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Electronic defectsin CdSe nanocrystals of a-GeS,/nc-CdSe superl attices and composite films
are investigated and compared with results obtained for similar SO,/CdSe films. A wide
band of localized states centred at 0.55 eV below the conduction band edge is seen in both
groups of samples and identified with defects in the nanocrystal bulk. A band a ~ 0.7 eV
bel ow the conduction band iswell resolved in SiO./CdSe samples but not seen in GeS,/CdSe
films. As this feature is ascribed to defects at the CdSe-CdSe interface, a lower density of
such defects is assumed in the latter case. In GeS,/CdSe samples a new band located at 0.50
€V below the conduction band appears. It is attributed to defects at the GeS,-CdSe interface.
Opticd absorption measurements revea that defect concentration above the valence band of
CdSe nanocrystals in GeS,/CdSe samples is lower than in SO,/CdSe ones. Steady-state
photoconductivity of GeS,/CdSe samples shows that a low temperatures the mobility-
lifetime product in CdSe nanocrystals decreases with decreasing nanocrysta size. This
observation is related to deep defects at the interface of CdSe nanocrystals and reflects the
increasing surface to volume ratio.
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1. Introduction

Interest in nanometer-sized semiconductor crystals, in particular 11-V1 aloys, has rapidy
increased over the recent years, because of their potential applications in optodectronics, and
nonlinear optics [1]. In contrast to bulk crystals, alarge fraction of the constituent atoms are located
at the surface of isolated nanocrystals or within the grain boundaries of nanometer-sized composite
or polycrystaline materials. This leads to a variety of defects (dangling and wrong bonds, bond
lengths longer or shorter than those in the bulk, surface oxidation etc.) and significantly affects
eectrical and optica properties of nanosized semiconductors [2]. Photo- and € ectrol umi nescence,
carrier dynamics etc., strongly depend on the states at the interface with the surrounding media [3-
B5]. Therefore, studies of the energy distribution and concentration of defect statesin the gap, which
are connected with crystallite size, composition and the preparation conditions are of interest from
both fundamenta and practical points of view.

In this study optoe ectronic properties of GeS,/CdSe superlattices and composite films have
been investigated and are compared with those obtained for similar samples from the SIO.-CdSe
system. Fourier-transform transient photoconductivity (TPC) and spectra photocurrent
measurements were used to probe localised states in the upper and lower portions of the band gap,
respectively. Steady-state photoconductivity measurements were carried out to obtain information
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on carrier recombination. The influence of the matrix on the defect state distribution in CdSe
nanocrystals is discussed.

2. Experimental details

Consecutive therma evaporation of powdered CdSe (Merck, “Suprapure’) and ‘matrix’
material (GeS, or SiO) was carried out from two independent tantalum crucibles at a vacuum of
5.10* Pafor the GeS,-CdSe system and ~10° Pa for the SiO,-CdSe system (x=1.5) [6]. Three groups
of samples were investigated: ) Superlattices (SLs) of GeS,(SiOy)/CdSe with equal sublayer
thicknesses of 5.0 nm; 1I) Composite films (CFs) of GeS,; (SiO,)/CdSe, consisting of thin island-type
layers of CdSe with nominal layer thickness of 3.0 or 5.0 nm (number of layers 28 and 16, average
nanocrystal diameter of 5.0 and 6.6 nm, respectively [7,8] ), sandwiched between thicker layers of
GeS; (SiO,), (nomina thickness ratio 1:20); I1I) CdSe single films deposited under the same
conditions as those used in SLs and CFs preparation. The nomina film thickness and deposition rate
(0.5 nm/s for CdSe, 3.5 nmv/'s for SIOx and 2.5 nm/s for GeS,) were controlled during deposition by
two calibrated quartz monitors (type MIKI-FFV). Corning 7059 glass substrates were used and were
not intentionaly heated. Layer by layer deposition of each sublayer in SLs was performed by
rotating the substrates at rates between 8 and 15 r.p.m above the respective source. Step-by-step
deposition of CdSe and one-step deposition of GeS, (SiO,) was used in preparation of respective
sublayers in the composite films. High-resol ution € ectron microscopy (HREM) measurements [6, 9,
10] have shown that in the superlattices, sublayers are continuous, smooth and of uniform thickness
as CdSe sublayers consist of randomly oriented nanocrystals. In the composite films CdSe sublayers
are discontinuous. CdSe nanocrystals are also randomly oriented being partly isolated and partly in
contact

Co-planar dectrical contacts of sputtered gold (about 1 cm long and spaced 0.15 cm apart)
were made on the top surface of the samples. For transent photoconductivity measurements, an
dectrically screened Laser Science VSL-337 N, laser plus dye attachment was used to generate 4 ns
pulses of 500 nm light at a flux of 2x10™ cm? attenuated if required by means of neutra density
filters. Following preamplification, the photocurrent decay at 300 V dc bias was recorded on a
Tektronix TDS3052 storage oscill oscope and data transferred to a PC for analysis. Measurements
between 100 K and 400 K were madein a screened cryostat.

Spectral photocurrent measurements were performed with chopped light (2 Hz) from a
diffraction grating monochromator at a resolution of 2 nm/mm. Moddd’s rdation [11]
a=ao(Fo/F)(1/1,)Y# was used to obtain the spectral dependence of the relative absorption coefficient
a. Here F istheincddent flux, | isthe photocurrent and S is the power-law index of the photocurrent
intensity dependence, which was found to be dose to 1 for adl samples used in this study. The
subscript “0” refers to some known reference photon energy.

Steady-state photoconductivity measurements were carried out by Kethley 610
Electrometer in the temperature region 77 - 293 K while illuminating samples with green light
(A=525 nm, 2.5x10" cm? s*). The samples were heated at arate of ~ 0.05 K/s.

3. Results and discussion

Analysis of the TPC measurements over a range of temperatures has been made in terms of
multipl e-trapping, using the Fourier-transform density of states (DOS) spectroscopy [12]. The defect
distribution obtained for the samples studied is shown in Fig. 1. The energy scaling of the DOS plot
was carried out assuming an attempt-to-escape frequency of 1x10% s!, since this gave good
agreement at different temperatures. As a number of factors such as the capture cross-section of the
defects and the carrier mobility must be known, the absolute scaling of the DOS is difficult to
deduce and the DOS magnitudes in this study are only reative. Neverthd ess, one can see significant
differences in the shape of the DOS distributions for different films. These of SIO,/CdSe SL and CF
arerather flat (taking note of the different scales used in Fig 1) when compared with the CdSe single
layer. In addition, the shape of the DOS in the CdSe single layer is quite different from that of the
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SiO,/CdSe CF. Moreover, a gradua change in the shape, approaching that of the CdSe film, has
been observed for SIO,/CdSe SLs [13] with increasing CdSe sublayer thickness. Deconvolution of
the curves performed for al SiO,/CdSe SLs and the ‘5 nm' CF showed that the DOS distribution is
composed of two broad defect bands, pesked at a@bout 0.55 eV and 0.65-0.7 €V. It has been
suggested [13] that the deeper states are associated with CdSe-CdSe interface defects while the
shalower ones may originate from the nanocrystal volume.
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Fig.1. DOS didribution of (from top down): a CdSe single layer, a GeS,/CdSe(5 nm)

superlattice, ‘5 nmand ‘3 nm GeS,/CdSe composite films, a SiO,/CdSe(5 nm) superl attice,

and a ‘5’ nm SiO,/CdSe composite film. Pay attention that the y-scale is different for

different layers. Although the plots shown are only a relative measure of the DOS, they may
be used to compare the magnitudes and energy positions of defects.

The DOS distribution of GeS,/CdSe SLs and CFs has quite a different shape compared with
the SIO,/CdSe samples (see Fig.1). The wide band of localized states peaking at 0.55 €V beow the
conduction band edge is clearly evident in both kinds of GeS,/CdSe samples, but while that at 0.65-
0.7 eV may dill exist in the SL, it is missing in the CFs.. This observation implies that in the
GeS,/CdSe sampl es the CdSe-CdSe interface defect density is rather low. HREM investigations of
SIOJ/CdSe and GeS,/CdSe CFs have shown [9,10] that the mechanism of CdSe nanoparticle
formation on both oxide and cha cogenide surfaces is similar. Independently of the chemical nature
of the surface, a the very beginning of CdSe depaosition embryos are formed at surface positions at
which the curvature and lattice stress are greatest. Further CdSe deposition does not creste new
embryos, but increases only the size of aready formed nanopartid es. Based on this mechanism of
CdSe nanoparticle formation, the strong reduction of CdSe-CdSe interface defect density observed
in GeS,-CdSe CFs can be considered as indication that the surface topology of GeS, matrix layers
facilitates formation of CdSe nanocrystas which are better separated by the matrix material. This
assumption isin good agreement with previous absorption and Raman scattering results [7,8]. A new
broad defect band peaked at about 0.50 €V beow the conduction band edge appears in the DOS
distribution of the GeS,/CdSe SL and GeS,/CdSe CFs (see Fig.1). Since such a band has not been
observed in SIO,/CdSe samples, it may berdated to defect states at the GeS,-CdSe interface.

As dready mentioned, the band at 0.55 eV, attributed to defects in the nanocrystal bulk, is
observed in the DOS distribution of all samples. It is probably connected with the CdSe deposition
conditions which, for example, can cause a slight stoichiometry disturbance. The energy position of
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this band practically coincides with the paosition of double Se vacancies in CdSe monocrystal s,which
act as deep donors [14].
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Fig.2. Optica absorption spectra of two CFs (8) and two SLs (b) having nominal CdSe layer

thickness of 5 nm. The dashed lines at the spectra of S/O,/CdSe CF and SL are pardle to

the tails of the corresponding GeS,/CdSesamples and are shown for illustration of the
difference in the Urbach tail dopes.

Absorption spectra of ‘5nm’ GeS,/CdSe and SiO,/CdSe composite films are shown in
Fig. 2a They each exhibit a wel pronounced exponential (Urbach) taill having a different
characteristic energy E,; in SiO,/CdSe CF E, = 85 meV whilein the GeS,/CdSe CF it is61 meV. As
band tailing is a characteristic measure of the degree of lattice disorder, the larger the slope of the
tail, the greater the disorder in nanocrystals. Hence, the lower E, in GeS,/CdSe CF implies that
GeS;-CdSe interfaces do not create such a strong lattice disorder in CdSe NCs as SO,-CdSe
interfaces. This observation illustrates the important effect of the matrix material on the defect state
distribution in nanocrystals. Moreover, at energies higher than the optical band gap of bulk CdSe
(1.75 eV), three distinct features at 1.94 eV, 2.09 eV and 2.30 eV are seen in the absorption
spectrum of the GeS,/CdSe CF which are nat observed in the spectrum of the S O,/CdSe CF. These
features have been ascribed [7] to three-dimensiona carrier confinement in each separate CdSe
nanocrystal. They indicate the high monodispersity and high quality of CdSe nanocrystd lattice of
GeS,/CdSe samples and concur with the TPC result showing a very low amplitude of the putative
‘0.65-0.7 eV’ defect band inthe DOS.

The absorption spectra of GeS,/CdSe and SiO,/CdSe superlattices having layer thickness of
5 nm are compared in Fig. 2b. It is seen from the figure that at the lowest energies asorption in
SiO/CdSe SL deviates from the exponentia taill A careful anaysis of the absorption curves of
SiO,/CdSe superlattices with various CdSe layer thickness has indicated [15] that the thinner the
CdSe layers, the shorter the exponentia part of the absorption tail. The non-exponentia absorption
has been attributed to dectronic trangtions from defect levels located somewhere in the energy
region of the va ence band tail and conduction band bottom. An energy of more than 0.3 eV (above
the top of the first mini-band of the valence band in CdSe layers) has been roughly estimated for the
position of the suggested defect levels and they have been reated to defect states at the S O,-CdSe
interface [15]. Although E, in GeS,/CdSe superlattices (62 meV) is similar to those obtained in
SiO,/CdSe ones (55-60 meV), the absorption tail in the GeS,/CdSe samples is exponential over a
wide energy range. This indicates that, in contrast with SIO,/CdSe SLs and CFs, in GeS,/CdSe
samples the concentration of interface defect states in the lower portions of the band gap, if they
exigt, isquitelow. The observation could bereated to the different nature of interface bonds.
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Fig. 3. Temperature dependences of the mobility-lifetime product for aCdSe single film and
3nm and 5 nm GeS,/CdSe composite films.

We note that, a the same nomina thickness of CdSe sublayers, absorption tals of
SiO/CdSe composite films are broader than those of superlattices, while the E, of GeS,/CdSe
composite films and that of the superlattices from both systems is practically the same. This
indicates that disorder in CdSe nanocrystals embedded in a SiO, matrix is higher than that in the
other three kinds of samples which concurs with the above conclusion for a strong disorder effect of
the SIO,-CdSeinterface.

Temperature dependences of the mobility-lifetime product 47 calculated from steady-state
photoconductivity data of a CdSe single film and two GeS,/CdSe CFs are shown in Fig. 3. In the
case of the CdSe film atherma quenching beginning at 110 K is observed followed by an increase
a temperatures ~180 K. One can aso see that u7 strongly decreases with decreasing CdSe crystal
size. Room temperature yr values of 4.0x10° cm?V?, 1.2x10°® em?V™* and 3.1x10° cm?V™* have
been obtained for CdSe single layer, 5 nm and 3 nm GeS,/CdSe CFs, respectivdy. In the composite
films the CdSe thickness was taken as a sum of the nomina thickness of the individua CdSe
sublayers.

It is known [16] that in bulk CdSe the low-temperature photoconductivity is related to
‘dow’ recombination centres located a ~ 0.6 €V above the vdence band, which are usualy
associated with Cd vacancies. Bearing in mind that the smaller the CdSe nanocrystd size, the larger
the surface-to-volume ratio, one can attribute the observed strong 1 decrease in GeS,/CdSe CFs to
the presence of a high concentration of some deep inteface defects that play role of ‘fagt’
recombination centers. Similar results have been obtained in Se/CdSe SLs [17], the fast
recombination centersin this case beng located 0.71eV above the valence band edge of CdSe.

4. Conclusions

Density of state distributions in the upper hdf of the gap of continuous and discontinuous
CdSe nanocrystal layers in GeS,/CdSe superlattices and compaosite films have been explored using
TPC and spectral photocurrent measurements. The DOS distribution has been compared with that
obtained for SiO,/CdSe samples similarly prepared. Based on the difference in the characteristic
energy of the Urbach tall, it is concduded that SO, causes stronger deformations in the CdSe
nanocrystal lattice than GeS,. A defect band located at 0.55 eV beow the conduction band edge has
been observed in all samples of both systems and related to defects in the nanocrystal volume (most
likely doubl e Se vacancies). Theband a 0.65-0.7 eV, observed in SiO,/CdSe samples and attributed
to defects at the CdSe-CdSe interface, has not been seen in the DOS of GeS,/CdSe SL and CFs.
Instead a new band appears, 0.5 eV bdow the conduction band edge, associated with defects at the
GeS,-CdSeinterface.
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Steady-state photocurrent measurements on CdSe single films and GeS,/CdSe CFs reved a
reduction in mobility-lifetime product as layer thickness is reduced. Given that carrier recombination
islikdy to proceed via degp defects, this result suggests that such defects originate a the interface of
CdSe nanocrystal's and refl ects the increasing surface to volume ratio.
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