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Two-photon-excited green emission and its dichroic shift of oriented
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The photoluminescence of oriented thin-film CdS on glass formed by laser deposition was
investigated employing 200 fs, 1.54 eV laser pulses at room temperature. The ultrafast excitation
caused a two-photon absorption process, which results in purely green emission at the band gap. The
spectra are fitted very well by the application of the van Roosbroeck–Shockley relation, density of
states, and Urbach’s rule demonstrating the intrinsic character of the radiative recombination. It is
further shown that the energy position of the emission peak depends on the polarization of the
impinging laser beam due to the dichroism of the highly oriented films. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1432756#
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Modern photonics and optoelectronics address the
evant problem for many device applications of obtaini
stable sources of green photoluminescence.1 Eye adapted
light emission devices~LED’s! are of particular interest
Thin-film devices based on the II–VI compound semico
ductor CdS appear to be a promising concept for adap
LED’s since the expected band gap emission at about 2
eV at room temperature lies very close to the highest se
tivity of the human eye.2 Indeed, in previous articles,3,4 it
was demonstrated that thin-film CdS on glass formed
pulsed-laser deposition~PLD! at 1064 nm exhibit green ligh
emission and lasing at 2.49 eV at room temperature.
films crystallize in a wurtzite structure and thec axis, which
runs along thê 001& direction, is perpendicularly oriente
with respect to the glass surface independently of the i
dent laser intensity~laser fluence! applied for the PLD. On
the other hand, CdS films on glass formed by PLD at 355
show different features from the crystallographic and op
electronic points of view. The films also exhibit a wurtzi
structure but the orientation of thê001& direction depends
on the laser fluence applied to form the film; at 2 J cm22 and
>4 J cm22, the ^001& direction is perpendicular and parall
to the glass surface, hereafter referred to CdS' and CdSi ,
respectively. The details about the formation of oriented th
film CdS by PLD have been published in previous articles5,6

The photocurrent and transmission spectra measured
polarized light reflect the dichroism of the films by shiftin
the onset of the interband absorption of CdS' 55 meV below
that of CdSi .7 The single-photon photoluminescence~SPL!
excited with the continuous wave 325 nm line of a He–
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laser, however, does not reflect the dichroism of the films
shows an opposite shift in energy. The emission peak
CdS' and CdSi centers at 2.45 eV and 2.27 eV, respectivel8

In this letter, we demonstrate that the dichroism of o
ented thin-film CdS is reflected by the emission propertie
the bulk is excited. For this purpose two-photon excitation
the femtosecond regime at 1.54 eV was used.

The samples investigated were prepared by PLD
guiding the 355 nm emission of Nd:YAG laser~pulse width
5 ns, repetition rate 10 Hz! onto a target of sintered CdS
~99.999%! powder. The distance between the target and
fused silica glass substrate was 3 cm. During the PLD p
cess, the substrate temperature and ambient pressure
kept at 250 °C and 1023 Pa, respectively. The samples we
formed with laser fluences of 2 J cm22 and 5 J cm22, result-
ing in CdS' and CdSi as demonstrated by the x-ray patter
in Fig. 1. We should stress that the possibility to control t
dichroism of thin-film CdS is interesting especially for th
fabrication of photonic structures with a periodic dielect
structure.9,10 By means of transmission spectroscopy, t
thickness of the films was found to be 1.70mm and 0.82mm
for CdS' and CdSi , respectively.

The photoluminescence of the films was excited by
ultrafast laser system, which delivers 200 fs pulses wit
repetition rate of 249 kHz at 1.54 eV~804 nm! and an energy
per pulse of 1.5mJ. The beam was focused to ane22 radius
of '30 mm resulting in an intensity of 200 GW cm22. The
laser beam exhibits linear horizontal polarization and the
fore by placing CdS' and CdSi in the beam, the direction o
the electric field vector is perpendicular~E'c! and parallel
~Eic! to the c axis. The excitation caused clearly visib
green light emission and was detected by a fiber optics s
trometer placed behind the sample. The emission inten
depends on the square of the impinging intensity revea
© 2002 American Institute of Physics
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the two-photon character of the phenomenon. Figures~a!
and 2~b! show the photoluminescence spectrum due to tw
photon excitation~TPL! of CdS' and CdSi . The symbols
show the experimental data and the solid lines the fit acc
ing to the van Roosbroeck–Shockley relation, i.e., the p
ciple of detailed balance,11

I ~hn!}
~hn!2a~hn!

exp~hn/kTc!21
, ~1!

wherehn is the photon energy,a is the absorption coeffi-
cient,k is the Boltzmann constant, andTc is the carrier tem-
perature. The absorption coefficient versus energy is ca
lated by the density of states and Urbach’s rule, and is gi
by3

FIG. 1. X-ray patterns of~a! CdS' and~b! CdSi . The curves are shifted an
plotted in the same arbitrary units.

FIG. 2. TPL spectra of~a! CdS' and ~b! CdSi at 300 K.
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a~hn!5A~hn2Eg!1/2 if hn>Ecr ~2!

and

a~hn!5AAkT

2s
expH s

kT
~hn2Ecr!J if hn<Ecr , ~3!

whereEg is the band gap energy,A523105 cm21 (eV)21/2

representsa(hn) for hn@Eg , T is the lattice temperature
and the crossover energy between Eqs.~2! and ~3! is ex-
pressed byEcr5Eg1kT/2s. The dimensionless phenomen
logical parameters is a measure for the pureness of t
material.3 For undoped intrinsic CdS, it is generally accept
that s52.17. Numbers below 2.17 are typical for thin-film
CdS and indicate tail states beyond the intrinsic density. T
following parameters were used to fit the data for CdS' in
Fig. 2~a!, Eg52.33 eV, kT525 meV, kTc555 meV, and
s50.7, and for CdSi in Fig. 2~b!, Eg52.37 eV,kT525 meV,
kTc560 meV, ands50.6. As it is known from photolumi-
nescence investigations on GaAs, the carriers attain a t
perature much higher than that of the lattice.12 It is notewor-
thy that the emission takes place according to
straightforward principle of detailed balance since CdS
known to show peculiar emission features far from the id
case.13

As shown in Figs. 2~a! and 2~b!, the TPL peak is at 2.35
eV and 2.40 eV for CdS' and CdSi , respectively. In order to
check if the energy shift of 50 meV is subject to the dichr
ism corresponding to the polarizationsE'c andEic, it is of
importance to calculate the penetration depth of the fs-la
beam,

dp5
1

bI 0
~e21!, ~4!

whereb ~56.4 cm/GW!14 is the two-photon absorption co
efficient and I 0 is the impinging laser intensity~5200
GW cm22!, and finddp513 mm. Since the film thicknesse
are clearly shorter thandp , the samples are homogeneous
excited and the spectra in Figs. 2~a! and 2~b! represent the
bulk emissions of the samples. The curves of Figs. 3~a! and
3~b! show the first derivative of the transmittance (Tr) of
CdS' and CdSi with respect to energy (dTr/dE). As indi-
cated, theTr threshold of CdS' and CdSi takes place at 2.45
eV and 2.51 eV, respectively. Hence, in good agreement w
our previous results shown in Refs. 7 and 8, and with

FIG. 3. dTr/dE of ~a! CdS' and ~b! CdSi .
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 This a
dichroism of single crystal CdS in the high absorpti
region,15 the dichroic shift of the onset of the fundamen
interband transition is 60 meV. The energy positions of
TPL peaks in Figs. 2~a! and 2~b! closely coincide with the
first local maxima at the low energy side of thedTr/dE
spectra. These maxima mark the start of the Fabry–P
fringes, i.e., the energy from where the films become su
ciently transparent such that reflections from the rear at
CdS/glass interface are not reabsorbed. As a consequ
the maxima of the bulk emissions in Figs. 2~a! and 2~b! are
shifted to these energies below the band gap due to
absorption and their separation by 50 meV is caused by
dichroism of the films. The shift is smaller than the dichro
separation in Fig. 3 since the bulk emission reflects the
chroic displacement of the absorption edge influenced
Urbach’s tail rather than by the onset of the interband tr
sition. Nevertheless, it is worthwhile to stress at this po
that the 50 meV shift in Fig. 2 exceeds the separation
photoluminescence manifolds due to crystal-field splittin16

in GaN doped with Pr and makes oriented thin-film C
interesting for optoelectronic devices based on polarizing
fects.

The aforementioned SPL peak of CdS' at 2.45 eV coin-
cides with theTr onset of CdS' in Fig. 3 since SPL does no
represent bulk features due to the restricted penetration d
of the excitation~1/a50.1 mm!. The intrinsic features of
CdSi do not appear in the SPL due to the influence of tra
and grain boundaries.8 Therefore, the comparison of SPL an
TPL shows that TPL reveals the intrinsic features of the fil
independent of imperfections. This fact was confirmed by the
investigation of CdS films formed by spray pyrolysis o
pyrex®.17 The SPL was visually dominated by red emissio
The TPL however, exhibits exclusively green band gap p
toluminescence of the bulk. We should stress that T
evokes charge carrier densities of up to 1019 cm23 within
the pulse duration of 200 fs.17 This tremendous carrier den
sity changes the emission behavior of the films in favor
the band gap emission.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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In conclusion, excitation with 200 fs laser pulses at 1.
eV causes room temperature single peak band gap emis
in thin-film CdS' and CdSi due to two-photon absorption
The spectra are very well modeled by the principle of d
tailed balance. As a result, under high two-photon excitati
thin-film CdS formed by PLD can be considered as an intr
sic semiconductor. This observation is of considerable
portance for the field of nonlinear optics since it demo
strates that excitation in the femtosecond regime reveals
intrinsic bulk features of the films, which are decisive in t
fabrication of light emitting and laser devices. The work al
stresses the possibility of PLD to form anisotropic CdS film
By comparing the emission spectra with the transmittance
the films, it was shown that the energy separation of 50 m
between the TPL peaks of CdS' and CdSi is caused by the
dichroic shift of the absorption edge.
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