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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 red~2 eV!, 100-fs-lasting pulses of intensity 9.4 GW/cm2, a strong two-photon
absorption, with coefficienta252.7 cm/GW, creates 1.631016 cm23 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 green~2.45 eV! 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 intensities~20 GW/cm2). @S0163-1829~99!10631-3#
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I. INTRODUCTION

A strong green light emission takes place at room te
perature in cadmium sulfide when shining a crystal w
short 100-fs-lasting light pulses in the visible or nea
infrared parts of its transparency wavelength range. T
spectacular anti-Stokes emission is a direct consequence
strong two-photon absorption taking place in the semic
ductor. It is the aim of this work to explore the variou
mechanisms underlying this effect.

In these experiments we used as a sample bulk cadm
sulfide in the form of high quality platelets, 50 and 130mm
thick, vapor grown in an argon atmosphere, in a therm
gradient furnace. During the growth process,1 the argon flux
was kept between 0.3 and 3 l/min and the furnace maxim
temperature between 1050 and 1090 °C. X-ray scatte
measurements showed that the sample structure is hexa
wurtzite. The opticalc axis lies in the plane of the platele
its direction was determined through linear optical transm
sion measurement at the band gap energies.2 Optical, room-
temperature transmission measurement showed that the
of the sample was 2.48 eV, when the electric field of
light pulses is parallel to thec axis. From low temperature
excitonic luminescence bandwidth and intensity measu
ments the residual impurity content was estimated to be
than 1015 cm23.

Optical pulses, 100 fs in duration, at 627-nm cent
wavelength~2 eV!, were generated using a dispersion co
pensated colliding pulse mode-locked~CPM! laser
oscillator.3 These pulses were amplified4 using a doubled
Nd:YAG laser~YAG denotes yttrium aluminum garnet! as a
pump, at a 20-Hz repetition rate, up to an energy of 1.5mJ,
allowing us to reach focused intensities up to 150 GW/cm2.
In transmission pump-probe experiments the pump be
was focused down to ane22 radius of 36mm. The probe
pulses were kept down to intensities less than a few per
of the pump intensity and the pump was linearly cross po
ized with the probe. The pump polarization was set to
parallel to thec axis of the bulk CdS crystal in order not t
induce any spurious birefringence. Scattered light from
pump was rejected by linearly analyzing the light coming o
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of the sample parallel to the probe polarization. The durat
of the light pulses was determined by replacing the sam
with a 200-mm-thick, phase matched, KH2PO4 ~KDP! crys-
tal and recording an intensity envelope autocorrelation tra
At the exit of the amplifier a prism-pair optical compress
was adjusted in order to compensate for the positive gr
velocity dispersion induced by the various optical eleme
placed on the light path, so that the optical pulses~with a
sech2 envelope! were quasi Fourier transform limited wit
DnDt, spectral width times duration relationship equal
0.34. When necessary, a broadband white light continu
was generated by tightly focusing 0.7-mJ pulses onto a 200
mm-thick ethylen glycol jet.5,6

The light transmitted through the sample is spectrally a
lyzed using a 25-cm focal length spectrograph. A photodio
array mounted at the spectrograph exit port detects the
fracted light. An optical multichannel analyzer~OMA III !
drives the photodiode array and digitizes the signal, enab
data processing.

II. LINEAR ABSORPTION AND EMISSION

Figure 1 shows measurements of the light transmiss
through a 50-mm-thick CdS sample. In a simple mode
where a semiconductor is made of parabolic valence
conduction bands, vertical optical transitions of an elect
from the valence to the conduction band are at the origin
the absorption of photons with energy\v: a(v)
}(1/\v)A\v2Eg whereEg is the energy gap. This expres
sion is only valid for photon energies larger than the g
energy and the law describes the photocreation of delo
ized carriers. Once a measurement of the absorbancead is
made one can plot the quantity (ad)2E2 as a function of the
energyE as shown in Fig. 1~a!. The linear part of the plot
directly gives a quantitative value of the energy of deloc
ized electrons in the material. In our sample the minimu
energy for these delocalized electrons is 2.479 eV when
polarization of the incident light is parallel to thec axis of
the crystal, a value which is in good agreement with ex
tonic gap measurements.7,8

Below the band gap of a semiconductor, residual abso
4763 ©1999 The American Physical Society
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4764 PRB 60J.-F. LAMI AND C. HIRLIMANN
tion does take place due to impurities and defect locali
states. It has long been recognized that this absorption va
mostly as an exponential function of the incident photon
ergy as can be seen in the empirical Urbach law:9,10

a(v,T)5a0 exp@2s(E02\v)/kBT#, where a0 , E0, and s
are constant parameters for a given temperatureT, and kB
stands for Boltzmann’s constant. From this expression i
clear that the energy range of localized states in the mat
is given by the linear part of a plot of the natural logarithm
the absorbance versus photon energy. This plot is show
Fig. 1~b!. The minimum energy of the localized states in o
specific sample is then 2.462 eV when the polarization of
incident light is parallel to the optical axis and 2.447 eV f
the orthogonal polarization.

As can be seen in Fig. 2, the two-photon excited lumin
cence spectral band is coincident with the localized state
lowest energy in the crystal. Emission peaks at 2.45 eV~507
nm! and the spectrum is 18 meV~3.7 nm! wide at half maxi-
mum. As the sample naturally has highly parallel faces w

FIG. 1. Plots of the modified absorbance of a 50-mm-thick CdS
sample for incoming light polarization parallel or perpendicular
the optical axisc of the crystal.~a! Plot of the squared energy
absorbance product, versus incoming photon energy, showin
the linear part, the extended state energy range of the crysta~b!
Plot of the natural logarithm of the absorbance versus incom
photon energy: the linear part indicates the energy range of
shallow localized states in the crystal. The high energy satura
and decrease of the curves is an artifact related to the weakne
the transmitted signal.
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a high 20% reflectivity Fabry-Pe´rot interferences occur in the
sample, resulting in the dual peak modulation observed
the emission spectrum. As the index of refraction chan
from one polarization of the light to the other, the relati
phase of the interference pattern in the emission spect
does shift when going from one polarization to the other. T
one electron band structure of cadmium sulfide is still un
theoretical discussion11 but it is known that the extrema o
the valence and conduction band are in the center of
Brillouin zone, cadmium sulfide is a direct semiconductor12

At the center of the Brillouin zone (k50) the degeneracy o
the valence band is split both by the crystal field and by
spin-orbit coupling leading to three vertical optical tran
tions between three valence bands and the conduc
band.13,14 Because of the band structure, specific select
rules for optical transitions do apply. Therefore optical tra
sitions between the highest valence band~bandA with band
gap energy of 2.48 eV! and the conduction band are forbid
den for light polarization parallel to thec axis, while they are
allowed between both deepest valence bands~band B and
band C with band gap energies, respectively, of 2.495
and 2.557 eV! and the conduction band for light polarizatio
parallel and perpendicular to thec axis. As a first conse-
quence the luminescence intensity is weaker when the po
ization of the exciting light is parallel to thec axis of the
crystal because of a weaker absorption in this geometry~see
Fig. 2!. Furthermore, in a separate experiment, we chec
that the polarization of the emitted light is always orthogon
to thec axis direction independent of the polarization dire
tion of the incoming light. This behavior is typical of th
highest valence band~A!, so that this result clearly indicate
that only carriers thermalized to the bottom of their band
involved in the radiative recombination process. These
servations evidence that the luminescence is emitted f
shallow localized states inside the band gap associated to
valence bandA.

III. TWO-PHOTON ABSORPTION

Since its observation by Kaiser and Garret,15 two-photon
absorption~TPA! has been widely studied under various e
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FIG. 2. Right vertical scale: plot of the natural logarithm of th
absorbance of a 50-mm-thick CdS sample for light polarization par
allel and perpendicular to thec axis of the crystal. Left vertical
scale: plot of the room-temperature two-photon excited green lu
nescence spectrum of CdS under femtosecond excitation
pulses lasting 100 fs and having an intensity of 22 GW/cm2.
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PRB 60 4765TWO-PHOTON EXCITED ROOM-TEMPERATURE . . .
perimental conditions and in various semiconductors. In c
mium sulfide, the two-photon absorption coefficienta2 was
measured in 1969. In the literature, its measured value ra
from 3.2 to 70 cm/GW~see Ref. 16 for a review!. A theo-
retical value of 4.87 cm/GW has been computed by van S
land, Woodall, Vanherzeele, and Soileau.17 Despite the wide
dispersion in the measured values of the TPA coefficient
the most recent values tend toward the theoretical value.
can be explained by the appearance of femtosecond la
which allow avoidance of absorption variations due to car
effects which typically have a characteristic time of hundre
of femtoseconds.

Under our experimental conditions, a 130-mm-thick crys-
tal is shone on by 100-fs, 2-eV optical pulses with intensit
ranging up to 160 GW/cm2. For carrier densities of the orde
of 1018 cm23, band gap renormalization in CdS is overes
mated to be 45 meV.18 The fundamental 2 eV photon energ
misses the equilibrium band gap energy by 480 meV,
therefore one-photon absorption can be neglected. The tr
mitted intensityI t8 is recorded as a function of the incide
intensity I 0. Figure 3 shows the superposition of a set
records where the reciprocal transmission (1/T5I 0 /I t8) is
plotted as a function of the incident intensity. In a simp
model, the variation of the transmitted intensity as a funct
of the incident intensity is given by the integration over t
thickness of the sample of the following differential equati
when one-photon absorption and orders higher than two
neglected:

dI52a2~ I !I 2dz. ~1!

The unsaturated solution of Eq.~1! with a2(I )5a2
0, the low

intensity response of the material, corresponds to the da
line in Fig. 3. At intensities higher than 30 GW/cm2, the
experimental data strongly depart from this unsatura
model. This anomalous behavior cannot be explained
one-photon absorption by the photocreated carriers, no

FIG. 3. The solid circles are a plot of the measured recipro
transmission versus incident intensity. Solid line: theoretical va
tion for a hyperbolic intensity dependence of the two-photon
sorption coefficient. Dashed line: theoretical variation for a cons
two-photon absorption coefficient. In the inset is shown the den
Ne-h ~in 1016 cm23 units! of photocreated electron-hole pairs vers
the incident intensityI 0 ~in GW/cm2). Solid triangles:Ne-h calcu-
lated from the experimental data. Solid line: theoreticalNe-h for a
constant two-photon absorption coefficient.
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three-photon or higher-order absorption which both wo
yield an opposite effect, i.e., a decrease in the transmiss
In preliminary experiments, we checked that the surfa
crystal experiences only shallow degradation of the orde
1 mm in depth, when the most intense light beam is focus
onto the entrance surface. The surface roughness doe
scatter the light in a way that affects the transmission m
surements since the intensity of the outcoming beam d
not change when decreasing the intensity after hav
reached the maximum intensity. During the two-photon a
sorption process, which lasts as long as the pulse dura
the nonlinear change of the refractive index for an excitat
pulse of 10 GW/cm2 is Dn520.005 and the correspondin
relative variation of the reflection coefficient is negligibl
DR/R520.004.19 At 150 GW/cm2 the maximum expect-
able index variation isDn520.075 andDR/R520.06.
This is still small enough to be negligible, at least within o
experimental uncertainty. A relative increase of the transm
sion due to a decrease of the reflections in the sample ca
account for our observation. The refractive index variatio
are negative because the photon energy corresponds to
than 70% of the band gap energy.20

The beam inside the crystal experiences defocusing
cause of the negative variations of the refractive index. T
effect yields a spatial expansion of the beam and con
quently a decrease in the intensity. However, according
Ref. 21, where a theoretical model based on the nonlin
wave equations is developed, the defocusing effect is ne
gible under our experimental conditions. The spatial exp
sion of the outcoming beam at the exit surface of the cry
is less than 0.05% of the incident beam extension at
entrance surface. Furthermore, the negative nonlinear re
tive index and the positive group velocity inside the crys
generate at the higher intensities a self-compression22 of the
optical pulses of about 20%. This pulse compression indu
an increase of the beam intensity inside the crystal wh
overrules the effects of the defocusing.

The experimental data can only be understood as an
terband two-photon absorption saturation.23 This dynamic
saturation is possible only because the pulse duration
shorter than the thermalization time of the photocreated
riers ~as shown in Sec. IV! and of course because of the hig
intensities reached. In the inset in Fig. 3 the density of p
tocreated carrier pairs, calculated from the number of
sorbed photons, is plotted as a function of the incident int
sity. It varies from 1.631016 cm23 when I 059.4 GW/cm2

(1.731010 absorbed photons! to 1018 cm23 when I 05162
GW/cm2 (1012 absorbed photons!. Again the experimenta
variation departs from the expected variation when no sa
ration is taken into account~solid line in the inset in Fig. 3!.
It is noticeable that no saturation plateau is observed du
the competition between state filling and thermalization
the carriers. In order to model the saturation, we used a
perbolic approximation:24

a2~ I !5
a2

0

11I /I sat
, ~2!

wherea2
0 is the low intensity response of the material andI sat

the saturation value of the intensity for whicha2
0 is divided

by 2. To take into account the light reflectionR at the en-
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4766 PRB 60J.-F. LAMI AND C. HIRLIMANN
trance and exit faces of the sample the incident intensityI 0,
respectively, the transmitted intensity without reflectionI t ,
is replaced byI i5I 0(12R), respectively, byI t85I t(12R).
For a thicknessd of the sample the formal solution of Eq.~1!
then reads as

1

I 0~12R!
2

12R

I t8
1

1

I sat
lnU I t8

I 0~12R!2U52a2
0d. ~3!

From this expression the reciprocal transmission (1T
5I 0 /I t8) has been numerically evaluated and used to fit
experimental data, as shown as a solid line in Fig. 3. Fr
this fit one findsa2

05a2(I !I sat)52.7 cm/GW, R519%,
values which are in close agreement with the ones foun
the literature.17,25The good agreement obtained for the line
reflectivity further confirms the harmlessness of the degra
tion of the sample surface already mentioned. From Eq.~3!
we deduce a saturation intensity for the two-photon abso
tion processI sat565 GW/cm2.

Although band structure calculations for semiconduct
are not totally reliable for interpreting experimental resu
we considered the calculation performed in Ref. 26 wh
gives, for hexagonal CdS, both the band structure and
associated electronic state density. Examination of the p
sible electronic transitions, under 4-eV two-photon exci
tion, which may happen in the band structure~see Fig. 4!,
allows us to determine which electronic states participate
the process. The participating holes lie in a 1.27-eV-w
band around2815 meV, when the energy is measured fro

FIG. 4. Computed band structure and joint density of states
hexagonal CdS from Ref. 26. The vertical solid lines in the ba
structure graph correspond to the possible 4-eV optical transiti
The gray regions indicate the densities of electronic states w
might be involved in the 4-eV transitions.
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the top of the valence band, while the contributing electro
are distributed in a 1.27-eV-wide band lying 50 meV abo
the minimum of the conduction band.~No 4-eV vertical tran-
sition is possible in the center of the Brillouin zone.! More
precisely, the 4-eV optical transitions can occur from valen
states lying between21.45 and20.18 eV, to conduction
states lying between 2.55 and 3.82 eV. The hole band
coincident with a peak in the valence state density while
electron band lies in the slowly increasing conduction st
density~see the joint density of states graph in Fig. 4!. The
density of states available for the holes is roughly 30 tim
larger than the one available for the electrons, therefore
saturation of the two-photon absorption saturation is due
the electrons.

IV. PHOTOCREATED CARRIER DYNAMICS

As shown in the preceding section, the two-photon a
sorption yields a strongly out-of-equilibrium population
carriers. At the time of their photocreation, the electro
respectively, the holes, have a kinetic energy excess
(2\v2Eg)m r /m* 51.2 eV, respectively, 0.3 eV, whereEg
is the band gap energy,m r the reduced mass, andm* the
effective mass of the electron, respectively, of the hole. T
carrier pairs do lose their kinetic energy excess mostly
interacting with longitudinal optical~LO! phonons. The ther-
malized carriers have a Fermi-Dirac distribution of their e
ergies. Using an analytical approximated formula27 of the
Fermi-Dirac integrals with60.5% error, it is possible to
compute the temperatures and the chemical potentials o
thermalized electrons (Te ,me! and holes (Th ,mh!. For an
initial density of photocreated carriers of 1018 cm23, Te
513 900 K, Th53500 K, me525.5 eV, andmh522 eV
~the top of the valence band corresponding to the zero
ergy!.

Because the nonlinear index of refraction inside the C
crystal is negative the beam experiences defocusing. Du
the optical excitation, the value of the nonlinear refracti
index is mostly governed by two-photon absorption and
tical Stark effect, and in a much less significant way by l
ear Stark effect and Raman scattering.20 We actually mea-
sured this instantaneous nonlinear refractive index in
separate experiment:22 n2523310213 cm/W. After the op-
tical excitation the nonlinear refractive index is only dete
mined by carrier effects like band filling,28–31 free-carrier
absorption,32,17band gap renormalization,30,33,34screening of
the Coulomb interaction in a plasma,28,30,33 and crystal
heating.35,36 Under our experimental conditions, band fillin
is the main contributor to the variations of the refracti
index. Only band filling, yielding a blueshift of the optica
gap, has been observed in materials similar to CdS un
two-photon excitation.37 Band gap renormalization due t
‘‘hot’’ nonthermal carrier populations has not yet been o
served. The cross section32,38of the free-carrier absorption i
equal to about 10218 cm2 and therefore can be neglected f
100-fs-lasting pulses.39 The screening of the Coulomb inte
action is also negligible because of the room-tempera
operation. No crystal heating is observed under our exp
mental conditions due to the low repetition rate of 20 Hz
the laser amplifier and the low 1-mJ energy of the pulses
The crystal has enough time to cool down during the 50
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PRB 60 4767TWO-PHOTON EXCITED ROOM-TEMPERATURE . . .
separating two consecutive pulses of about 1-mJ energy to
avoid any cumulative effects.

We performed a degenerate pump-probe experimen
order to investigate the dynamics of the relaxation proces
Recording of the index dynamics can be done by sim
transforming the induced defocusing into an intensity va
tion by means of an aperture placed in front of the detecto40

To a maximum transmitted light intensity corresponds
minimum index variation and vice versa. The mean value
the transmitted intensity was automatically calculated o
five recordings for each value of the time delay between
pump and the probe in order to improve the signal to no
ratio.

Figure 5 shows the variation of the probe integrated
tensity versus time delay, for three pump intensities follo
ing the procedure outlined above. At zero time delay,
instantaneous index change can be observed. This has
shown in a separate experiment to be due to cross-p
modulation corresponding to a dynamic electric field induc
Kerr effect.22 The shape of the early time response is sim
the autocorrelation function of the light pulses. Its width is
good agreement with that of the separately measured K
autocorrelation functions. At this time two-photon absorpti
creates carrier populations with a large excess of kinetic
ergy, an absorption change is created 1.5 eV above the e
librium band gap energy. The Kramers-Kronig relations
energetically resonant with the absorption change and th
fore negligible change at 4 eV of the index of refraction a
intraband electronic population can be expected at 2 eV a
ing from the carrier population. At longer time delays t
carrier population thermalizes at the bottom of the cond
tion and valence bands having now an excess energy w
is only 480 meV against the 2-eV photon energy. The th
malized carrier population induces an index change wh
can be seen in Fig. 5 as a signal rise following the instan
neous response. After this thermalization process has ta
place, the carriers relax their potential energy and this sh
up in Fig. 5 as a slow decay along the last 3 ps.

FIG. 5. Absolute variationsuDnu of the refractive index versus
time delay between pump and probe for three pump intensi
These curves are obtained by measuring the integrated intens
the probe spectrum through an aperture situated in a beam re
where defocusing is important: the light intensity decreases wi
negative index variation. The background signal is subtracted
the absolute value of the signal is taken. Solid lines correspon
fits calculated with the three-level model described in the text.
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The index variation results have been modeled using a
of coupled dynamic differential equations describing t
evolution of the electronic populations in a three-level s
tem:

dN~ t !

dt
5

n~ t !

t th
2

N~ t !

t r
, ~4a!

dn~ t !

dt
5G2S t

t0
D2

n~ t !

t th
. ~4b!

In this set of equationsN(t) is the thermalized population o
carriers, proportional to the long lasting index change,n(t)
is the population of out-of-equilibrium photocreated carrie
t th is the intraband thermalization time, andt r is the
electron-hole interband recombination time. Finally,G(t/t0)
is the pulse intensity envelope of durationt0 which, in this
simple model, has been chosen as a squared hyperboli
cant function. From this set of equations an analytical so
tion for N(t) is derived which is proportional to the inde
change. To account for the instantaneous response, whi
not included in Eq.~4!, the intensity autocorrelation functio
G8(t/t0) of the pulse is added asaN(t)1bG8(t/t0)1c ~the
parameterc accounts for small offsets in the experimen
data!. A least squares fit to the experimental data followi
the Cholesky method41 is then performed. The results of th
calculation are shown in Fig. 5 as solid lines. From th
model we deduce a thermalization timet th5350 fs, indepen-
dent of the excitation intensity, and a radiative relaxati
time t r5100 ps for the lower excitation intensities whic
decreases to 40 ps for the highest intensity~19 GW/cm2).

The transfer of the carrier kinetic energy to the lattice
the crystal is efficiently done via their interactions with th
polar LO phonons, the energy of which is 38 meV.42 In order
to thermalize to the bottom of the conduction band, the el
trons have to lose a maximum kinetic energy excess of 1
eV ~see Fig. 4!. It means that the ‘‘hottest’’ electrons have
interact with 35 LO phonons in order to dissipate their e
ergy excess. From our thermalization time measurement
deduce that the electron-phonon interaction duration sho
be about 10 fs. This value is about five times shorter than
GaAs,43,44due to the more polar character of CdS when co
pared to GaAs.

V. STIMULATED EMISSION

Under 100-fs photoexcitation strong two-photon abso
tion takes place which generates carrier pairs with a den
as high as 1.631016 cm23 and a maximum excess kineti
energy of 1.5 eV. These highly out-of-equilibrium carrie
thermalize in about 350 fs~see Sec. IV! to the shallow re-
sidual localized states described in Sec. II. Once thermal
the carriers create a large electronic population from wh
stimulated emission can take place. This stimulated emis
is evidenced by the duration of the emission process whic
less than the 5-ps time resolution of the streak camera~ARP
model GMCD1! we used in a preliminary measurement. F
‘‘low’’ intensity excitation (I 0.9 GW/cm2) the measured
luminescence duration is of the order of 100 ps~see Sec. IV!
closer to the values ranging from 0.6 to 1 ns reported in
literature for the spontaneous emission time in CdS at ro
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4768 PRB 60J.-F. LAMI AND C. HIRLIMANN
temperature.45 A sharp drop from 100 to 40 ps is observed
the luminescence duration when the intensity is increa
above 20 GW/cm2.

When measuring the luminescence integrated intensit
a function of the incident light intensity~see Fig. 6!, a thresh-
old intensityI th clearly appears around 22 GW/cm2 for both
light polarizations. This threshold behavior is also typical
stimulated emission. The value ofI th is in good agreemen
with the measured intensity for which the recombinati
time begins to decrease, as described above. Stimu
emission was observed in CdS at room temperature in
1970s.46 However, the threshold intensity was found to
more than three orders of magnitude lower than in our ca
Such a huge difference can be explained by the difference
the experimental conditions and in the sample quality.
Ref. 46, the light pulses~20 ns in duration, with a photon
energy of 1.78 eV! were generated by a ruby laser which
well known to have intensity hot spots in its beam profi
This yields spatial power peaks in the pulse and can lea
an underestimation of the value of the intensity thresho
Furthermore, the nanosecond pulses used deliver much m
energy~.450 mJ! than the femtosecond pulses generated
the amplified CPM~.1.5mJ!. This fact is strongly supported
by the comparison of the damage threshold values meas
in both cases: 100 MW/cm2 in Ref. 46, more than 150 GW
cm2 in our case. Moreover, the CdS crystal used in Ref. 4
from much lower quality than are ours where no photoc
rent can be measured, indicating a very low density of
purities. Finally our value ofI th is in good agreement with
the most recently published values.37 In Fig. 6 the lumines-
cence intensity reaches a saturation at higher incident in
sities. This saturation behavior is mainly due to the stro
defocusing process experienced by the luminescence in
crystal which may lead to an imperfect collection of the
minescence emission. Furthermore, a strong reabsorptio
the luminescence emission occurs in the crystal becaus
energy is obviously resonant with optical transition energ
yielding a decrease of the transmitted luminescence in
sity.

Figure 7 shows the luminescence spectra, when integr
over a large number of excitation pulses~solid line!, and for
single-shot excitation~dashed lines!. The single-shot excita
tions were performed by decreasing both the repetition

FIG. 6. Stimulated emission threshold for incident light pola
ization perpendicular~open circles! and parallel~open squares! to
the c axis. The threshold intensityI th equals 22 GW/cm2.
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of the Nd:YAG laser pumping the amplifiers to 5 Hz and t
accumulation time of the photodiode array in the optic
multichannel analyzer to 15 ms. It can be seen that the c
tral position of the single-shot spectra varies from one pu
to the other. However, each single-shot spectrum lies un
the integrated spectrum. The fluctuation of the central po
tion of the single-shot spectra is well explained by consid
ing a stimulated emission starting randomly on a noi
Again the Fabry-Pe´rot fringes mentioned in Sec. II are vis
ible on the single-shot spectra.

As a summary, a density of 1.631016 cm23 highly out-
of-equilibrium carriers is generated by two-photon abso
tion in a CdS crystal. These photocreated carriers therma
in 350 fs to shallow residual localized states in the semic
ductor band gap. This yields to a population inversion wh
initiates a stimulated emission starting randomly on a no
At the highest excitation intensities (.20 GW/cm2), the
stimulated emission lasts less than 5 ps.

VI. GAIN DYNAMICS

A nondegenerate pump-probe experiment was perform
in order to investigate the gain dynamics of the luminesce
in this experiment. The pulses~1.5-mJ, 100-fs, 2-eV photon
energy! generated by the amplified CPM are split in
equally powerful pump and ‘‘probe’’ beams. The ‘‘probe
beam is tightly focused down onto a 200-mm-thick ethylen
glycol jet. A wide-band green filter selects, in the light co
tinuum generated in the jet, pulses with a spectrum cente
around 2.45 eV. By crossing the jet and the focusing lens
the pulse duration is increased because of positive group
locity dispersion. However, a negative group velocity disp
sion is generated in a prism-pair compressor positioned a
the amplifiers, in order to precompensate for the posit
group velocity generated in the next-on-the-light-path opti
This way, the probe-pulse duration is maintained down
100 fs. Because the prism compressor is positioned be
the splitting of the pump and ‘‘probe’’ beams, the grou
velocity dispersion is overcompensated in the pump pu
the duration of which is slightly increased. This guarante
that the probe-pulse duration is at least not longer than
pump-pulse duration. In any case these duration extens

FIG. 7. Luminescence spectra: integrated over several excita
pulses~solid line! and single-shot excitation~dashed lines!. In both
cases, the incident light polarization is perpendicular to thec axis.
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remain negligible.6 Eventually the pump and probe puls
are focused down to ane22 radius of 60mm on the CdS
crystal by means of a focusing lens with anf number equal to
1.5. The pump and the probe beams are spatially overlap
inside the crystal. Because the luminescence emission is
polarized perpendicular to thec axis, the probe-pulse polar
ization is rotated to be also perpendicular to thec axis, while
the pump-pulse polarization remains parallel to thec axis.
An analyzer placed before the spectrograph rejects all s
tered light from the pump. A delay line mounted on a m
torized translation stage allows us to vary the delay betw
the pump and the probe pulses. The temporal overlap is
termined by a nondegenerate defocusing experiment sim
to the one described in Sec. IV and Ref. 22.

Figure 8 shows differential spectra of the transmitt
probe pulse for three different delays between the pump
the probe pulses. The differential spectra are recorded
subtracting the spectrum of the transmitted-probe pulse
the absence of the pump pulseI t(2p) from the spectrum of
the transmitted-probe pulse in the presence of the pu
pulseI t(p). When the pump pulse hits the sample after
probe pulse, the differential spectrum is flat around z
~dotted line in Fig. 8!. When the delay becomes positive
valley appears at high energy~see Fig. 8!. This is due to the
strong defocusing experienced by the probe beam that l
to an imperfect collection of the light and consequently
decrease in the transmitted-probe intensity. At the lumin
cence energy position~vertical line in Fig. 8! a peak appears
corresponding to the emission stimulated by the probe pu
The gain of the stimulated emission can be measured
integrating the peak and subtracting the induced defocu
with a linear fit of the slope under the peak. Figure 9 sho
the gain variations as a function of the delay between
pump and the probe pulses for a pump intensity of 22 G
cm2, right at the threshold intensity for stimulated emissio
The gain dynamics is clearly unsaturated and is a good
ture of the temporal profile of the luminescence emiss
pulses. The gain lasts for about 200 fs. Under these co
tions, the optical pumping time is completely determined

FIG. 8. Differential spectra of the transmitted intensity of t
probe pulse for three different delays between pump and pr
dotted line,2333 fs; solid line, temporal coincidence; dashed lin
1333 fs; and dashed-dotted line,1467 fs. The vertical line indi-
cates the luminescence energy position~see Fig. 7! and the position
of the gain peak. The pump intensity is 30 GW/cm2.
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the thermalization time. The carriers photocreated by
pump pulse have to thermalize to yield the population inv
sion. The stimulated emission can start spontaneously or
probe-pulse photon. These two competitive starting p
cesses add extra difficulties to the reproducibility of the e
periment.

At higher excitation intensity, the gain dynamics is com
pletely different. Figure 10 shows the gain dynamics fo
pump intensity of 30 GW/cm2, higher than the stimulated
emission threshold. The gain presents several oscillat
each of which lasts for about 200 fs. This noisy oscillati
behavior is the result of the competitive interplay of thr
noisy processes: optical pumping of a population inversi
stimulated emission, and gain saturation, the net resul
which is a rise time and a fall time of the order of 100
each. Maxima in the transmitted-probe intensity indica
maximum available gain while dips correspond to ga
depletion where the probe experiences no intensity chan
This behavior is similar to the oscillatory emission of th
amplified spontaneous emission~ASE! in a multipass
amplifier.47 A model has been developed in Ref. 47 who
predictions are in good agreement with our experimental
sults ~see Fig. 8 in Ref. 47!. In both the threshold and high

e:
,

FIG. 9. Gain dynamics with a pump intensity of 22 GW/cm2,
right at the threshold intensityI th for stimulated emission. The gain
is unsaturated and lasts for 200 fs.

FIG. 10. Gain dynamics with a pump intensity of 30 GW/cm2

above the threshold intensityI th for stimulated emission. The gain
presents several oscillations with a period of about 200 fs.
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intensity cases, the 200-fs duration of luminescence pulse
highly compatible with the 5-nm bandwidth of the gain.

VII. CONCLUSION

Using dynamic gain measurement techniques in the f
tosecond regime, we have demonstrated the possibility
generating ultrashort 508-nm green light pulses in high qu
ity CdS platelets at room temperature using two-photon
A.
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sorption excitation. The dynamics of the observed stimula
emission has been shown to be governed by fast carrier t
malization and fast gain saturation.
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