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Two-photon excited room-temperature luminescence of CdS in the femtosecond regime
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We present a dynamic study of the room-temperature, two-photon excited luminescence in CdS. When
exciting the medium with red2 eV), 100-fs-lasting pulses of intensity 9.4 GW/gnma strong two-photon
absorption, with coefficient,=2.7 cm/GW, creates 1:610* cm™2 highly out-of-equilibrium carrier pairs.

The overall kinetic energy relaxation time of these carriers has been measured to be of 350 fs and their final
states have been determined as being shallow residual localized states in the band gap. From these states,
potential energy relaxation gives rise to a stimulated emission of d&4h e\ light. The dynamics of this
emission has been studied using a time resolved gain measurement experiment, which indicates a 200-fs
duration for the highest excitation intensiti€20 GWi/cnf). [S0163-182609)10631-3

[. INTRODUCTION of the sample parallel to the probe polarization. The duration
of the light pulses was determined by replacing the sample
A strong green light emission takes place at room temwith a 200um-thick, phase matched, KIRO, (KDP) crys-
perature in cadmium sulfide when shining a crystal withtal and recording an intensity envelope autocorrelation trace.
short 100-fs-lasting light pulses in the visible or near-At the exit of the amplifier a prism-pair optical compressor
infrared parts of its transparency wavelength range. Thigvas adjusted in order to compensate for the positive group
spectacular anti-Stokes emission is a direct consequence oglocity dispersion induced by the various optical elements
strong two-photon absorption taking place in the semiconplaced on the light path, so that the optical pulse@h a
ductor. It is the aim of this work to explore the various Seck envelopg were quasi Fourier transform limited with
mechanisms underlying this effect. AvAt, spectral width times duration relationship equal to
In these experiments we used as a sample bulk cadmiuf34. When necessary, a broadband white light continuum
sulfide in the form of high quality platelets, 50 and 1@,  was generated by tightly focusing Oud- pulses onto a 200-
thick, vapor grown in an argon atmosphere, in a thermajm-thick ethylen glycol jef:°
gradient furnace. During the growth procégke argon flux The light transmitted through the sample is spectrally ana-
was kept between 0.3 and 3 I/min and the furnace maximurtyzed using a 25-cm focal length spectrograph. A photodiode
temperature between 1050 and 1090 °C. X-ray scatteringrray mounted at the spectrograph exit port detects the dif-
measurements showed that the sample structure is hexagoif@cted light. An optical multichannel analyzédMA IIl1)
wurtzite. The opticak axis lies in the plane of the platelet; drives the photodiode array and digitizes the signal, enabling
its direction was determined through linear optical transmisdata processing.
sion measurement at the band gap energ@ptical, room-
temperature transmission measurement shovv_ed _that the gap Il LINEAR ABSORPTION AND EMISSION
of the sample was 2.48 eV, when the electric field of the
light pulses is parallel to the axis. From low temperature Figure 1 shows measurements of the light transmission
excitonic luminescence bandwidth and intensity measurethrough a 50um-thick CdS sample. In a simple model
ments the residual impurity content was estimated to be lesshere a semiconductor is made of parabolic valence and
than 13° cm™ 3. conduction bands, vertical optical transitions of an electron
Optical pulses, 100 fs in duration, at 627-nm centralfrom the valence to the conduction band are at the origin of
wavelength(2 eV), were generated using a dispersion com-the absorption of photons with energfiow: «o(w)
pensated colliding pulse mode-lockedCPM) laser  «(1/hw)Vhw—E, whereEy is the energy gap. This expres-
oscillator® These pulses were ampliffedising a doubled sion is only valid for photon energies larger than the gap
Nd:YAG laser(YAG denotes yttrium aluminum garneds a  energy and the law describes the photocreation of delocal-
pump, at a 20-Hz repetition rate, up to an energy of 455 ized carriers. Once a measurement of the absorbadcks
allowing us to reach focused intensities up to 150 GW/cm made one can plot the quantitw)?E? as a function of the
In transmission pump-probe experiments the pump bearanergyE as shown in Fig. (B). The linear part of the plot
was focused down to ae 2 radius of 36um. The probe directly gives a quantitative value of the energy of delocal-
pulses were kept down to intensities less than a few perceied electrons in the material. In our sample the minimum
of the pump intensity and the pump was linearly cross polarenergy for these delocalized electrons is 2.479 eV when the
ized with the probe. The pump polarization was set to bepolarization of the incident light is parallel to tleaxis of
parallel to thec axis of the bulk CdS crystal in order not to the crystal, a value which is in good agreement with exci-
induce any spurious birefringence. Scattered light from theonic gap measurements.
pump was rejected by linearly analyzing the light coming out Below the band gap of a semiconductor, residual absorp-
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scale: plot of the room-temperature two-photon excited green lumi-
nescence spectrum of CdS under femtosecond excitation with
pulses lasting 100 fs and having an intensity of 22 GW/cm

a high 20% reflectivity Fabry-Pet interferences occur in the
sample, resulting in the dual peak modulation observed on
the emission spectrum. As the index of refraction changes
from one polarization of the light to the other, the relative
phase of the interference pattern in the emission spectrum
does shift when going from one polarization to the other. The
one electron band structure of cadmium sulfide is still under
242 > 44 246 248 250 theoretical discussidh but it is known that the extrema of
ENERGY (eV) the valence and conduction band are in the center of the
Brillouin zone, cadmium sulfide is a direct semicondudfor.
FIG. 1. Plots of the modified absorbance of a/@-thick CdS At the center of the Brillouin zonek&=0) the degeneracy of
sample for incoming light polarization parallel or perpendicular tothe valence band is split both by the crystal field and by the
the optical axisc of the crystal.(@) Plot of the squared energy- spin-orbit coupling leading to three vertical optical transi-
absorbance product, versus incoming photon energy, showing, itions between three valence bands and the conduction
the linear part, the extended state energy range of the cryslal. band!*'* Because of the band structure, specific selection
Plot of the natural logarithm of the absorbance versus incomingules for optical transitions do apply. Therefore optical tran-
photon energy: the linear part indicates the energy range of thegitions between the highest valence babandA with band
shallow localized states in the crystal. The high energy saturatioyap energy of 2.48 eVand the conduction band are forbid-
and decrease of the curves is an artifact related to the weakness @én for light polarization parallel to theaxis, while they are
the transmitted signal. allowed between both deepest valence bafidsd B and
band C with band gap energies, respectively, of 2.495 eV
tion does take place due to impurities and defect localize@nd 2.557 eyand the conduction band for light polarization
states. It has long been recognized that this absorption varigérallel and perpendicular to theaxis. As a first conse-
mostly as an exponential function of the incident photon enY9uénce the Iumlne_s_cen(_:e Intensity IS weaker when the polar-
ergy as can be seen in the empirical Urbach Ja: ization of the exciting light is parallgl to the_ axis of the
a(w,T) = apexy] — o(Ey—hw)lksT], where ag, Eq, and o crystal because of a vyeaker absorption in this geonistg
are constant parameters for a given temperalyrand kg Fig. 2). Furthgrm.ore, In & separate experiment, we checked
stands for Boltzmann's constant. From this expression it idhat the polarization of the emitted light is always orthogonal

clear that the energy range of localized states in the materid® thec axis_direct_ion i_ndepenc_ient of the p_olariz_ation direc-
is given by the linear part of a plot of the natural logarithm oftion of the incoming light. This behavior is typical of the

the absorbance versus photon energy. This plot is shown ihighest valence ban@), so that this result clearly indicates

Fig. 1(b). The minimum energy of the localized states in ourthat only carriers thermalized to the bottom of their band are

specific sample is then 2.462 eV when the polarization of thénVOIV?d in th% radiati\ée rehcorlnbir)ation Process. Thezefob—
incident light is parallel to the optical axis and 2.447 eV for servations evidence that the luminescence is emitted from

the orthogonal polarization shallow localized states inside the band gap associated to the

As can be seen in Fig. 2, the two-photon excited luminesYalénce band.

cence spectral band is coincident with the localized states of
lowest energy in the crystal. Emission peaks at 2.45%07

nm) and the spectrum is 18 me(3.7 nm wide at half maxi- Since its observation by Kaiser and Garretywo-photon
mum. As the sample naturally has highly parallel faces withabsorption(TPA) has been widely studied under various ex-

. TWO-PHOTON ABSORPTION
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— 1 4 three-photon or higher-order absorption which both would
yield an opposite effect, i.e., a decrease in the transmission.

12 — L :
In preliminary experiments, we checked that the surface
7 crystal experiences only shallow degradation of the order of
9 = 1 um in depth, when the most intense light beam is focused
P onto the entrance surface. The surface roughness does not
0" 40 80 120 160 .- scatter the light in a way that affects the transmission mea-

surements since the intensity of the outcoming beam does
not change when decreasing the intensity after having
reached the maximum intensity. During the two-photon ab-
i sorption process, which lasts as long as the pulse duration,
1 1, 1, 1 the nonlinear change of the refractive index for an excitation
40 80 120 160 pulse of 10 GW/crhis An=—0.005 and the corresponding
INCIDENT INTENSITY (GW/cmz) relative variation of the reflection coefficient is negligible,
AR/R=—0.004%° At 150 GWi/cnf the maximum expect-
FIG. 3. The solid circles are a plot of the measured reciprocable index variation isAn=—0.075 andAR/R=—0.06.
transmission versus incident intensity. Solid line: theoretical varia-This is still small enough to be negligible, at least within our
tion for a hyperbolic intensity dependence of the two-photon ab-experimental uncertainty. A relative increase of the transmis-
sorption coefficient. Dashed line: theoretical variation for a constantjon due to a decrease of the reflections in the sample cannot
two-photon absorption coefficient. In the inset is shown the densityyccount for our observation. The refractive index variations
Ne.n (in 10" cm™2 units) of photocreated electron-hole pairs versus g negative because the photon energy corresponds to more
the incident intensityty (in GW/cn?). Solid triangles:N,.,, calcu- than 70% of the band gap ener@/.
lated from the experimental Qata. Sol_id_ line: theoretidal, for a The beam inside the crystal experiences defocusing be-
constant two-photon absorption coefficient. cause of the negative variations of the refractive index. This
effect yields a spatial expansion of the beam and conse-
quently a decrease in the intensity. However, according to
Ref. 21, where a theoretical model based on the nonlinear
ave equations is developed, the defocusing effect is negli-
gible under our experimental conditions. The spatial expan-

land dall h | 4 Soild% ite the wid sion of the outcoming beam at the exit surface of the crystal
and, Woodall, Vanherzeele, and Soileabespite the wide s a5 than 0.05% of the incident beam extension at the

dispersion in the measured values of the TPA coefficient, al ntrance surface. Furthermore, the negative nonlinear refrac-

the most recent values tend toward the theoretical value. Thiﬁve index and the positive group velocity inside the crystal
can be explained by the appearance of femtosecond 1as€8erate at the higher intensities a self-compre&&iainthe

which allow avoidance of absorption variations due to carriefy a1 puises of about 20%. This pulse compression induces
effects which typically have a characteristic time of hundredsan increase of the beam intensity inside the crystal which

of En:jtoseconds. _ ! condit Lathick overrules the effects of the defocusing.
nder our experimental conditions, a 1aa-thick crys- The experimental data can only be understood as an in-

tal is.shone on by 100-fs, 2-eV opt.ical puls.e's with intensities[erband two-photon absorption saturatfdnThis dynamic
ranging up to 160 GW/cfn For carrier densities of the order ¢,y ration is possible only because the pulse duration is

of 10 cm?, band gap renormalization in CdS is overesti- s, ter than the thermalization time of the photocreated car-
mated to be 45 me¥:. The fundamental 2 eV photon energy g (as shown in Sec. I/and of course because of the high
misses the equilibrium band gap energy by 480 meV, angensities reached. In the inset in Fig. 3 the density of pho-
therefore one-photon absorption can be neglected. The trangs.reated carrier pairs, calculated from the number of ab-
mitted intensityl; is recorded as a function of the incident sorhed photons, is plotted as a function of the incident inten-
intensity Io. Figure 3 shows the superposition of a set ofgjty |t varies from 1.6 10 cm™3 when1,=9.4 GW/cn?
records where the reciprocal transmissionT@/o/1{) is  (1.7x 10 absorbed photopgo 10 cm™3 when I ,=162
plotted as a function of the incident intensity. In a simpleGwy/cn? (102 absorbed photonsAgain the experimental
mOdel, the variation of the transmitted intenSity as a fUnCtior\/ariation departs from the expected variation when no satu-
of the incident intensity is given by the integration over theration is taken into accourtsolid line in the inset in Fig. B
thickness of the sample of the following differential equation|t js noticeable that no saturation plateau is observed due to
when one-photon absorption and orders higher than two arge competition between state filling and thermalization of
neglected: the carriers. In order to model the saturation, we used a hy-
dl=— ay(1)1%dz. ) perbolic approximatior?

w

RECIPROCAL TRANSMISSION 1/T
o
o

perimental conditions and in various semiconductors. In cad
mium sulfide, the two-photon absorption coefficient was
measured in 1969. In the literature, its measured value rang
from 3.2 to 70 cm/GWsee Ref. 16 for a reviewA theo-
retical value of 4.87 cm/GW has been computed by van Stry

. . 0
The unsaturated solution of E(L) with az(l)=a2, the low as

intensity response of the material, corresponds to the dashed as(l)= 1+ 1/ gy
line in Fig. 3. At intensities higher than 30 GW/énthe

experimental data strongly depart from this unsaturatedvhereas is the low intensity response of the material dgg
model. This anomalous behavior cannot be explained byhe saturation value of the intensity for whiel} is divided
one-photon absorption by the photocreated carriers, nor by 2. To take into account the light reflectiéhat the en-

2
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the top of the valence band, while the contributing electrons

5t : are distributed in a 1.27-eV-wide band lying 50 meV above
> : the minimum of the conduction bandJo 4-eV vertical tran-
oA ' sition is possible in the center of the Brillouin zon&lore
(>5 ; precisely, the 4-eV optical transitions can occur from valence
x 0 == states lying between-1.45 and—0.18 eV, to conduction
"'ZJ ~ T : states lying between 2.55 and 3.82 eV. The hole band is
i P : " coincident with a peak in the valence state density while the
T . : electron band lies in the slowly increasing conduction state
Sp ¢ : : density (see the joint density of states graph in Fig. Bhe
A L H A I M K r density of states available for the holes is roughly 30 times
larger than the one available for the electrons, therefore the
il 50 n . saturation of the two-photon absorption saturation is due to
F : the electrons.
= 40k + 527 eV
€ :
<u5 ) \ 1 2558V IV. PHOTOCREATED CARRIER DYNAMICS
> € 30f J 1 1.45eV
%o B 8-% g¥ As shown in the preceding section, the two-photon ab-
Z & 20} . sorption yields a strongly out-of-equilibrium population of
&l carriers. At the time of their photocreation, the electrons,
'E 10k : respectively, the holes, have a kinetic energy excess of
ol k (2ho—Eg)u, /Im* =12 eV, respectively, 0.3 eV, whekg,
- 0 i . B L . - is the band gap energy, the reduced mass, amd* the
ENERGY (eV) effective mass of the electron, respectively, of the hole. The

carrier pairs do lose their kinetic energy excess mostly by
FIG. 4. Computed band structure and joint density of states fofnteracting with longitudinal opticglLO) phonons. The ther-

hexagonal CdS from Ref. 26. The vertical solid lines in the bandMalized carriers have a Fermi-Dirac distribution of their en-

structure graph correspond to the possible 4-eV optical transition€rgies. Using an analytical approximated forniilaf the

The gray regions indicate the densities of electronic states whicfrermi-Dirac integrals with+=0.5% error, it is possible to

might be involved in the 4-eV transitions. compute the temperatures and the chemical potentials of the

thermalized electronsT(,ue) and holes Ty, ). For an

trance and exit faces of the sample the incident interigjty initial density of photocreated carriers of *focm™3, T,

respectively, the transmitted intensity without reflectipn =13 900 K, T;=3500 K, ue=—5.5 eV, andup=—2 eV

is replaced byl;=1,(1—R), respectively, byl{ =1,(1—R). (the top of the valence band corresponding to the zero en-

For a thicknessl of the sample the formal solution of E(l) ~ €rgy- _ _ o
then reads as Because the nonlinear index of refraction inside the CdS

crystal is negative the beam experiences defocusing. During

, the optical excitation, the value of the nonlinear refractive

1 1-R 1 I . . .
_ + - nl—|=— agd. (3) index is mostly governed by two-photon absorption and op-
lo(1=R) 1] lsat |I4(1-R)? tical Stark effect, and in a much less significant way by lin-

ear Stark effect and Raman scatterifigie actually mea-

From this expression the reciprocal transmissionT(1/ sured this instantaneous nonlinear refractive index in a
=1o/1;) has been numerically evaluated and used to fit theeparate experimeft:n,=—3x 10713 cm/W. After the op-
experimental data, as shown as a solid line in Fig. 3. Fromical excitation the nonlinear refractive index is only deter-
this fit one findsaS=a,(1<lg)=2.7 cm/GW,R=19%, mined by carrier effects like band fillir§;3* free-carrier
values which are in close agreement with the ones found imbsorptiort>” band gap renormalizatioll;****screening of
the literaturet”>The good agreement obtained for the linearthe Coulomb interaction in a plasfi&%3® and crystal
reflectivity further confirms the harmlessness of the degradaheating®>-3® Under our experimental conditions, band filling
tion of the sample surface already mentioned. From(Bg. is the main contributor to the variations of the refractive
we deduce a saturation intensity for the two-photon absorpindex. Only band filling, yielding a blueshift of the optical
tion procesd .,= 65 GW/cnf. gap, has been observed in materials similar to CdS under

Although band structure calculations for semiconductorgwo-photon excitatiol/ Band gap renormalization due to
are not totally reliable for interpreting experimental results,“hot” nonthermal carrier populations has not yet been ob-
we considered the calculation performed in Ref. 26 whichserved. The cross sectirii® of the free-carrier absorption is
gives, for hexagonal CdS, both the band structure and thequal to about 10" cn? and therefore can be neglected for
associated electronic state density. Examination of the pog00-fs-lasting pulse¥ The screening of the Coulomb inter-
sible electronic transitions, under 4-eV two-photon excita-action is also negligible because of the room-temperature
tion, which may happen in the band structusee Fig. 4, operation. No crystal heating is observed under our experi-
allows us to determine which electronic states participate irmental conditions due to the low repetition rate of 20 Hz of
the process. The participating holes lie in a 1.27-eV-widethe laser amplifier and the low 43 energy of the pulses.
band around-815 meV, when the energy is measured fromThe crystal has enough time to cool down during the 50 ms
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25 T T T "] The index variation results have been modeled using a set
2 of coupled dynamic differential equations describing the
2 = 19 GW/cm - . . .
0 . 12 GW/em? evolution of the electronic populations in a three-level sys-
T 15| 4 9.5GWrem’ tem:
S dN(t) n(t) N(t)
g 10 it (49)
h Tth Ty
<
1 5 dn(t) [t} n(b)
=T —|——. (4b)
0 dt to Tth
] ] ] ] ]
4 ' P ' 0 ' 2 ' 4 In this set of equationBl(t) is the thermalized population of
DELAY (ps) carriers, proportional to the long lasting index changg)

is the population of out-of-equilibrium photocreated carriers,

FIG. 5. Absolute variationAn| of the refractive index versus 7y, IS the intraband thermalization time, ang is the
time delay between pump and probe for three pump intensitieselectron-hole interband recombination time. Finall\(t/t)
These curves are obtained by measuring the integrated intensity & the pulse intensity envelope of duratignwhich, in this
the probe spectrum through an aperture situated in a beam regi@mple model, has been chosen as a squared hyperbolic se-
where defocusing is important: the light intensity decreases with &ant function. From this set of equations an analytical solu-
negative index variation. The background signal is subtracted anflon for N(t) is derived which is proportional to the index
the absolute value of the signal is taken. Solid lines correspond t@hange_ To account for the instantaneous response, which is
fits calculated with the three-level model described in the text. ot included in Eq(4), the intensity autocorrelation function

I’ (t/ty) of the pulse is added asN(t)+bI'’(t/ty) +c (the

separating two consecutive pulses of aboyiJlenergy to parameterc accounts for small offsets in the experimental
avoid any cumulative effects. data. A least squares fit to the experimental data following

We performed a degenerate pump-probe experiment ithe Cholesky methddis then performed. The results of this
order to investigate the dynamics of the relaxation processesalculation are shown in Fig. 5 as solid lines. From this
Recording of the index dynamics can be done by simplymodel we deduce a thermalization timg= 350 fs, indepen-
transforming the induced defocusing into an intensity varia-dent of the excitation intensity, and a radiative relaxation
tion by means of an aperture placed in front of the detéCtor. time 7,=100 ps for the lower excitation intensities which
To a maximum transmitted light intensity corresponds adecreases to 40 ps for the highest intengli§ GW/cnf).
minimum index variation and vice versa. The mean value of The transfer of the carrier kinetic energy to the lattice of
the transmitted intensity was automatically calculated ovethe crystal is efficiently done via their interactions with the
five recordings for each value of the time delay between thgolar LO phonons, the energy of which is 38 m&\n order
pump and the probe in order to improve the signal to noiseo thermalize to the bottom of the conduction band, the elec-
ratio. trons have to lose a maximum Kinetic energy excess of 1.34

Figure 5 shows the variation of the probe integrated ineV (see Fig. 4 It means that the “hottest” electrons have to
tensity versus time delay, for three pump intensities follow-interact with 35 LO phonons in order to dissipate their en-
ing the procedure outlined above. At zero time delay, arergy excess. From our thermalization time measurement we
instantaneous index change can be observed. This has begeduce that the electron-phonon interaction duration should
shown in a separate experiment to be due to cross-phage about 10 fs. This value is about five times shorter than in
modulation corresponding to a dynamic electric field inducedGaAs:***due to the more polar character of CdS when com-
Kerr effect?? The shape of the early time response is simplypared to GaAs.
the autocorrelation function of the light pulses. Its width is in
good agreement with that of the separately measured KDP
autocorrelation functions. At this time two-photon absorption
creates carrier populations with a large excess of kinetic en- Under 100-fs photoexcitation strong two-photon absorp-
ergy, an absorption change is created 1.5 eV above the equion takes place which generates carrier pairs with a density
librium band gap energy. The Kramers-Kronig relations areas high as 1.8 10'® cm 2 and a maximum excess kinetic
energetically resonant with the absorption change and therenergy of 1.5 eV. These highly out-of-equilibrium carriers
fore negligible change at 4 eV of the index of refraction andthermalize in about 350 f&see Sec. 1Y to the shallow re-
intraband electronic population can be expected at 2 eV arissidual localized states described in Sec. Il. Once thermalized
ing from the carrier population. At longer time delays thethe carriers create a large electronic population from which
carrier population thermalizes at the bottom of the conducstimulated emission can take place. This stimulated emission
tion and valence bands having now an excess energy whidl evidenced by the duration of the emission process which is
is only 480 meV against the 2-eV photon energy. The therless than the 5-ps time resolution of the streak cart®RP
malized carrier population induces an index change whichmodel GMCD2 we used in a preliminary measurement. For
can be seen in Fig. 5 as a signal rise following the instantatlow” intensity excitation (1,=9 GW/cn?) the measured
neous response. After this thermalization process has takduaminescence duration is of the order of 100(pse Sec. IY
place, the carriers relax their potential energy and this showsloser to the values ranging from 0.6 to 1 ns reported in the
up in Fig. 5 as a slow decay along the last 3 ps. literature for the spontaneous emission time in CdS at room

V. STIMULATED EMISSION
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_ EIG. 6. Stim_ulated emiss_ion threshold for incident light polar-  FIG. 7. Luminescence spectra: integrated over several excitation
ization perpendiculafopen circle and parallel(open squargsto  pulses(solid line) and single-shot excitatiofdashed lines In both
the ¢ axis. The threshold intensity, equals 22 GW/crh cases, the incident light polarization is perpendicular toctlaeis.

temperaturd® A sharp drop from 100 to 40 ps is observed in _ . .
the luminescence duration when the intensity is increaseflf the Nd:YAG laser pumping the amplifiers to 5 Hz and the
above 20 GW/cr accumulation time of the photodiode array in the optical

When measuring the luminescence integrated intensity ggultichannel analyzer to 15 ms. It can be seen that the cen-
a function of the incident light intensitgee Fig. 6, a thresh- tral position of the single-shot spectra varies from one pulse
old intensityl, clearly appears around 22 GW/grfor both to the other. However, each smgle-shot spectrum lies und_er
light polarizations. This threshold behavior is also typical of € integrated spectrum. The fluctuation of the central posi-
stimulated emission. The value bf, is in good agreement fuon of th_e smgle-shot.sp_ectra IS \_/veII explained by consujer—
with the measured intensity for which the recombination'9 & stlmulatedﬁ%mlsslon startmg randomly on a noise.
time begins to decrease, as described above. StimulatdPan the Fe_lbry- t fringes mentioned in Sec. Il are vis-
emission was observed in CdS at room temperature in th®€ 0N the single-shot spectra. 0 o2 hi
1970s% However, the threshold intensity was found to be  AS @ summary, a density of 26L0™ cm™* highly out-
more than three orders of magnitude lower than in our casé),f'equ'“b”um carriers is generated by two-photon absorP'
Such a huge difference can be explained by the differences PN in @ CdS crystal. These photocreated carriers thermalize
the experimental conditions and in the sample quality. 1N 350 fS to shallow residual localized states in the semicon-
Ref. 46, the light pulse€20 ns in duration, with a photon ductor band gap. This yields to a population inversion which

energy of 1.78 eYwere generated by a ruby laser which is initiates a stimulateq emission sta_rting randomly on a noise.
well known to have intensity hot spots in its beam profile. At the highest excitation intensities>20 Gwi/en), the
This yields spatial power peaks in the pulse and can lead tgimulated emission lasts less than 5 ps.
an underestimation of the value of the intensity threshold.
Furthermore, the nanosecond pulses used deliver much more VI. GAIN DYNAMICS
energy(=450 mJ than the femtosecond pulses generated by
the amplified CPM=1.5 wJ). This fact is strongly supported A nondegenerate pump-probe experiment was performed
by the comparison of the damage threshold values measuréad order to investigate the gain dynamics of the luminescence
in both cases: 100 MW/cfrin Ref. 46, more than 150 GW/ in this experiment. The pulsé4.5-uJ, 100-fs, 2-eV photon
cn? in our case. Moreover, the CdS crystal used in Ref. 46 i€nergy generated by the amplified CPM are split into
from much lower quality than are ours where no photocur-equally powerful pump and “probe” beams. The “probe”
rent can be measured, indicating a very low density of im-beam is tightly focused down onto a 2@®a-thick ethylen
purities. Finally our value of 4, is in good agreement with glycol jet. A wide-band green filter selects, in the light con-
the most recently published valu&sin Fig. 6 the lumines- tinuum generated in the jet, pulses with a spectrum centered
cence intensity reaches a saturation at higher incident inte@round 2.45 eV. By crossing the jet and the focusing lenses,
sities. This saturation behavior is mainly due to the stronghe pulse duration is increased because of positive group ve-
defocusing process experienced by the luminescence in tHecity dispersion. However, a negative group velocity disper-
crystal which may lead to an imperfect collection of the lu-sion is generated in a prism-pair compressor positioned after
minescence emission. Furthermore, a strong reabsorption tfie amplifiers, in order to precompensate for the positive
the luminescence emission occurs in the crystal because iggoup velocity generated in the next-on-the-light-path optics.
energy is obviously resonant with optical transition energiesThis way, the probe-pulse duration is maintained down to
yielding a decrease of the transmitted luminescence interitO0 fs. Because the prism compressor is positioned before
sity. the splitting of the pump and “probe” beams, the group
Figure 7 shows the luminescence spectra, when integratecelocity dispersion is overcompensated in the pump pulse,
over a large number of excitation puls@slid line), and for  the duration of which is slightly increased. This guarantees
single-shot excitatioidashed lines The single-shot excita- that the probe-pulse duration is at least not longer than the
tions were performed by decreasing both the repetition ratpump-pulse duration. In any case these duration extensions
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FIG. 9. Gain dynamics with a pump intensity of 22 GWfm
FIG. 8. Differential spectra of the transmitted intensity of the right at the threshold intensitly, for stimulated emission. The gain
probe pulse for three different delays between pump and probds unsaturated and lasts for 200 fs.
dotted line,—333 fs; solid line, temporal coincidence; dashed line,
+333 fs; and dashed-dotted line,467 fs. The vertical line indi-
cates the luminescence energy positisee Fig. ¥ and the position
of the gain peak. The pump intensity is 30 GWfcm

the thermalization time. The carriers photocreated by the
pump pulse have to thermalize to yield the population inver-
sion. The stimulated emission can start spontaneously or on a
remain negligiblé. Eventually the pump and probe pulses Probe-pulse photon. These two competitive starting pro-
are focused down to ae 2 radius of 60um on the CdS Cesses add extra difficulties to the reproducibility of the ex-
crystal by means of a focusing lens withfamumber equal to ~ Periment.
1.5. The pump and the probe beams are spatially overlapped At higher excitation intensity, the gain dynamics is com-
inside the crystal. Because the luminescence emission is keptetely different. Figure 10 shows the gain dynamics for a
polarized perpendicular to theaxis, the probe-pulse polar- pump intensity of 30 GW/cfy higher than the stimulated
ization is rotated to be also perpendicular to ¢texis, while  emission threshold. The gain presents several oscillations
the pump-pulse polarization remains parallel to thaxis.  each of which lasts for about 200 fs. This noisy oscillating
An analyzer placed before the spectrograph rejects all scabehavior is the result of the competitive interplay of three
tered light from the pump. A delay line mounted on a mo-noisy processes: optical pumping of a population inversion,
torized translation stage allows us to vary the delay betweestimulated emission, and gain saturation, the net result of
the pump and the probe pulses. The temporal overlap is devhich is a rise time and a fall time of the order of 100 fs
termined by a nondegenerate defocusing experiment similadzach. Maxima in the transmitted-probe intensity indicate
to the one described in Sec. IV and Ref. 22, maximum available gain while dips correspond to gain

Figure 8 shows differential spectra of the transmitteddepletion where the probe experiences no intensity changes.
probe pulse for three different delays between the pump antihis behavior is similar to the oscillatory emission of the
the probe pulses. The differential spectra are recorded bgmplified spontaneous emissiofASE) in a multipass
subtracting the spectrum of the transmitted-probe pulse iamplifier’” A model has been developed in Ref. 47 whose
the absence of the pump pulsé— p) from the spectrum of predictions are in good agreement with our experimental re-
the transmitted-probe pulse in the presence of the pumpults(see Fig. 8 in Ref. 47 In both the threshold and high
pulsel;(p). When the pump pulse hits the sample after the

k

4 r—

I ] ] ] I
strong defocusing experienced by the probe beam that leads
to an imperfect collection of the light and consequently a
decrease in the transmitted-probe intensity. At the lumines-
cence energy positiofvertical line in Fig. 8 a peak appears
corresponding to the emission stimulated by the probe pulse.
The gain of the stimulated emission can be measured by

probe pulse, the differential spectrum is flat around zero
(dotted line in Fig. 8 When the delay becomes positive a ! !
valley appears at high energsee Fig. 8 This is due to the
N ® ®
2| j l \, ]
L v -
o« J 4
integrating the peak and subtracting the induced defocusing \0""‘0/ &./ 7
with a linear fit of the slope under the peak. Figure 9 shows
the gain variations as a function of the delay between the ol | | | | |
pump and the probe pulses for a pump intensity of 22 GW/ -500 L 350 L 0 L 550 L 500 L =50
cn?, right at the threshold intensity for stimulated emission. DELAY (fs)
The gain dynamics is clearly unsaturated and is a good pic-
ture of the temporal profile of the luminescence emission FIG. 10. Gain dynamics with a pump intensity of 30 GWfcm

pulses. The gain lasts for about 200 fs. Under these condiabove the threshold intensity, for stimulated emission. The gain
tions, the optical pumping time is completely determined bypresents several oscillations with a period of about 200 fs.

(arb. units)

INTEGRATED INTENSITY
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intensity cases, the 200-fs duration of luminescence pulses sorption excitation. The dynamics of the observed stimulated
highly compatible with the 5-nm bandwidth of the gain. emission has been shown to be governed by fast carrier ther-

malization and fast gain saturation.
VII. CONCLUSION

Using dynamic gain measurement techniques in the fem-
tosecond regime, we have demonstrated the possibility of
generating ultrashort 508-nm green light pulses in high qual- The authors are grateful to M. Joucla for the CdS crystal
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