showedxit faces of the sample with linear reflectivity coefficient
that, at the highest intensities available, the sample exp&k. During the two-photon absorption process, which lasts
riences only a shallow surface degradation of the ordeas long as the pulse duration, the nonlinear change of
of 1 um in depth, when the light beam is focused ontothe index of refraction isAn = 0.005 [12] and the cor-
the entrance surface. We checked that the scattering oésponding relative variation of the reflection coefficient
light induced by the surface roughness does not affect this negligible, AR/R = 4 X 1073. For a thickness! of
transmission measurements within the experimental errdhe sample the formal solution of Eq. (2) then reads as
due to laser fluctuations. This was done by observing that

— /
the output registered did not change when decreasing the ! 1 - R 1 In _
intensity after having reached the peak intensity. I(1 = R) Ii Lat | Io(1 — R)?
Figure 2 shows the superposition of a set of records = —ald. (4)

where the reciprocal transmission is plotted versus the
incident intensity. In a simple model, the variation of From this expression the reciprocal transmissibff (=
the transmitted intensity as a function of the incidently/I]) has been numerically evaluated and used to fit
intensity is given by the integration over the thicknessthe experimental data, as shown as a solid line in
of the sample of the following differential equation when Fig. 2. From this fit one findsa) = ar(I < Iyy) =
one-photon absorption and orders higher than two ar2.7 cm/GW, R = 19%, values which are in close agree-
neglected: ment with the ones found in the literature [15,16]. The
Al = —ar()1Pdz @) gooq agreement obtained for the linear refle_zctivity further
) confirms the harmlessness of the degradation of the sam-
In this equation the two-photon absorption coefficientple surface already mentioned. From Eq. (4) we deduce a
a» (1) is supposed to depend on the intensity. A simplesaturation intensity for the two-photon absorption process
hyperbolic approximation is then used to model thely, = 65 GW/cn?.

intensity variation [14]: If the saturation effect is not taken into account, the
o) third term on the left hand part of Eq. (4) vanishes
ar(l) = 1T+ 7/1 I/l (3)  and the variation of the reciprocal transmission versus

sa

incident intensity should be linear, as shown in Fig. 2 as a
where a3 is the low intensity response of the material dashed line. In that approximation the calculated result
and I, the saturation value of the intensity for whielf  strongly departs from the experimental data. We also
is divided by 2. Replacement in the solved differentialexamined the possibility for one-photon excitation of the
equation of the incident intensit§y by 7; = Io(1 — R)  photocreated carriers in the bands. First, the cross section
and the transmitted intensity by I; = I,(1 — R) allows  of this absorption process [17] is smadt (= 107'8 cn?)
so that the effect is negligible on our time scale [18].
Following Ref. [15], we made a numerical calculation of
the reciprocal transmission using a model of this effect in
which the two-photon absorption coefficieat = a5 is
a constant and found no set of parameters which could
account for the experimental results.

The inset in Fig. 2 shows the variation of the
density of carrier pairs versus incoming intensity,
calculated from the number of absorbed photons. It
varies from 1.6 X 10'® cm™3 when I, = 9.4 GW/cn?

(1.7 X 10'° absorbed photons) tol0'® cm™3 when
Ip = 162 GW/cn? (10'> absorbed photons). Again
0 40 80 120 160 the experimental variation departs from the expected

INCIDENT INTENSITY ], (GW/cm?) variation when no saturation is taken into account. No
F16,2. The sod e are a plo o re messye recp PSS llems i cbseried due o he competior
rocal transmission versus incident intensity. Solid line: theo- 9 : . S
retical variation for a hyperbolic intensity dependence of the A band structure calculation of semiconductors is still
two-photon absorption coefficient. Dashed line: theoreticalunderway [19] and not totally reliable for interpreting ex-
variation for a constant two-photon absorption coefficient. Inperimental results. We considered the calculation per-
the inset is shown the density.-, (in 10 cm*) of pho-  t4rmed in Ref. [20] which gives, for hexagonal CdS, both
tocreated electron-hole pairs versus the incident interdgifin . .

GW/cm?). Solid triangles:N,., calculated from the experi- the band structure and the assgmated eIect_ronlc state den-
mental data. Solid line: theoretical,-, for a constant two- Sity. Examination of the possible electronic transitions,
photon absorption coefficient. under 4 eV two-photon excitation, which may happen in
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