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Abstract—The photoluminescence kinetics in CdS nanocrystals produced by the Langmuir—Blodgett tech-
nique is studied at a temperature of 5 K. The photoluminescence kinetics is described by the sum of two expo-
nential functions, with characteristic times of about 30 and 160 ns. It is found that the fast and slow decay
times become longer, as the nanocrystal size increases. Analysis of the data shows that the fast decay time is
controlled by trion recombination in nanocrystals with defects, whereas the slow decay time is controlled by
the annihilation of optically inactive excitons in nanocrystals without defects. It is established that, as the
nanocrystal size is decreased, the fraction of imperfect nanocrystals is reduced because of an increase in the

energy of defect formation.
DOI: 10.1134/S1063782615030252

1. INTRODUCTION

At present, studies of nanocrystals (NCs) are of
particular interest because of the possibility of their use
as a basis for the production of efficient semiconduc-
tor light-emitting diodes and lasers, logic elements,
and memory facilities for a new generation of comput-
ers. Due to the small dimensions of NCs and the pos-
sibility of dense packing of NC matrices, such systems
offer promise for use in high-capacity memory facili-
ties. Lasers based on NCs can operate at lower pump
currents, exhibit a higher degree of temperature stabil-
ity of pump currents, and work at higher operating fre-
quencies [1]. One of the promising directions in this
field is the use of NCs based on wide-gap II—VI mate-
rials for the production of light-emitting devices oper-
ating in the blue spectral region [2].For the use of NCs
in light-emitting devices, of great importance is deter-
mination of the mechanisms and time of the recombi-
nation of nonequilibrium charge carriers. The radia-
tive-recombination time of nonequilibrium charge
carriers in bulk CdS ranges from hundreds of picosec-
onds to several nanoseconds [3—5], whereas the exper-
imentally observed radiative-recombination times in
CdS NCs produced by various techniques lie in the
range from ten picoseconds to ten nanoseconds [6—8].
The spread of the experimental values is defined by
different mechanisms of recombination. The specific
feature of CdS NCs is the nonexponential lumines-
cence kinetics after pulsed excitation; this kinetics is
described by the sum of two exponential functions
[6—8]. Fast luminescence decay is attributed to
recombination between quantum-confinement levels
in the NCs, and slow decay, to the effect of surface

states [6, 7]. Another explanation of the long-term
luminescence kinetics in NCs can be based on the
concept of two types of excitons (singlet and triplet
excitons) with different lifetimes [8]. CdS NCs are
produced by molecular-beam epitaxy (MBE) with
self-assembly effects [9] and by the colloid-chemistry-
and Langmuir—Blodgett (LB) techniques [10, 11].
The advantage of the last two mentioned methods is
the simplicity and low cost of the processes of NC pro-
duction. NCs produced by the MBE and colloid-
chemistry techniques have been actively studied. At
the same time, the recombination properties of NCs
synthesized by the LB technique are poorly known.

In this study, we explore the photoluminescence
(PL) kinetics in CdS NCs formed by the LB tech-
nique. It is found that the PL kinetics is extended for
an unusually long time (>1 ps) and the PL decay fol-
lows a nonexponantial law. In order to study the mech-
anisms responsible for the long-term (microsecond)
kinetics, we here study the time-dependent PL of dif-
ferent-sized CdS NCs at liquid-helium temperatures.

The paper is arranged in the following manner: in
Section 2, we describe the procedure of preparation of
the samples and their characteristics; in Section 3, we
describe the experimental data obtained in the study;
Section 4 presents discussion of the data; and in Sec-
tion 5, we briefly summarize the main conclusions.

2. EXPERIMENTAL

The samples with CdS NCs to be studied were pro-
duced by the LB technique. As the substrates, we used
(100)-oriented silicon substrates, onto which we
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Fig. 1. TEM image of the CdS NCs annealed in an ammo-
nia atmosphere at 200°C. The images of CdS NCs with
clearly seen interplanar spacings are circled.

deposited 80 cadmium-behenate = monolayers
(240 nm). The cadmium-behenate films were sulfur-
ized with gaseous hydrogen sulfide (H,S) at a temper-
ature of 22°C and a H,S pressure of 100 Torr for 2 h.
The reaction of cadmium behenate with hydrogen sul-
fide brought about the formation of CdS NCs distrib-
uted in a behenic-acid matrix. The procedure of prep-
aration of the samples with NCs is described in detail
elsewhere [12]. The LB matrix was removed by the
thermal desorption of behenic acid at a temperature of
200°C in vacuum and an ammonia atmosphere, and
the NCs remained on the surface of the substrates.
According to scanning tunneling microscopy (STM)
data, the average NC height after annealing was ~3 nm
[13] and the NC density was 10'' cm~2 [14]. The pas-
sivated and unpassivated NCs were clustered. Estima-
tion of the exact NC lateral dimensions was impossible
because of overlapping of the NC contours (Fig. 1).

The samples produced by the above procedure were
studied by PL measurements. The steady-state PL sig-
nal was excited by He—Cd laser radiation at a wave-
length of 325 nm and an average excitation power den-
sity of about 0.5 W cm~2. In the time-resolved PL
measurements, we used a pulsed N, laser emitting at
the wavelength 337.1 nm with a pulserepetition fre-
quency of 1 kHz and pulse energy density of 2 x
10* W cm~2. The laser beam at the sample surface was
about 3 mm in diameter. A laser beam of such diame-
ter excited the PL signal from an ensemble of about 5 x
10° NCs. The PL spectra were recorded with a spec-
trometer based on a SDL-1 double monochromator.
The monochromator was equipped with a cooled
FEU-79 photomultiplier operating in the photon
counting mode of measurements. For PL measure-
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Fig. 2. PL spectra of the CdS NCs annealed at 200°C in
(1) vacuum (at a laser power of 14 mW cm_z), (2) NH;

atmosphere (at a laser power of 14 mW cm_z), and
(3) NHj atmosphere (at a laser power of 4 mW cm_z). The
measurement temperature is 5 K.

ments at a temperature of 7= 5 K, we used an Utreks
A-255 cryostat.

3. RESULTS

Figure 2 shows the PL spectra of the CdS NC sam-
ples. The spectra were recorded at 7' = 5 K after
annealing of the samples in vacuum and a NH; atmo-
sphere. In the PL spectrum of the NCs annealed at
200°C in the NH; atmosphere, a short-wavelength
band with a peak at ~460 nm (2.69 eV) and full width
at half-maximum (FWHM) of 0.15 eV is dominant; in
addition, there is a broad low-intensity shoulder in the
wavelength range 510—600 nm. In the PL spectrum of
the NCs annealed at 200°C in vacuum, we observe the
opposite situation: a broad shoulder in the wavelength
range 450—600 nm dominates, whereas the PL band
with a peak shifted to shorter wavelengths and located
at ~410 nm (3.02 eV) is lower in intensity. The short-
wavelength peak is defined by electron transitions
between quantum-confinement levels in the NCs, and
the broad shoulder is a result of recombination
through energy levels in the band gap of the NCs. The
last-mentioned energy levels can be formed by both
structural defects inside the NCs and states at the NC
surface [15—18]. The different intensity ratios between
the short- and long-wavelength PL bands for the sam-
ples annealed in an ammonia atmosphere and vacuum
suggest that ammonia has a passivating effect. Below
we present and discuss the results obtained for the
sample passivated in an ammonia atmosphere.

From the position of the short-wavelength PL
peak, we can estimate the NC dimensions using the
model of a quantum well with infinitely high walls. In
this case, the energy spectrum of charge carriers in the
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Fig. 3. Time-dependent PL spectra of CdS NCs annealed
at 200°C in a NHj3 atmosphere, as recorded at different

delay times after the laser pulse. The delay time is (/) 0.1,
(2) 0.25, (3) 0.4, and (4) 1.0 ps. The dotted line shows the
steady-state PL spectrum. The measurement temperature
is5S K.

NC is defined by the smallest NC size in accordance
with the expression

ﬁ2 2 2
E=Eg+2212 (1)
dm*d’

Here, E is the energy between the electron and hole
quantum-confinement levels, E, = 2.58 eV is the
band gap of bulk CdS at 7= 5 K [19], n is a positive
integer, m* = m,m,/(m, + m,) = 0.154m, is the reduced
electron—hole effective mass (m, = 0.19m, and m,, =
0.8m, are, correspondingly, the electron and hole
effective masses), and d is the NC height. Using for-
mula (1) and assuming that the NC has a spherical
shape, we obtain the average NC radius 1.6 £ 0.5 nm.

Figure 3 shows the time-dependent PL spectra
recorded at 5 K at different delay times after the laser
excitation radiation pulse. From Fig. 3, it can be seen
that, in the case of a short delay time (0.1 us), the PL
intensity peak is at 458 nm. As the delay time is
increased to 1 ps, the PL intensity peak shifts to longer
wavelengths up to 470 nm.

Figure 4 illustrates the PL decay kinetics recorded
for the PL intensity peak at 5 K. The decay of the PL
intensity cannot be described by any simple exponen-
tial dependence on time and consists of two portions.
In the initial portion, the PL intensity rapidly
decreases with time. The fast decrease in the PL inten-
sity is exponential and lasts for up to 0.5 us, with a
characteristic decay time of ~30 ns. The second por-
tion of the kinetics can be represented by a less steep
exponential decay of the PL intensity with time. The
characteristic PL decay time in the second (slow) por-
tion is ~140 ns. Thus, the time dependence of the PL

T T T T

T T T T

1073

PL intensity, arb. units

T T T

107

T T T

Time, ps

Fig. 4. PL decay kinetics recorded for NCs in the PL peak:
(1) experimental data and (2—4) approximations of the
data with (2) the sum of two exponential functions, (3) a
single “fast” exponential function and (4) a single “slow”
exponential function. The measurement temperature is 5 K.

intensity can be described by the sum of two exponen-
tial functions:

(1) = I,+ W, exp(—Ti) + erxp(—f). )

I

Here, parameter [, corresponds to the minimum PL
intensity indistinguishable from noise; parameters W),
and W, are weighting coefficients; and t, and t, are the
characteristic times of the fast and slow potions of the
PL decay kinetics, respectively.

Figure 5a and 5b show the characteristic decay
times of the fast and slow portions of the PL decay
kinetics as functions of the NC size. The characteristic
times shown in Figs. 5a and 5b were measured within
the band attributed to recombination between quan-
tum-confinement levels in the NCs (in the range 430—
470 nm). The NC size was calculated by formula (1).
From Figs. 5a and 5b, it can be seen that the charac-
teristic decay times in the fast and slow portion of the
PL kinetics increases, as the NC size increases.

4. DISCUSSION

The PL signal can be defined by the annihilation of
excitons, biexcitons, or trions in the NCs. The energy
positions of the recombination lines attributed to the-
ses quasiparticles differ only slightly: the binding ener-
gies of excitons, biexcitons, and trions in NCs are
approximately 20—40 meV. (For excitons, biexcitons
and, trions in CdS, the binding energies are 28, 38,
and 20 meV, respectively.) Since the PL-band width is
~150 meV, we can infer that all of the above-listed qua-
siparticles may contribute to the PL spectrum. To clar-
ify the role of biexcitons, we recorded the steady-state
PL spectrum and the PL kinetics at different pump
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Fig. 5. Dependences of the (a) fast and (b) slow decay
times on the NC dimensions. Solid lines show approxima-
tions of the dependences with a power function and a lin-
ear function for the fast and slow decay times, respectively.
The measurement temperature is 5 K.

powers. Since the PL intensity related to excitons and
biexcitons is proportional, correspondingly, to the first
and second power of the laser power, biexcitons can be
dominant at higher laser powers and identified by the
shift of the band to longer wavelengths and by a life-
time that is two times shorter than the exciton lifetime
[20]. From Fig. 2, it can be seen that, as the laser
power is increased, the PL spectra do not shift and the
PL intensity is directly proportional to the pump
power. The PL decay curves remain unchanged as
well, as the pump power is increased. This suggests
that biexcitons do not make any substantial contribu-
tion to the PL spectrum of the NCs.

The formation of two exponential portions in the
PL decay curve can be explained within the context of
several models. The most natural model is based on
the concept of exciton recombination. It is known that
the spectrum of free excitons exhibits fine structure
arising from splitting of the valence band by spin—orbit
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interaction and the influence of a noncubic crystal
field. The lower level corresponds to an exciton with
J = 2. This exciton is commonly referred to as a dark
exciton, since the optical transition from this state is
forbidden because of violation of the angular momen-
tum conservation law. The upper level corresponds to
an exciton with J = 1, and this exciton is referred to as
a bright exciton. In bulk structures, the energy gap
between the above-mentioned levels (AE) is small and
corresponds to about 1 meV. In NCs smaller in size,
the splitting energy is larger. As a result, at low mea-
surement temperatures, such that k7 < AE, excitons
occupy the lower state. The splitting energy is influ-
enced also by mixing of the lower and upper exciton
states [8].

In addition, the energies of the bright and dark
exciton levels depend on the NC shape. For spherical
NCs of any size, the lower state corresponds to the
dark exciton. In this study, the NC radius varies from
1.0 to 2.3 nm. According to the calculations per-
formed in [21], for spherically symmetric NCs of such
radii, the energy gap AFE steadily increases from 20 to
90 meV, as the NC dimensions are decreased. How-
ever, it was experimentally found [8] that the energy
gap AFE in NCs, on the contrary, slightly decreased
from 14 to 6 meV, as the NC radius decreased from 2.7
to 1.8 nm. In this case, the exciton ground state in the
NC of 1.8 nm radius was dark, whereas the ground
state for the NC of >2.1 nm radius was bright. Such
behavior was attributed to inversion of the lower and
upper exciton states. According to the calculations
performed in [22], inversion of the dark and bright
excitons can occur in NCs extended along the hexag-
onal axis z (the symmetry axis C;) because of the dif-
ference between the hole effective masses in the 4 and
B subbands. In the calculation [22], it is taken into
account that the hole effective masses of the A and B
subbands are anisotropic and the ellipsoid semiaxis ¢
parallel to the symmetry axis C; is 1.28 times larger
than the two other semiaxes. In extended NCs, the
lower hole quantum-confinement level is defined to a
larger degree by the effective mass in the plane orthog-
onal to the hexagonal axis of the crystal z, and in this
plane, the hole effective mass of the A subband is
smaller than the hole effective mass of the B subband.
A decrease in the NC size yields a shift of the quan-
tum-confinement level; this shift is inversely propor-
tional to the effective mass and the NC radius squared,
and therefore, the shift of the quantum-confinement
level for a light hole is larger than the shift for a heavy
hole. Thus, as the size of an extended NC decreases,
the hole levels can be inverted; i.e., the energy posi-
tions of the dark and bright exciton levels can be inter-
changed. In flattened NCs, the quantum-confine-
ment level is defined mainly by the effective mass in
the plane parallel to the hexagonal axis of the crystal z.
In this case, the hole effective mass of the B subband is
smaller than that of the 4 subband, and the splitting
energy AE only increases, as the NC dimensions
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decrease; so the hole and exciton levels do not change
their mutual arrangement. Therefore, in flattened
NCs of any size, the lower state corresponds to the
dark exciton.

The characteristic exciton lifetimes in NCs
extended to different degrees were calculated in [23].
If the ellipsoid semiaxis along the hexagonal axis is
increased in relation to the other two semiaxes by a
factor of 1.05—1.2, the lifetimes vary from 10~? to
10~ s for bright excitons and from 107> to 102 s for
dark excitons. Thus, as the degree of NC extension is
increased, the lifetimes of both types of excitons
become longer.

Facci and Fontana [24] studied the shape of CdS
NCs formed by the LB technique. It was found that
that the NCs located in the LB matrix were shaped as
ellipsoids. After removal of the matrix by thermal des-
orption at 100°C, the NCs increased in dimensions
and took on a spherical shape. Thus, the NCs under
study here are most likely to be spherically shaped.
Electron microscopy data also show that the NCs are
close to spherical. By virtue of this circumstance, the
lower state corresponds to the dark exciton with a
longer lifetime. As follows from the calculations per-
formed in [23], this lifetime in slightly extended CdSe
NCs of 1.4 nm radius is 1073 s. In [22], the dark-exci-
ton lifetime was ~1 ps for CdSe NCs of 1.2 nm radius.
Yang et al. [8] found that the dark-exciton lifetime in
CdS NCs of 2.4—2.7 nm radius is on the order of hun-
dreds of nanoseconds. In this study, the slow PL decay
times experimentally measured for NCs of such
dimensions lie in the range 140—160 ns. These times
are close to the dark-exciton lifetimes predicted theo-
retically and measured in other studies.

The decrease in the slow PL decay time with
decreasing NC dimensions (Fig. 5b) is probably due to
an increase in the probability of radiative recombina-
tion because of more substantial overlapping of the
electron and hole wavefunctions. The probability of
the radiative annihilation of excitons increases with
decreasing NC size, if the NC size is smaller than the
exciton Bohr radius [25]. In CdS, the exciton Bohr
radius is about 3.5 nm, and the average radius of the NCs
under consideration is 1.6 = 0.5 nm. In GaAs—AlGaAs
QW heterostructures, a direct linear dependence of
the lifetime on the GaAs-layer thickness was observed
[26] and attributed to more substantial overlapping of
the electron and hole wavefunctions in the thinner
GaAs layer. In another study [27], a direct linear
dependence of the exciton lifetime on the CdSe NC
size was observed as well. In [27], it was reasoned that
the probability of recombination is the probability that
a hole is located within the volume close to an elec-
tron. We here observe a linear dependence as well
(Fig. 5b). Thus, we can suppose that the slow life-
time is defined by the radiative annihilation of dark
excitons.

ZARUBANOV, ZHURAVLEV

The observed short lifetime 30 ns can be attributed
to trion recombination. It is known that the trion radi-
ative lifetime can be two or three times shorter than the
exciton lifetime [28—30]. The role of a source of
charge carriers can be played by surface defects as well
as internal sulfur and cadmium vacancies that produce
energy levels in the band gap of CdS [31]. Evidence in
favor of the existence of such defects is the recently
observed asymmetry of the current—voltage (/—V)
characteristics obtained for individual NCs by tunnel-
ing spectroscopy [13]. This asymmetry shows that the
Fermi level is located in the upper part of the band gap
of the NCs [13]. The trion radiative lifetime slightly
increases, as the NC dimensions increase [21, 31],
whereas we observe a heavy dependence of the PL
decay time on the NC dimensions. However, it was
found [32] that the trion lifetime could be restricted by
nonradiative Auger recombination. In the case of trion
Auger recombination, the lifetime depends on the NC
size as T, = d“ (a = 2—4), since the Auger-recombina-
tion time is proportional to the volume, into which the
remaining electron can transfer. Approximation of the
experimental dependence of the short lifetime on the
NC size with the power function fid) = d* (Fig. 5a)
gives the exponent a = 4. Such a dependence can
count in favor of the inference regarding the domi-
nance of trion-related emission.

The complex character of the PL decay is inter-
preted as a result of the superposition of emission
related to trions and dark excitons, whose annihilation
involves or does not involve defects in NCs. Upon
excitation with the power used in the study, only one
exciton (trion) recombines in each NC. Therefore, at
each instant of time, the PL intensity is proportional
to the number of NCs, in which recombination
occurs; then summation over time gives the total num-
ber of luminescing NCs. Summing the PL intensity
over the fast or slow decay time, we obtain the number
of NCs containing defects or free of defects, respec-
tively. For a trion to be formed, only one defect is
needed. Figure 6 shows the fractions of NCs with and
without defects in ensembles of NCs of different
dimensions. From Fig. 6, it can be seen that a 37%
fraction of NCs of 1.0 nm radius contain defects and,
as the NC radius increases to 2.3 nm, the fraction of
NCs with defects (K,) linearly increases to 54% in
accordance with the relation K, = 23 + 13r.

The role of defects can be played by both foreign
impurities in NCs and intrinsic structural defects,
such as vacancies, interstitial atoms, etc. The energy of
the formation of a substitutional atom is much higher
than the energy of the formation of a vacancy, since the
change in the interatomic distance upon the formation
of a vacancy is small compared to the change induced
by the incorporation of an impurity atom into the
crystal lattice. Since the temperature of NC synthesis
does not exceed 200°C, vacancy formation is more
probable. Moreover, during NC synthesis, cadmium
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Fig. 6. The dependence of the fraction of defect-contain-
ing NCs on their size. The solid line shows the approxima-
tion of the dependence with a linear function.

behenate is first deposited onto the substrate and then
the film is sulfurized, which promotes the formation of
cadmium vacancies. Cadmium vacancies can produce
energy levels that can be responsible for yellow PL
(at about 590 nm) [16].

If the background impurity is uniformly distributed
in the initial LB film, the probability that the impurity
enters into a NC is proportional to the NC size. Thus,
the fraction of NCs containing defects is bound to
increase with increasing size as the cube of the size.
However, we here observe a linear dependence of the
fraction of defect-containing NCs on the size.

The decrease in the fraction of defect-containing
NCswith decreasing NC size can be due to an increase
in the energy of defect formation. The increase in the
energy of defect formation with decreasing NC size
was predicted in [33]. This effect was referred to as the
self-purification of NCs. For example, it was shown
that, in CdSe NCs doped with Mn, a decrease by 1 nm
in the NC size yielded an increase in the energy of the
formation of a substitutional atom by 2 eV. A decrease
in the NC size can be accompanied by an increase in
the energy of the formation of a cadmium vacancy.

5. CONCLUSIONS

In the study, the PL kinetics of CdS NCs formed by
the Langmuir—Blodgett technique is explored at a
temperature of 5 K. It is found that the PL kinetics is
governed by a composite law and can be described by
the sum of two exponential functions. The PL-inten-
sity decay curve consists of two portions, fast and slow,
with the corresponding characteristic times 30 and
140 ns for NCs of radius 1.6 nm. It is established that
the short and long lifetimes increase, as the NC size
increases. Analysis of the data shows that the short
lifetime corresponds to trion recombination, whereas
the long lifetime, to the annihilation of dark excitons.
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The power dependence of the short lifetime on the NC
size (t; = d“) results from trion Auger recombination.
The linear dependence of the long PL decay time on
the NC size is due to an increase in the probability of
radiative recombination. It is established that the
larger the NC size, the larger the probability of defect
formation in this NC. This feature is attributed to a
decrease in the energy of defect formation with
increasing NC size.
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