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Abstract. The optical transient bleaching and induced ab-were stable, and their optical characteristics did not change
sorption of oxidizedCulnS nanocrystals in a polymer film throughout a year under the ambient conditions.

have been studied with the picosecond pump-probe tech- The X-ray diffraction data ofCulnS NCs on the PVA
nique. The oxidizedCulnS nanocrystals have an additional film were obtained using a universal Roentgen Diffractome-
absorption band with a peak &t03 eV, which is bleached ter HZG 4 (produced by Freiberger Prazisionsmechanik) with
under picosecond excitation. Rapi¢t 60 p9 trapping into  CuK, radiation and aNi filter (A = 0.154 nn). The X-ray
midgap surface states results in long-liveed 800 pg bleach-  diffractogram shown in Fig. 1a can be clearly attributed to the
ing and induced absorption features. A schematical energyzulnS chalcopyrite lattice (142d spatial group) after com-
level diagram for oxidizedCulnS nanocrystals is given parison with the data in Fig. 1b. The size of the nanocrys-

based on the experimental results. tals was determined using a transmission electron micro-
scope with a resolution of 1 nm The samples had a mean
PACS: 42.55 P; 42.70 nanocrystal radius & nmwith a deviation ranging fror@ to

5nm The photoluminescence was excited by 8iel5-nm
(2.41-eV) line of a continuous-wavAr* laser and recorded
at 10 K by a spectrometer with an optical multichannel ana-

extensively studied [1-8] because, in addition to a fundamef{}zzee{;%ztzﬂ'alt?otnh%lﬂg;nspgrggifnxr()f rigg\r})t Sé;v Z gi\;ﬁpused

tal in_terest n fcheir mqterial properties they have bee.n used $2am and the picosecond white-light continuum generated in
nonlinear optical devices [9-11]. A number of studies have, ' & ol a5 a probe beam. An optical multichannel ana-
been directed toward the optical behavior of chemically modr zer with two photodiode arrays as detectors was used to
ified semiconductor nanocrystals [12—14]. The presence cgécord the differential absorption spectra which were defined

the nanocrystal surface as a boundary and source of surfaggAODm = _1g[T(1)/To()], whereTo(%) and T(%) are

states makes th? optical properties of NaNOMEter-Size Clyge ransmission spectra of the probe beam in the absence and
tals highly sensitive to chemical treatments. In this paper, w

; ; ﬁresence of the pump beam, respectively. Negative magni-
report the results of photoluminescence and picoseqe®d ( 4 yes 0fA0D correspond to bleaching, and positive ones to
pump-probe measurements on oxidiZadnS nanocrystals

induced absorption. The spot radius of the pump beam on the
(Culng NCs). sample was- 1 mnt excitation intensity was- 1 GW/cn.
_ Absorption changes were measured in the spectral region of
1 Experiment 480-880 nmat room temperature and were temporary (the
oxidizedCulnS NC sample returned to its initial absorption
CulnS NC and oxidizedCulnS NC samples used in this state).
study were synthesized in a poly[vinylalcohol] (PVA) poly-
mer film by the following procedure. Th€ulnS colloid 2 Results
was prepared from solution containi@y(l) and In(lll) by
reaction with gaseouskl>S. PVA was used as a stabilizer Curve (1) in Fig. 2 is the absorption spectrum of G@nS
of the colloids and film-forming material. To generate oxi- NC sample. It shows that the bound-exciton [12] (electron-
dizedCulnS$ NCs, the colloid was aged for about 10 days,hole pair confined to a nanocrystal) absorption appears as
changing color from brown to darkgreen. The aged colloids broad shoulder mainly because of size inhomogeneity and
were also deposited and dried on a glass plate. The resythonon broadening. The exciton absorption peak a8 eV
tantCuln$ NC and oxidizedCulnS NC films were about (determined from the second derivative of the absorption
80pm thick. The film samples prepared by the above methodpectrum and marked as a vertical bar in Fig. 2) is shift-
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> W s we = C s e 20 by subtracting curve of absorphon (1) from absorption curve (3). ahe
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|

the photoluminescence spectrum@iinS NCs in a PVA film taken at a
| temperature o0 K
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- where R is the radius of the nanocrystalag the exci-
1 ‘ ’ l ‘ ton Bohr radius,u = (1/m§+1/m?;)*1 the reduced mass,
BT R TE T R TR R T TR TS mg(m;) an effective mass of the electron (hol&ky the Ry-
el et CuS dberg energy, and a dielectric constant of the semiconduc-
Pt tor. The values ofmg = 0.16mo, M = 1.3mo, 1 = 0.14mo,
2 t r I L ) e = 8.5, Ery = 26.9 meV, andag = 3.2 nmthat correspond
b Jﬁ N .jLuﬁ to bulk Culn& are adopted for the calculation [17,18]. (1)
B B Ee m s m e W 20 explains the experimental blueshift, assuming that the ra-
"1 5-731 In S5 dius of the nanocrystals 8.7 nm This value agrees well
oy with the mean radius 08.0 nm determined by transmis-
' J | ' sion electron microscopy. The photoluminescence spectrum
I = of the Culn$ NC sample consists of a broad band cen-
100 tered atl.32 eV[curve (2) in Fig. 2]. The photoluminescence

581 24-361 Culns Sg

peak ha$.46 eVless energy than the exciton absorption peak
(1.78 €V). Such photoluminescence is most likely due to ra-
diative recombination from deep surface states [19, 20] ob-

e S e G served for many types of film and glass containing different
] 27-159 CulnS semiconductor nanocrystals [3, 12, 21, 22].
o Curve (3) in Fig. 2 represents the absorption spectrum of

28

[ | “ L the oxidizedCu.InSZ NC sample and consists of an add[tion—
TR E TR T TR T R T T T TR 35 al broad band in the range 0f65-1.9 eV and an absorption
b edge rising from~ 1.9 eV. This edge is related to the absorp-
Fig.1. a The X-ray diffraction data of the solid phase in the films in- tion of Culn$ NC, and there are no noticeable absorption

vestigated that were associated with ultrafideinS, particles. PVA film. changes in the range & 2-3.6 €V after oxidation of the

i o Compacion o RCPDS ot o oo cmpanas CuInSs NC. By subtracing (h€uln NC absorption curve

that argyprobable productspunder the synthesBuwnS, allows concIusFons (1) from that of the oxidize€uInS NCS (3)’ the broad band

as to formation of the chemical for@uInS,. Numbers on diagrams denote (4) centered afl.03 eV has been distinguished as shown by

the corresponding entry in the JCPDS catalogue the dotted curve in Fig. 2. This additional absorption band
can be attributed to charge transfer in oxidized In'' S}

ed by 0.25eV relative to the band gap of bulkulnS  NCs containing Cu(ll) after thermal oxidation, as observed

(1.53eV) [15]. The blue shiftAE is explained by the strong- in oxidized copper sulphide particles [23]. The change of the

quantum confinement model (witR/ag < 2) [16], according chemical state of copper in the oxidiz€liinS NCs stud-

to which: ied here has been shown in detail [24] by X-ray photoelectron
spectroscopy.

5 9 5 Figure 3 shows the time-dependen©D spectra of the
AE =h?n?/2) Re — 1.786¢7 /s R— 0.248ERy , (1) oxidized Culng NC sample. A strong induced absorption
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band located at- 2.1 eV and an absorption bleaching edge pletion of level A and corresponding bleaching of th@3-eV

in the range ofL.4-1.7 eV are observed. Figure 4 representsabsorption band. The bleaching in the rang&.4+1.7 eV ob-

the dynamics of the differential absorptiohOD at four served in theAOD spectra is related to the high-energy side
probe-photon energieBprone From Figs. 3 and 4, we ob- of the bleaching of level-A to conduction-band transition. The
serve that there are the following spectral and temporal feazarriers quickly relax to the bottom of the conduction band or
tures in behavior of thetOD signal: (1) as the pump-probe

delay timety increases, the bleaching edge, defined as the

wavelength at whickd OD = 0, shifts progressively to high- 0.20
er energies (Fig. 3) and eventually reaches.7 eV by tq ~ |
200 ps(Fig. 4c); the bleaching-edge position obtained after 0.15¢
tg &~ 200 psremains independent of time in the studied time 0.10}
interval (Fig. 4c); (2) the differential absorption signal ob- 0.05.
served after th&5-pspump pulse decays to a plateau within
about200 ps subsequent decay of the differential absorption~ 0.00 , , , ,
signal is very slow and estimated to take more tBa0 ps ‘é N = Lieev )
Ultimately, long-lived induced absorption occurs fgrope= & 015 i r& prove " =65ps |
1.7-2.6 eV (Fig. 4a,b), while forEprope= 1.4-1.7 €V, the ini- g 010k kS 50 ps
tial increase in absorption is followed by long-lived bleaching S ) "- ; 40 ps
(Fig. 4d). Bleaching is observed in the spectral range corre- %% | %o .
sponding to the high-energy side of th®3-eV absorption § |2 teT
band of the oxidize€ulnS NC sample. & e . ; .
2 o1s Eppe=1.7 €V ©
3 Discussion A f\, ......... =725 |
"g 010 ¥ 52 ps
The combination of pump-probe and photoluminescence re< 55! j LN T 35ps
sults leads us to propose an energy-level diagram for oxidizegé XA S, .
Culn$ NCs as shown in Fig. 5. In pump-probe experiments, > ¢ —*—— *~<"*~—F~—"~
the 1.15-eV pump pulse is tuned inside the absorption band ' E lisev | @
at 1.03 eV (Fig. 2). Thel.03-eV absorption is supposed to éa e e —s50ps
originate from a level-A, related ©u(Il) [23], to conduction- 005 By . 450ps
band transition (Fig. 5). It should be noted that pumping is I S — 25 ps
tuned outside the excitonic absorption [curve (1) in Fig. 2]. 0.00 | — -
Thus, the pump photon energy is too small to transfer carriers P e e S

from the valence band to the conduction band (Fig. 5), andthe  -0.05 s ‘ ; A

; . ; 2100 0 100
exciton absorption &t.78 eVdoes not contribute to th&a OD 100200 ] 00400300600
spectra observed. When the sample is pumped, carriers are Delay Time (ps)

excited from level A to the conduction band, resulting in de-Fig. 4. Differential absorptionAOD = — Ig(T/To) induced in the oxidized
CulnS NCs in a PVA film as a function of delay time between pump and
probe pulses. The probe-photon energies selecte&gipe= (a) 2.3 €V,
(b) 1.9¢V, (c) 1.7eV, and @) 1.5 eV Experimental datappinty obtained
0.2 T T T " T 16 with a 15-pspump pulse at.08.m (1.15 eV) are compared to fitx@rveg

with different values ofrs. The best fits are obtained using= a 55 ps b
50 psc 52 ps andd 40 ps
Q
S 0.1 &
.
E
4§ E Conduction band SAT Esa
. 3
S 00 =2
< s, S
< QS 1.03 eV >
E - Tg ~50 ps
s =
é 0.1 N
XY é S 1,>>300 ps
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Fig. 3. (1) Linear absorption spectrum of oxidiz&ulnS, NCs in a PVA Valence band
film and (2-5) corresponding differential absorption spectt®D =

—1lg(T/Tp) recorded at different delay times between pump and probe
pulses: (2)11ps (3) 38ps (4) 52ps and (5)460ps A 15ps pulse at  Fig.5. A schematic energy-level diagram for oxidiz€liinS NCs based
1.08um (1.15 eV) was used as pump on photoluminescence and picosecond pump-probe results
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are captured by the shallow traps (S in Fig. 5) with the energgon of the experimental and calculata® D(tq) data at four
close to the conduction-band edge. We will consider the latprobe-photon energiésyrone Using different values of the re-
ter case since this does not detract from the main features t#xation timers. The best fits are obtained using= 55 ps
carrier dynamics that we wish to examine. From level S, th&0 ps 52 ps and40 psfor Eprope= 2.3 €V, 1.9 eV, 1.7 eV, and
carriers are transferred to deep traps (D in Fig. 5). This level.5 eV, respectively. The differences between the values of
D can be attributed to mid-gap surface states [19, 20] and isbtained fromA OD(tq) data for different energieSprobelay
responsible for thé.32-eV photoluminescence observed herewithin the experimental error ak measurements df5+ ps.

[curve (2) in Fig. 2]. The conduction-band to level-S transi-

tion occurs on a subpicosecond time scale, and the carriers &geConclusion

transferred to level S within our time resolutionid ps The
S-to-D transition has a time constant-eb0 psThe lifetime
of carriers in deep traps can be estimateg>&00 ps

We have investigated the transient differential absorption
spectra of oxidizedCulng NCs in a PVA polymer film.

~ We believe the presence of fast (from level S) and longThe pleaching of an additional absorption bandL&3 eV
lived (from level D) excited-state absorptions (ESAs) in dif-\hich appears i€uing NCs after oxidation and is attribut-
ferent spectral regions is a likely explanation for the inducegq to charge transfer in oxidizezi In'" gzl NCs containing
absorption and high-energy shift of the bleaching edge obcy(|) has been observed. The fast-decayeds pg ESA
served here. The differential absorption recorded is a comyttriputing to transition from the shallow traps or bottom of
b|nat|on of three spectra: (1) the level-A to conduction-bant.gnduction-band as well as long-livesh(300 p§ ESA relat-
bleaching spectrum, (2) the spectrum of ESA from level Seq to the mid-gap surface states have been observed.

and (3) the spectrum of ESA from level D. Immediately after

the pump pulse, level D is empty, and the ESA from level Sxexnowledgementaihis work has been granted financial support from the
overcomes the level-A to conduction band transition bleachroundation for Fundamental Research of the Republic of Belarus.

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 modificalR
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 3.
excited carriers have relaxed to levelfg £ 200 p3, there is
only long-lived ESA from level D. The bleaching of the level- 4
A to conduction-band transition, which remains unchanged
after the pump pulse, overcomes the aforementioned ESA in
the spectral region df.4-1.7 eV [curve (5) in Fig. 3]. 6.
In order to find the S-to-D relaxation timgs (Fig. 5),
we developed a simplified rate-equation model in which, ac- /-
cording to the proposed energy-level diagram, the differential g
absorption signalt O D(tq) consists of level-A to conduction-
band absorption change, ESA from level S, and delayed ESA9.
from level D, and is modeled by three equations:

1.

10.

dt [ pumgdt TS 12
dNp  Ns

- = 3 13

dt  os’ @ 1

+oo 15

AOD(tg) o / lprobelt —to)[(0s/oa — DNs(H) 1

- 18

+ (op/oa — 1) Np(D)]dt, 4)

whereNp is the total excited carrier densitis andNp the 19
time-dependent carrier densities at the excited levels S ant
D, respectively) probet) = lpump(t) = exd—(2t/7p)?], Tp the g,
pulse duration, anda, os, op absorption cross sections from

levels A, S, and D, respectively. The valuesaf/op and 22
op/oa are adjustable parameters that depend on the wave-
length. We assume that the relaxation time of carriers from
to Ais 7p > 300 psand the relaxation time from conduction 24
band to S isp < 15 ps(Fig. 5). Figure 4 shows the compari-
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