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Abstract. The optical transient bleaching and induced ab-
sorption of oxidizedCuInS2 nanocrystals in a polymer film
have been studied with the picosecond pump-probe tech-
nique. The oxidizedCuInS2 nanocrystals have an additional
absorption band with a peak at1.03 eV, which is bleached
under picosecond excitation. Rapid (∼ 50 ps) trapping into
midgap surface states results in long-lived (� 300 ps) bleach-
ing and induced absorption features. A schematical energy-
level diagram for oxidizedCuInS2 nanocrystals is given
based on the experimental results.

PACS: 42.55 P; 42.70

Nanometer size semiconductor crystals have recently been
extensively studied [1–8] because, in addition to a fundamen-
tal interest in their material properties they have been used as
nonlinear optical devices [9–11]. A number of studies have
been directed toward the optical behavior of chemically mod-
ified semiconductor nanocrystals [12–14]. The presence of
the nanocrystal surface as a boundary and source of surface
states makes the optical properties of nanometer-size crys-
tals highly sensitive to chemical treatments. In this paper, we
report the results of photoluminescence and picosecond (ps)
pump-probe measurements on oxidizedCuInS2 nanocrystals
(CuInS2 NCs).

1 Experiment

CuInS2 NC and oxidizedCuInS2 NC samples used in this
study were synthesized in a poly[vinylalcohol] (PVA) poly-
mer film by the following procedure. TheCuInS2 colloid
was prepared from solution containingCu(I) and In(III) by
reaction with gaseousH2S. PVA was used as a stabilizer
of the colloids and film-forming material. To generate oxi-
dizedCuInS2 NCs, the colloid was aged for about 10 days,
changing color from brown to darkgreen. The aged colloids
were also deposited and dried on a glass plate. The resul-
tant CuInS2 NC and oxidizedCuInS2 NC films were about
80µm thick. The film samples prepared by the above method

were stable, and their optical characteristics did not change
throughout a year under the ambient conditions.

The X-ray diffraction data ofCuInS2 NCs on the PVA
film were obtained using a universal Roentgen Diffractome-
ter HZG 4 (produced by Freiberger Präzisionsmechanik) with
CuKα radiation and aNi filter (λ = 0.154 nm). The X-ray
diffractogram shown in Fig. 1a can be clearly attributed to the
CuInS2 chalcopyrite lattice (I42d spatial group) after com-
parison with the data in Fig. 1b. The size of the nanocrys-
tals was determined using a transmission electron micro-
scope with a resolution of∼ 1 nm. The samples had a mean
nanocrystal radius of3 nmwith a deviation ranging from2 to
5 nm. The photoluminescence was excited by the514.5-nm
(2.41-eV) line of a continuous-waveAr+ laser and recorded
at 10 K by a spectrometer with an optical multichannel ana-
lyzer system. In the pump-probe experiments, we have used
the 15-ps duration pulses at1.08µm (1.15 eV) as a pump
beam and the picosecond white-light continuum generated in
a D2O cell as a probe beam. An optical multichannel ana-
lyzer with two photodiode arrays as detectors was used to
record the differential absorption spectra which were defined
as ∆OD(λ) = − lg[T(λ)/T0(λ)], whereT0(λ) and T(λ) are
the transmission spectra of the probe beam in the absence and
presence of the pump beam, respectively. Negative magni-
tudes of∆OD correspond to bleaching, and positive ones to
induced absorption. The spot radius of the pump beam on the
sample was∼ 1 mm; excitation intensity was∼ 1 GW/cm2.
Absorption changes were measured in the spectral region of
480–880 nmat room temperature and were temporary (the
oxidizedCuInS2 NC sample returned to its initial absorption
state).

2 Results

Curve (1) in Fig. 2 is the absorption spectrum of theCuInS2
NC sample. It shows that the bound-exciton [12] (electron-
hole pair confined to a nanocrystal) absorption appears as
a broad shoulder mainly because of size inhomogeneity and
phonon broadening. The exciton absorption peak at1.78 eV
(determined from the second derivative of the absorption
spectrum and marked as a vertical bar in Fig. 2) is shift-
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Fig. 1. a The X-ray diffraction data of the solid phase in the films in-
vestigated that were associated with ultrafineCuInS2 particles. PVA film.
Numbers in parentheses are assignments to the reflections in theCuInS2
chalcopyrite lattice.b Comparison of JCPDS data for a set of compounds
that are probable products under the synthesis ofCuInS2 allows conclusions
as to formation of the chemical formCuInS2. Numbers on diagrams denote
the corresponding entry in the JCPDS catalogue

ed by 0.25 eV relative to the band gap of bulkCuInS2
(1.53 eV) [15]. The blue shift∆E is explained by the strong-
quantum confinement model (withR/aB ≤ 2) [16], according
to which:

∆E = h2π2/2µR2 −1.786e2/εR−0.248ERy , (1)

Fig. 2. The absorption spectra of (1)CuInS2 NCs and (3) oxidizedCuInS2
NCs in a PVA film. Dashed curve(4) represents the absorption obtained
by subtracting curve of absorphon (1) from absorption curve (3). Thear-
rows [(↓) and (↑)] are markers for positions of pump photon energies in
pump-probe and photoluminescence experiments, respectively. Curve (2) is
the photoluminescence spectrum ofCuInS2 NCs in a PVA film taken at a
temperature of10 K

where R is the radius of the nanocrystals,aB the exci-
ton Bohr radius,µ = (1/m∗

e + 1/m∗
h)

−1 the reduced mass,
m∗

e(m
∗
h) an effective mass of the electron (hole),ERy the Ry-

dberg energy, andε a dielectric constant of the semiconduc-
tor. The values ofm∗

e = 0.16mo, m∗
h = 1.3mo, µ = 0.14mo,

ε = 8.5, ERy = 26.9 meV, andaB = 3.2 nm that correspond
to bulk CuInS2 are adopted for the calculation [17, 18]. (1)
explains the experimental blueshift, assuming that the ra-
dius of the nanocrystals is2.7 nm. This value agrees well
with the mean radius of3.0 nm determined by transmis-
sion electron microscopy. The photoluminescence spectrum
of the CuInS2 NC sample consists of a broad band cen-
tered at1.32 eV[curve (2) in Fig. 2]. The photoluminescence
peak has0.46 eVless energy than the exciton absorption peak
(1.78 eV). Such photoluminescence is most likely due to ra-
diative recombination from deep surface states [19, 20] ob-
served for many types of film and glass containing different
semiconductor nanocrystals [3, 12, 21, 22].

Curve (3) in Fig. 2 represents the absorption spectrum of
the oxidizedCuInS2 NC sample and consists of an addition-
al broad band in the range of0.65–1.9 eV and an absorption
edge rising from∼ 1.9 eV. This edge is related to the absorp-
tion of CuInS2 NC, and there are no noticeable absorption
changes in the range of2.2–3.6 eV after oxidation of the
CuInS2 NC. By subtracting theCuInS2 NC absorption curve
(1) from that of the oxidizedCuInS2 NCs (3), the broad band
(4) centered at1.03 eV has been distinguished as shown by
the dotted curve in Fig. 2. This additional absorption band
can be attributed to charge transfer in oxidizedCuIInIII SII

2
NCs containing Cu(II) after thermal oxidation, as observed
in oxidized copper sulphide particles [23]. The change of the
chemical state of copper in the oxidizedCuInS2 NCs stud-
ied here has been shown in detail [24] by X-ray photoelectron
spectroscopy.

Figure 3 shows the time-dependent∆OD spectra of the
oxidized CuInS2 NC sample. A strong induced absorption
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band located at∼ 2.1 eV and an absorption bleaching edge
in the range of1.4–1.7 eV are observed. Figure 4 represents
the dynamics of the differential absorption∆OD at four
probe-photon energiesEprobe. From Figs. 3 and 4, we ob-
serve that there are the following spectral and temporal fea-
tures in behavior of the∆OD signal: (1) as the pump-probe
delay timetd increases, the bleaching edge, defined as the
wavelength at which∆OD = 0, shifts progressively to high-
er energies (Fig. 3) and eventually reaches∼ 1.7 eV by td ≈
200 ps(Fig. 4c); the bleaching-edge position obtained after
td ≈ 200 psremains independent of time in the studied time
interval (Fig. 4c); (2) the differential absorption signal ob-
served after the15-pspump pulse decays to a plateau within
about200 ps; subsequent decay of the differential absorption
signal is very slow and estimated to take more than300 ps.
Ultimately, long-lived induced absorption occurs forEprobe=
1.7–2.6 eV(Fig. 4a,b), while forEprobe= 1.4–1.7 eV, the ini-
tial increase in absorption is followed by long-lived bleaching
(Fig. 4d). Bleaching is observed in the spectral range corre-
sponding to the high-energy side of the1.03-eV absorption
band of the oxidizedCuInS2 NC sample.

3 Discussion

The combination of pump-probe and photoluminescence re-
sults leads us to propose an energy-level diagram for oxidized
CuInS2 NCs as shown in Fig. 5. In pump-probe experiments,
the 1.15-eV pump pulse is tuned inside the absorption band
at 1.03 eV (Fig. 2). The1.03-eV absorption is supposed to
originate from a level-A, related toCu(II) [23], to conduction-
band transition (Fig. 5). It should be noted that pumping is
tuned outside the excitonic absorption [curve (1) in Fig. 2].
Thus, the pump photon energy is too small to transfer carriers
from the valence band to the conduction band (Fig. 5), and the
exciton absorption at1.78 eVdoes not contribute to the∆OD
spectra observed. When the sample is pumped, carriers are
excited from level A to the conduction band, resulting in de-

Fig. 3. (1) Linear absorption spectrum of oxidizedCuInS2 NCs in a PVA
film and (2-5) corresponding differential absorption spectra∆OD =
− lg(T/T0) recorded at different delay times between pump and probe
pulses: (2)11 ps, (3) 38 ps, (4) 52 ps, and (5) 460 ps. A 15-ps pulse at
1.08µm (1.15 eV) was used as pump

pletion of level A and corresponding bleaching of the1.03-eV
absorption band. The bleaching in the range of1.4–1.7 eVob-
served in the∆OD spectra is related to the high-energy side
of the bleaching of level-A to conduction-band transition. The
carriers quickly relax to the bottom of the conduction band or

Fig. 4. Differential absorption∆OD = − lg(T/T0) induced in the oxidized
CuInS2 NCs in a PVA film as a function of delay time between pump and
probe pulses. The probe-photon energies selected areEprobe= (a) 2.3 eV,
(b) 1.9 eV, (c) 1.7 eV, and (d) 1.5 eV Experimental data (points) obtained
with a 15-pspump pulse at1.08µm (1.15 eV) are compared to fits (curves)
with different values ofτS. The best fits are obtained usingτS = a 55 ps, b
50 psc 52 ps, andd 40 ps

Fig. 5. A schematic energy-level diagram for oxidizedCuInS2 NCs based
on photoluminescence and picosecond pump-probe results
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are captured by the shallow traps (S in Fig. 5) with the energy
close to the conduction-band edge. We will consider the lat-
ter case since this does not detract from the main features of
carrier dynamics that we wish to examine. From level S, the
carriers are transferred to deep traps (D in Fig. 5). This level
D can be attributed to mid-gap surface states [19, 20] and is
responsible for the1.32-eV photoluminescence observed here
[curve (2) in Fig. 2]. The conduction-band to level-S transi-
tion occurs on a subpicosecond time scale, and the carriers are
transferred to level S within our time resolution of15 ps. The
S-to-D transition has a time constant of∼ 50 psThe lifetime
of carriers in deep traps can be estimated at� 300 ps.

We believe the presence of fast (from level S) and long-
lived (from level D) excited-state absorptions (ESAs) in dif-
ferent spectral regions is a likely explanation for the induced
absorption and high-energy shift of the bleaching edge ob-
served here. The differential absorption recorded is a com-
bination of three spectra: (1) the level-A to conduction-band
bleaching spectrum, (2) the spectrum of ESA from level S,
and (3) the spectrum of ESA from level D. Immediately after
the pump pulse, level D is empty, and the ESA from level S
overcomes the level-A to conduction band transition bleach-
ing in the spectral region examined [curve (2) in Fig. 3]. As
the time delay increases, the carriers relax from level S to
level D, resulting in an increase in the ESA from level D and
a decrease in the ESA from level S. This leads to a modifica-
tion of the total differential absorption spectrum correspond-
ing to bleaching at its low-energy side [curves (3) and (4) in
Fig. 3] because, according to our assumption, the ESAs from
level D and level S differ from each other. When all of the
excited carriers have relaxed to level D (td ≥ 200 ps), there is
only long-lived ESA from level D. The bleaching of the level-
A to conduction-band transition, which remains unchanged
after the pump pulse, overcomes the aforementioned ESA in
the spectral region of1.4–1.7 eV [curve (5) in Fig. 3].

In order to find the S-to-D relaxation timeτS (Fig. 5),
we developed a simplified rate-equation model in which, ac-
cording to the proposed energy-level diagram, the differential
absorption signal∆OD(td) consists of level-A to conduction-
band absorption change, ESA from level S, and delayed ESA
from level D, and is modeled by three equations:

dNS

dt
= N0 Ipump(t)∫ +∞

−∞ Ipump(t)dt
− NS

τS
, (2)

dND

dt
= NS

σS
, (3)

∆OD(td) ∝
+∞∫

−∞
Iprobe(t − td)[(σS/σA −1)NS(t)

+ (σD/σA −1)ND(t)]dt , (4)

whereN0 is the total excited carrier density,NS and ND the
time-dependent carrier densities at the excited levels S and
D, respectively,Iprobe(t) = Ipump(t) = exp[−(2t/τp)

2], τp the
pulse duration, andσA, σS, σD absorption cross sections from
levels A, S, and D, respectively. The values ofσS/σA and
σD/σA are adjustable parameters that depend on the wave-
length. We assume that the relaxation time of carriers from D
to A is τD � 300 psand the relaxation time from conduction
band to S isτP < 15 ps(Fig. 5). Figure 4 shows the compari-

son of the experimental and calculated∆OD(td) data at four
probe-photon energiesEprobeusing different values of the re-
laxation timeτS. The best fits are obtained usingτS = 55 ps,
50 ps, 52 ps, and40 psfor Eprobe= 2.3 eV, 1.9 eV, 1.7 eV, and
1.5 eV, respectively. The differences between the values ofτS
obtained from∆OD(td) data for different energiesEprobelay
within the experimental error ofτS measurements of15±ps.

4 Conclusion

We have investigated the transient differential absorption
spectra of oxidizedCuInS2 NCs in a PVA polymer film.
The bleaching of an additional absorption band at1.03 eV
which appears inCuInS2 NCs after oxidation and is attribut-
ed to charge transfer in oxidizedCuIInIII SII

2 NCs containing
Cu(II) has been observed. The fast-decayed (∼ 50 ps) ESA
attributing to transition from the shallow traps or bottom of
conduction-band as well as long-lived (� 300 ps) ESA relat-
ed to the mid-gap surface states have been observed.
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