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Abstract. Photoluminescent (PL) properties of undoped nanocrystals of cadmium sulfide
were investigated as a function of excitation power intensity. Room-temperature PL spectra
of CdS nanocrystals grown from the gas phase revealed two emission bands: with peak
positions at 510 nm (near-band-edge emission) and close to 690 nm (deep trap defects).
Tunable photoluminescence of CdS nanocrystals with the exchange of the main radiative
channel from relaxation through defect levels to direct near-band-edge relaxation with the
change of the color was demonstrated. Nonlinear behavior of the intensities of near-band-
edge and defect level emission lines as well as the blue shift of the peak of defect level
emission are discussed and explained by the finite capacitance of the defect subzone in the
forbidden gap. The origin of the red-light emission is due to native defects such as sulfur

vacancies or twinning interfaces.
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1. Introduction

Semiconductor nanostructured materials attract great
scientific and technical interest, due to their unique pro-
perties and possibilities to create components for next-
generation nanoscale electronic and optoelectronic
devices. Today nanoscale semiconductor structures are
widely used as essential components in such devices as
photo-detectors [1, 2], light emission diodes [3, 4], laser
[5], solar cells [6], sensors [7-9], optical switches [10],
etc.

Ones of the most important functional nanostruc-
tures are quasi-one-dimensional (1D) semiconductors,
namely: nanowires (NWSs), nanobelts, nanorods, and
nanotubes. Their unique properties are related to
opportunity of rational and predictable synthesizing the
single crystal forms with controlling all the key
parameters, including chemical composition, size, shape,
crystal structure and doping. Optical properties of
nanostructures are very different from the respective bulk
materials. Even beside quantum-size effects, high ratio of
surface to the volume of such structures has big influence
on luminescent and optical properties.

In recent years, many one-dimensional semicon-
ductor nanomaterials, namely: ZnO [11], ZnS [12], GaN
[13], InP [14] and InAs [15], have been intensively
studied and proposed as active components to fabricate
optoelectronic devices. 11-VI compound semiconductors,
especially cadmium chalcogenides, are the class of mate-

rials able to create 1D nanostructure, and they have been
investigated in this form, too. These materials are recog-
nized as the promising ones in optoelectronics owing to
their high quantum efficiency and variable bandgap.

Among these semiconductors, CdS is one of the
most important direct wide bandgap (about 2.5eV,
depending on the polytype [16]) semiconductors with the
relatively high exciton binding energy (29 meV > kT4om)
and exciton Bohr radius of approximately 2.85 nm. CdS
nanostructures possess excellent electronic and optical
properties owing to large optical absorption coefficients,
high emission quantum efficiencies and the ability to
tune emission in the visible range simply by changing its
size or shape. For this reason, CdS nanostructures have
been considered as the promising ones for photodetectors
operating in the visible spectral range [17].

Today one-dimensional CdS nanostructures are
synthesized using various approaches, including thermal
evaporation [18], electrodeposition [19], template-
assisted electrochemical synthesis [20], chemical vapor
deposition [21], solvothermal methods [22], hydro-
thermal process [23], and vapor-liquid-solid growth
(VLS) [24]. The most extensively employed methods to
synthesize 1D nanostructures are vapor phase growth,
since these methods give opportunities to grow
nanostructures with high crystallinity, monodispersity, as
well as controlled morphology and optical properties. In
addition, this approach gives great opportunity for the
bottom-up growth of complex structures.
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The use of nanomaterials as building blocks for
various optoelectronic devices requires sufficient control
of their quality, because the intrinsic properties of
semiconductor nanomaterials determined by the size,
shape, and crystal structure are the important factors
defining their optical properties. Also, a number of
researches were performed to reveal the influence of
strain, alloying and variable stoichiometry of 1D
nanostructures on their optical and electric properties in
order to widening the working range and flexibility of
devices on the base of nanostructures [25-28].

One factor in manipulation of optoelectronic
properties is the phase control of semiconductor NCs.
CdS is well known to exist as two types of structural
polymorphs, the cubic sphalerite or zinc blende (ZB) and
the hexagonal wurtzite (WZ) structure. The bandgap is
Eg = 2.42 eV for the bulk WZ phase and Eg = 2.53 eV for
the bulk ZB phase [16]. Transformation of the crystal
structure leads to the change of the bandgap, and, as a
consequence, some variation of the optical properties of
nanostructures [29-31].

In the previous work [32], we investigated the
influence of technological growth parameters on the
morphology and optical properties of CdS nanowires
demonstrating correlation of the ratio of intensities
of green near-band-gap and red defect/impurity
luminescence with the quality of grown nanocrystals.
This work is focused on investigation of the dependence
of the photoluminescence emission of CdS nanocrystals
with two types of structural polymorphs ZB and WZ as a
function of the excitation power.

2. Experimental section
2.1. Sample preparation

Nanocrystals of CdS were synthesized using chemical
vapor condensation by the technique of quasi-closed
volume with hot walls. Decompositive sublimation of
CdS powder in a high-temperature reactor inside a
vacuum chamber was used as a vapor source. CdS
powder was a semiconductor purity. Temperature of
vapor source was 750 °C. Evacuation of silica reactor
with graphite stages perfomed with criogenic sorption
vacuum pump with the residual pressure in the chamber
of ~107 Torr. This technique allows growing single
crystals of cadmium sulfide with a diameter from tens to
hundred nanometers and the length up to millimeters,
which is defined by the time of growth for both wurtzite
and sphalerite type of symmetry. More detailed des-
cription of the technology was published earlier [32, 33].

Usually, the second source of additional sulfur
vapor is used. It is known the thermodynamic
equilibrium of A?B® crystal with sulfur vapor to be
shifted to creation of nonstoichiometric defects [34]. So,
overpressure of sulfur vapor at the synthesis or during the
following long-term annealing in sulfur vapors is used to
decrease the defect concentration in crystals or films,
what we used in our previous works [32, 35]. This
approach decreased defectness of CdS nanocrystals
remarkably. However the present work is aimed at
investigation of the influence of defects on luminescent

properties of nanocrystals. Thus, no additional source of
sulfur vapor was used at the synthesis.

Nanocrystals used in the present investigation were
grown on Mo glass slides as the substrate with gold seeds
as nucleation centers. The gold nucleation seeds were
prepared using deposition of a thin Au film with the
thickness close to 2 nm on the substrate by thermal eva-
poration followed by annealing in vacuum. Film thick-
ness during deposition was controlled by quartz micro-
balance and calculated through the mass uptake value.

2.2. Characterization

The growth and optical properties of CdS nanowires
were investigated by X-ray powder diffraction (XRD),
scanning electron microscopy (SEM), UV-visible
photoluminescence (PL) spectroscopy.

SEM studies were performed using JEOL JSM35,
JXA-8200. The phase composition of the films was
analyzed by ex-situ X-ray diffraction carried out with a
Philips X’Pert PRO X-ray diffractometer with CuKa
radiation (A = 0.154 nm). The qualitative phase analysis
of the diffractogram was carried out using the ICDD
database, PDF-2 Release 2012.

The optical properties of the material were
investigated for ultraviolet-visible (UV-vis) photolumi-
nescence at room temperature by using the automatic
MDR-23 spectrometer (LOMO, USSR) with PMP-100
photomultiplier as a detector and a semiconductor laser
with the wavelength 407 nm as the excitation source.
Excitation power was regulated by a number of
calibrated neutral filters. To ensure comparability of
photoluminescence results, optical alignment was fixed
during the measurements.

3. Results and discussion

The SEM image at low and high magnification of as-
grown CdS nanocrystals ensemble is presented in Fig. 1.
As it is seen in Fig.la, the large amount of CdS
nanocrystals is distributed randomly on the substrate.
Nanocrystals shown in Fig. 1b demonstrate bends
distinctive for the change of the crystal polytype. It is
apparent that the typical length of nanocrystals is in
micrometer scale, and the diameter is in the scale of
hundreds of nanometers. Some nanowires show a
remaining catalyst gold dot on the top after growth, as it
may be seen in Fig. 1c.

The phase structure and crystallinity of grown CdS
nanocrystals were investigated using conventional X-ray
diffraction. Fig.2 shows the XRD pattern of as-
synthesized CdS nanocrystals. The composition of
nanocrystals is close to that in stoichiometric CdS with
traces of Au catalyst and no byproduct peaks. It can be
seen that the diffraction peaks correspond to the presence
of both CdS structure phases. The ratio of cubic ZB to
hexagonal WZ phase estimated using the method of
corundum numbers is 59% to 41%, respectively. Gold is
presented in the form of separated nanoparticles with
cubic ZB structure. It is confirmed in Fig. 1c by electron
microscopy demonstrating these nanoparticles at the end
of freshly grown CdS nanocrystals [32].
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Fig. 1. Low (a) and high (b, c) resolution SEM images of as-prepared CdS nanocrystals. The panel (c) demonstrates residual gold dot

at the end of grown CdS nanocrystals.

Photoluminescence of CdS nanocrystals was inves-
tigated at room temperature under the different excitation
power changed by the set of neutral filters. All the shown
in Fig. 3 PL spectra of CdS nanocrystals exhibit typical
two emission peaks that originate from different excited
states ascertained in numerous publications [32, 36, 37].

The high-energy band centered near 510 nm has a
relatively narrow full-width at half-maximum (FWHM)
close to 15 nm and is assigned to the near-band edge
(NBE) emission. The origin of NBE can be related to one
or both recombination kinds: free electron-hole or
excitons or trapping the charge carriers by shallow states
nearby the band edge [37, 38]. The broad emission peak
ranging from 550 up to 800 nm is attributed to the
radiative recombination of carriers on deep states in the
forbidden band (defect level emission, DLE). It is
typically associated with transitions related to sulfur
vacancies (VS), interstitial cadmium, structure defects,
trapped electrons/holes at surface defects [37, 39]. One
more type of structural defects in the investigated
samples can be electronic states induced by twinning
interfaces in the CdS nanocrystals [40]. The FWHM of
defect level emission is much larger than that of near-
bandgap emission, which stems from defect complexes
with slightly varying energy levels.

For better comparison, all the PL spectra measured
for various excitation powers were normalized by the
maximum intensity of DLE and plotted in Fig. 3b. At low
excitation conditions (approximately 50 mwW/cm?), DLE
gives the main contribution to luminescence of CdS NCs,
because practically all the excited carriers are trapped by
defect states within the forbidden band. The NBE
emission has significantly, more than one order of
magnitude, lower intensity. Due to the density of defect
states is much lower than that of exciton-related near
band-edge states, the intensity of DLE emission rises
slower than that of NBE emission. At the increasing
excitation power, the difference of PL intensities between
DLE and NBE emissions becomes lower, and when the
excitation power reaches its maximal value close to
21 W/cm?, the PL intensity of the green NBE emission
becomes dominant as it is seen in the corresponding
spectra (Fig. 3b). The further increase in the excitation
power makes NBE emission to be the main radiative
channel.

This is clearly demonstrated by the PL spectra
obtained under excitation of CdS nanostructures with a
He-Cd laser possessing the power approximately
100 W/cm?, which is represented in the insert of Fig. 3a.
That PL spectrum was registered using LabRam HR800
micro-Raman system.

Evolution of DLE and NBE photoluminescence
intensities inherent to CdS NCs with rise of the excitation
power P, is exhibited in Fig. 4. As it can be seen, the PL
intensity of DLE emission is slowly increased the
tendency to saturate with raising the excitation power
density, while the intensity of NBE grows superlinearly
exceeding the intensity of the DLE emission after some
moment (Figs 3 and 4). The insert demonstrates their
behavior at low level of the excitation, which is not
resolved at the origin of Fig. 4. It is seen that at low level
of excitation, both DLE and NBE rise superlinearly.

As the result of competition between the NBE and
DLE recombination channels, the emitted color of CdS
NCs gradually changes from red to green. Analogous
power dependent emission color tunable property was
observed in many nanostructures, such as CdS doped with
tin, manganese, indium [41-44], SnO, nanowires [45].
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Fig. 4. Dependence of the intensity for NBE (green) (1) and
DLE (red) (2) emissions versus the excitation power.

To make clearer the process of luminescence in
both bands, these dependences are adduced in the
logarithmic scale (Fig. 5a). Both dependences are shown
in different scales to avoid their crossing and shadowing
of some features at high level of excitation.

It is seen that both dependences behave visually
rather similar, but the bend of the DLE dependence for
1.4 W/cm? excitation is steeper. The similarity can be
explained by the fact that we excite our nanocrystals into
conduction band by photons of ~2.64 eV and emission
from defect levels arises after the relaxation of electrons
from the conduction band on defect levels within the
forbidden band. So, the number of electrons in the
conduction band and on defect levels should correlate.

In fact, there are a number of different models of
possible nonlinearity and the change of the mechanism of
nonlinearity of the luminescence with the excitation
power [46—-49]. They use different assumptions about one
or few levels in the band gap. However, even with one
defect level in the band gap the system of Kkinetic
equations for such a system demands some
simplifications to be solved and there is variety of
possible evolution of the nonlinear response of
luminescence to the excitation power depending on the
model parameters. These changes correspond to the
change of the relaxation scheme at the change of the
excitation power and, correspondingly, the change of
generated carriers and population of different energy
levels. For example, Fig. 7 in [48] well corresponds to
the linearization shown in Fig. 5b with accounting the
bend of dependences shown in Fig. 5a. If to accept this
interpretation, and the radiative recombination rate
model, where the luminescence intensity I corresponds
to the dependence [50]

lpL= T]XP(X excitat (1)

where Peita 1S the excitation power and 1 is the emission
efficiency, we have for the exponent o representing the
radiative recombination mechanism before and after the
bend close values of 1.24 and 1.21, correspondingly for
NBE luminescence, while in the transition range between
two different relaxation schemes o =0.8. Respectively,
for DLE emission this exponent is o =0.95 before the
bend close to 1.4 W/cm?, drops down to 0.4 in the
transition region and increases to only 0.62 after the bend
for new relaxation scheme. The latter demonstrates that
in new relaxation scheme the population of the defect
level grows noticeably slower than before, which is
exhibited in slow saturation of the intensity of long-wave
band. It should be noted that the value of the growth
exponent a in the dependence of PL intensity versus the
excitation power is defined by the dominant carrier
recombination process in nanostructure at a given
excitation intensity.

On the other hand, errors of measurements do not
allow making any unambiguous conclusion about all
mechanisms, because of the features inherent to NBE
dependence are rather small, and that whole dependence
may be interpreted as linear. However, the bend of DLE
dependence at the excitation power close to 1.4 W/cm? is
more pronounced, and it cannot be ignored.

The second linearization scheme is shown in Fig. 4c.
The size of symbols corresponds to experimental errors,
and one linear approximation of the NBE dependence
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shown in Fig. 4c goes not so close to them as in Fig. 4b,
but rather close. In this case for the NBE intensity, we
obtained for equation (1) o =1.12. This value is rather
close to 1.07 reported for analogous CdS nanowires [36].
These values indicate that the NBE emission should be
mainly attributed either to free or bound excitons or
bound electron-hole complexes annihilation, while for
band-to-band recombination o = 2 [51]. DLE dependence
can be approximated by two linear dependences with
a=0.95 for low excitation and o« =0.49 for high
excitation levels.

In spite of impossibility to make unambiguous
conclusion about carrier dynamics at different
excitations, both discussed approaches indicate some
slowing of the population of defect levels at the rising
excitation power.

In addition to this feature, Fig. 3 demonstrates other
details of DLE emission. The rise of FWHM of this band
with increasing the excitation power was noticed before,
as well as noticeable shift of the maximum to the blue
spectral range. The position of peak energy for the DLE
band versus the excitation power is shown in Fig. 6.

This blue shift of about 65 meV is more pronounced
in its value than the red shift of the NBE maximum,
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Fig. 6. Dependence of peak position energy for DLE emission
on the excitation power density. Solid line — as guided to the
eye.

which is close to 10 meV. The latter shift may be
explained by heating of the sample at the rising
excitation power. At the same time, this big shift of DLE
band cannot be explained as only visual shift
corresponding to approach of the NBE band caused by
their mutual overlapping. Thus, we can conclude that the
shift of DLE band maximum and increase of its FWHM,
which looks similar to asymmetrical widening into the
blue range, are defined by some additional mechanism.

This behavior demonstrates much clear pronounced
saturation than that for the intensity of DLE band in
Fig. 4. All the features of DLE can be easily explained
assuming the finite capacity of defect levels and their
energy dispersion, as it is shown schematically in Fig. 7.

The main feature of shown scheme is the finite
number of defect levels Ngs and their indicated energy
dispersion. It is clear that filling of those levels is defined
by bimolecular process, i.e. by the number of free
electrons in the conduction band n. and the number of
empty defect levels (Nggs— Ng), where ny is the number of
occupied defect levels. It is obvious that increasing nq
results in filling of defect levels with more and more high
energy.

It is possible to demonstrate that independently of
the kind of electron recombination from any levels to the
valence band (mono-molecular or bi-molecular process,
or their mixture, or presence of not shown shallow
donors and acceptors), if the rate of filling of defect
levels is proportional to n(Nges — Ng), as it is indicated in
Fig. 7, limiting filling of that band at low and high
excitation power are ng=kn. and ng= Nge,
correspondingly.

This scheme describes all features of emission from
the defect levels. Increasing the excitation power excites
more and more electrons to the conduction band and,
correspondingly, fills more defect levels with more and
more high energy. However, the total filling of defect
levels approaches the limiting value Ngg. As the result,
the total intensity of the DLE is saturated, since the
maximal number of defect level is limited, and the band
shifts to higher energies as the levels with the higher
energy contribute to the increasing FWHM of
luminescencent band, too. As relatively smaller numbers
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electron transitions.

of free electrons relax to defect levels at their filling,
more electrons participate in NBE emission giving
additional contribution into the superlinear dependence
of the NBE intensity versus the excitation power.

The present analysis can not accurately ascertain the
nature of these defect levels; however, the energy of
DLE has the maximum in the approximate range
1.77...1.9 eV, which, according to the published data
[37, 52, 53, 54], corresponds to surface-related defect
states, native defects such as interstitials and vacancies of
sulfur or cadmium. This assumption is confirmed by our
previous results [32], where the intensity of DLE
decreased after annealing of samples in sulfur vapor,
which decreases the number of sulfur vacancies. It was
noted that the growth of nanocrystals from stoichiometric
amount of cadmium and sulfur results in noticeable
amount of sulfur vacancies. We demonstrated [32] that
the use of gold seeds as the catalyst remarkably increases
the speed of the growth of nanocrystals accompanying a
remarkable increase of DLE, as compared with
nanocrystals grown without any catalyst. We attributed
this fact to creation of non-stoichiometric defects, which
have no time to be repaired because of fast growth. A
large number of defects created due to two noted features
of the used synthesis explains creation of narrow defect
band resulting in the observed features of DLE.

Another possible origin of the defect levels is
twinning interface. It is even proposed as the main reason
of DLE in some works [40, 55]. Spectral and structural
analyses of CdS nanocrystals synthesized by a two-phase
technique showed that the broad low-energy PL emission
band from 500 up to 750 nm can be attributed to optical
transitions with participation of electronic states induced
by twinning interfaces in the nanocrystals [40]. Another
investigation [56] demonstrates some influence of the
structure on luminescence properties inherent to
ensembles just for mesoscopic sizes of crystallites.
However, there are no general conclusions about this
influence. So, for our samples the question of the
influence of polymorphism on investigated optical
properties is still open. The general result, which could
be expected, is the higher value of FWHM for emission
bands in these samples.

4. Conclusions

Our investigations of the excitation power-dependent
photoluminescence properties of the ensemble of CdS
nanocrystals synthesized using the CVD method have
demonstrated the tunable photoluminescence of undoped
CdS nanocrystals with two types of crystal structure,
which can be finely controlled and easily realized,
depending on outer excitation power and native defect
concentration.

The luminescent properties of the CdS nanocrystals
demonstrate  competition of different relaxation
mechanisms resulting in different power dependence of
NBE and DLE emission versus the excitation power and
their variation during the rise of the excitation power. As
a result, luminescence of CdS nanocrystals changes its
color under changing the excitation power. Possible
mechanisms of this behavior have been discussed, and
possible origin of defect levels has been proposed.

The results suggest that this kind of CdS
nanocrystals can be applied in the industry of
optoelectronic nanodevices.
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JIroMiHeCclleHTHI BJIaCTHBOCTI HAHOKPHUCTANIB cyabdiny Kaamilo, BUPOLIEHUX 3 ra30Boi ¢a3u
A.B. Borociioseska, /1.O. I'punbko, €.I'. Bopmariscskmii

AHoTtaunis. JlocmimkeHo (OTOMOMIHECIIEHTHI BJIACTUBOCTI HEJETOBAHMX HAHOKPHCTANIB Cynbdimy Kaamiro B
3aJIeKHOCTI BiJi MOTYXHOCTI 30ymkenHs. Crniektpu doronrominecueHnii HaHokpucTainie CdS, BuUpolIeHUX i3 ra3oBoi
(a3u, BUMIpsHI ITpU KIMHATHIH TeMIlepaTypi, BUSABUIN JIBI CMYT BUIIPOMIHIOBAaHHS: 3 MOJIOKEHHSIMH MaKCUMYMIB IIpH
510 M (kpaiioBe BHNpPOMIiHIOBaHHs) Ta mpubau3Ho mpu 690 HM (ramboki nedextHi piBHi). [IpomemoHCcTpOBaHO
peryjibpoBaHy IIOTYKHICTIO 30yDKeHHS (oToJrOMiHecUeHilo HaHokpuctaniB CdS i3 3MiHOIO OCHOBHOTO
BUIPOMIHIOBAJILHOTO KaHAITy BiJl pejakcallii uepe3 piBHI JedeKTiB 10 NpsMoi KpaloBoi penakcarlii, 110 TPUBOAUTH JI0
3MiHH KOJILOPY. OOTrOBOPIOETHCS HEMiHIMHA MOBEAIHKA IHTCHCUBHOCTI JIHIM BHUIPOMIHIOBAaHHS 000X CMYT, a TaKOX
3CyB MiKy BHIIPOMIHIOBaHHS JE(EKTHOI CMYT'M B CHHIO CTOPOHY, IO IOSICHIOEThCS CKIHUCHHOIO €MHICTIO MiA30HH
nedekriB y 3ab0oponeHii 30HI. [ToXomkeHHs BHUIPOMIHIOBAHHS JOBTOXBHJIBOBOI CMYTH IIOB’SI3aHE 3 MPUPOJIHUMH
nedexramu, TaKUMH SIK BakaHCIi Cipky a00 IBIHHUKYBaHHS Ha TPAHMIIX 3€PEH.

Koarouogi ciioBa: CdS, HaHOKpHCTaTH, (POTOTFOMIHECIIECHIIIS,, MOP(OJIOTisS KpUCTaa, MOTYKHICTh 30y AKESHHSI.
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