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Cu,S nanocrystalfNC’s) are reported. The samples are prepared by a CdS-iB8-Chemical
conversion from the glasses originally containing CdS NC's. A room-temperature linear absorption
of the converted samples shows several well resolved peaks with spectral positions from red to blue.
These spectral features are explained by size quantization withi® BG's (~4 nm radiu$ with

different copper deficiencyx is in the range from 1.8digenite to 2 (chalcosit¢]. A strong
bleaching of the samples with a 3-ns relaxation is observed in the pump—probe measurements. A
high value of the third-order nonlinear susceptibility 10~ esy is derived from the nonlinear
transmission spectra. @995 American Institute of Physics.

Semiconductor nanocrystaldNC's) grown in a glass oxidation of chalcositéCu,S).}> We have used the conver-
matrix?> or prepared as colloidsare often referred to as sion of CdS to CyS to produce copper sulfide NC’s in the
guasi-zero-dimensional systems or quantum dots. The energyass matrix originally containing CdS NC's.
spectrum of NC’s and in particular the position of the lowest ~ The source glass samples containing CdS NE&4 nm
optical transition(the energy band gap in a quantum )dot radiug are prepared by the usual technique of a secondary
can be varied in a broad range by changing the average NBeat treatmen't? These samples are initially subjected to the
size. Strong and fast optical nonlinearifidss well as opti-  electrostimulated ion exchange in a melt of the Kj\glt!3
cal gain and lasirfyreported for these materials make them The potassium ions introduced in the glass matrix by this
attractive for potential applications in optoelectronics andprocedure mediate the ion exchange at the second stage of
signal processing. the preparation when the samples are treated in a melt of the

A great amount of the experimental and theoretical workCuSQ, salt(for details see Ref. 24The two-stage procedure
has been done on CdS, CdSe, and &#S , NC's’ (inwhat  applied results in the formation of a thin surface layer
follows we will refer to the NC's of these types by using a =40-50um) with a definite color change. In contrast to the
general notation: CdSSe NG'sNew methods of preparation yellow color of the source samples, the converted layer is
are developed to synthesize the CdSSe NC's with a vergolored nonuniformly from red to brown. This transforma-
sharp size distributiof? It looks attractive to combine a tion can be explained in terms of a two-step ion exchange:
developed technology of the CdSSe-doped glasses witlihe copper ions first substitute for the potassium ions in the
methods of a chemical conversion to prepare NC's of newglass matrix and then for the cadmium ions in the CdS NC's
compositions. leading to the formation of G.

In the present letter we report on (3INC'’s prepared by Figure 1 shows room-temperature absorption spectra of
a chemical conversion from glasses containing CdS quantuitihe three different regions of the converted layer colored
dots. The discrete features recorded in linear absorption afark-brown(a), brown (b), and red(c). For comparison, the
the converted samples clearly indicate the effect of sizebsorption spectrum of a source CdS-doped glass is also
guantization within CS NC’s with different copper defi- shown. The absorption edge in the converted layer is red
ciencies. A change in the copper amount fram2 (chal-  shifted from that in the source glass by more than 1 eV for
cosite to x=1.8(digenite leads to a strong high-energy shift the dark-brown region. The striking feature of the recorded
of the lowest optical transition by about 0.54 eV. Nonlinearspectra is a well resolved discrete structure which is not pro-
transmission studies show a strong enhancement of the thirdlounced in the spectra of either the source glass or the bulk
order nonlinearityby 2—3 orders of magnitudén compari-  Cu,S crystals? In the spectra shown in Figs(al—1(c), one
son with that in CdSSe quantum dots. can clearly resolve from two to four peaks. The positions of

The studies of Ci5 semiconductor compounds have the peaks remain the same for the different regions of the
mainly been carried out in the context of a sample butthe number and the amplitudes of the peaks alter.
Cu,S/CdS-solar-cell operatioff.The most common method Comparison of the spectra in Figgaland Xb) shows that
of producing copper sulfides is by a topochemical reactiorthe low-energy peak consists of the two bands which over-
from CdS single crystafs:'?> The copper sulfide crystals lap. Finally, the analysis of the spectra allow us to identify
with different copper deficiencid€u, ¢S (djurleite), Cu; ¢S,  five optical transitions(w;_g with spectral positions 1.62,
Cu, ¢S (digenite] can be obtained successively by controlled1.834, 2.156, 2.586, and 2.684 eV.
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gation, the positions of the optically allowed transitions are

8 Cu,S NC’s (d = 40 - 50 pm) determined basically by an electron effective mass. This

| leads to the conclusion that the confinement-induced shift of

ottt the lowest optical transition is independent of the copper
- deficiency and the typ&irect/indireci of the gap involved.

It is natural to assign the lowest band in Fig. 1(a) to

the transition, coupling the grourgkelectron and hole states

f . K . in the NC's formed by Ci5 with x=2, which corresponds to
0 15 20 25 3.0 35 the lowest bulk band-gap energy. Peakcan be attributed
3 ' ; ' ' to the same copper sulfide phase because it vanishes syn-
chronously with peako,, going from region(a) to region(b)
of the sample. Thess—w; spacing(1.04 eV} is close to the
separation between direct and indirect band gaps in bulk
CwS (~1 eV).1®% This allows the assignment of the;
band to the lowest transition originating from the direct gap
in chalcosite. The direct transition is expected to lead to
stronger absorption than the indirect one, which is consistent
with data in Fig. 1a).

The separation betwees, andw, bands(~210 meVj is
close to the difference in the band-gap energie200
meV)'? in the bulk phases witkk=2 and 1.9. Thus, the,
band can be assigned to the lowest transition in the NC’s
with x=1.9. The intermediate phase wit+1.96 is not re-

’ . . . solved in the spectra in Fig. 1, probably due to small energy
10 15 20 25 3.0 3.5 separatior{~30 me\)*? between band gaps in chalcosite and
djurleite.

The intense peak ab; dominating the spectra in Figs.

. . . 1(b) and Xc) can be attributed to the lowest transition in the
FIG. 1. Linear absorption spectra of the converted lggelid lines and the CuS NC's with x=1.8. This phase exhibits a direct band
source CdS-doped gla&tashed ling The spectra taken for the dark-brown,
brown, and red regions of the converted layer are denoted)a&), and gap™ that is consistent with a large magnitude of the
(c), respectively. absorption. The energy separation between d¢heand w;
bands(540 meV) is somewhat larger than the shift between

The discrete structure of the absorption spectra clearlyhe absorption edges measured in the bulk phasesx#ith
indicates a size quantization in the nanostructures formed iand 1.8(~400 meV.."? This discrepancy probably arises
the converted layer. Given the preparation procedure the foffom the existing uncertainty in the band parameters of the
mation of the nanostructures of the two types could be excopper sulfides, as will be discussed below. Pegkob-
pected: two-component CdS/(31 heteronanoparticles served along with peaky; in Fig. 1(c) can be attributed to
(analogous to CdS/HgS NC's reported previously in Rej. 14the second intense transition, coupling the lowestates in
or/and one-component C8 nanoparticles. However, the the NC's of the same phase. In the CdSe Nbthe shift of
changes in the absorption spectra obserigeg Fig. 1 can- this transition with respect to the bulk band-gap energy is
not be explained by the formation of the heteroparticles. Ifabout twice as large as the confinement-induced shift of the
the latter would be the case, the variations in the NC fractionowest transition. This is consistent with spectral positions of
converted to C45 would lead to the continuous variations in the w; and w, bands.
the positions of the absorption bands that is not observed Summarizing the data on the linear absorption, we can
experimentally. This, as well as the analysis of the absorptiogonclude that regiofic) of the converted layer is composed
spectra given below, is evidence for the nanostructures of thieasically of the digenite NC'$x=1.8) with negligible con-
second type, namely, for the one-componentSCNC’s. The  tributions from the NC'’s in the other copper sulfide phases.
nonuniformity of the converted layer will be shown to be Region(b) is formed mainly by the Ci& NC’s withx=1.8
explained by the presence of the NC’s formed by the differ-and 1.9; and théa) region of the converted layer is a mixture
ent copper sulfide phases. of the NC's of all types including, probably, those in the

The spectroscopic studies show that,Eus an indirect unresolvedk=1.96 phase.
gap semiconductor with a band-gap energy~df.2 eV6:17 The band-structure parameters of different copper sul-
With increasing copper deficiency the energy band gap infides have still been a matter of controversy. Among the
creases up to-400 meV for digenite(x=1.8).12 As sug-  other reasons, the discrepancy in the literature data can arise
gested in Ref. 11, the phase transformation leads to thfom the uncertainty in the composition of the bulk samples
changes in the valence band structure, whereas the centsahich is difficult to control at the preparation stage. The NC
minimum of a conduction band involved in both direct and structures reported in the present paper have the advantage
indirect transitions remains unaffected. In the strong-that different copper sulfide phases are clearly marked in the
confinement limit® expected for the NC sizes under investi- linear absorption by well resolved peaks. This provides a

6 - CdS NC’s (1 mm) @,
Oy
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longer than in CdSSe NC?%.From the recorded DTS the
x? value of ~1077 esu can be estimated. This is by 2-3
orders of magnitude larger than in CdSSe-doped gl&#éses.
' Within the two-level modél x(®«N,f2 7., whereN, is

"' - the NC concentration in the glass matriy, is the oscillator
strength of the interband optical transition, ands the car-

. rier relaxation time. As shown above, the CdS-tog&aon-

.. ’ version leads to increased values of both the linear absorp-
tion (i.e., oscillator strengthand the carrier lifetime. These
are the main factors resulting in the enhancement of the non-
linearity.

- In conclusion, the & NC’s with average radius of4

nm are grown in the glass matrix originally containing CdS
NC’s. The prepared nanostructures clearly exhibit the effect
of a 3D carrier confinement which is manifested as well re-
solved peaks in linear absorption. The structure of the ab-
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] sorption spectra shows the presence of the NC'’s formed by
. ; 1 different CyS phasegwith x ranging from 1.8 to 2 The
0.0 \Av-m- -, 1 CuSS quantum dots exhibit large optical nonlinearities
' fio, =2.33eV (x®~10"7 esy, exceeding those observed in CdSSe NC's.

18‘ — '1'9' — '2'0' = '2']' it '2'2' —t '2'3' — '24 The enhanced nonlinearity results from the increased values
) ) ) : ’ " : of the carrier lifetime and the linear absorption.
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way to improve the existing data on the band structure and to
find, among other things, the electron magswvhich has still
been not well defined in literature. Comparing the confine-
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