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STEADY-STATE SPECTROSCOPY

AND SUB-NANOSECOND RESONANCE
TRANSFER OF EXCITON EXCITATION
ENERGY IN THE AQUEOUS SOLUTIONS
AND FILMS OF ZnSe NANOCRYSTALS

1. Introduction

Densely packed solid films of semiconductor nanocrystals (NCs) demonstrate specific opto-
electronic properties owing to the strong quantum interaction between the NCs and the hy-
bridization of exciton orbitals. This fact opens ways for creating new artificial light-harvesting
complexes and photovoltaic structures with the spatial separation of electrons and holes. This
work was aimed at the study of colloidal solutions and solid films of thioglycerol-stabilized ZnSe
NCs by measuring their steady-state and time-resolved optical spectra. Relaxation and recombi-
nation of excitons via the surface and defect states of electrons and holes were found to prevail
in NC solutions, whereas the quantum (internal) channel exciton relazation dominates in NC
films, which, according to the results of time-resolved measurements of photoluminescence spec-
tra, is associated with the rapid (sub-nanosecond) transfer of exciton excitation energy in the
films from smaller NCs to larger ones. Furthermore, intragap exciton states of two types were
revealed in small ZnSe NCs after the oxidation and hydrozylation of their surface, as well as
their unusual “dependence” on the NC size.

Keywords: exciton excitation energy, exciton, ZnSe, nanocrystal.

NCs to be used in biosensors and medical markers

The search for renewable energy sources is currently
the most intensively studied area in condensed-state
physics. One of such sources is the solar energy. No-
wadays, devices based on crystalline semiconductors
are used for its accumulation and conversion into elec-
tricity. In recent years, structures based on semicon-
ductor nanocrystals (NCs) with the sizes of an order
of the corresponding exciton Bohr radii and created
in the form of superlattices or densely packed films at-
tract the increasing attention because of their simple
synthesis, wide absorption spectrum (AS), and nar-
row emission bands [1-8]. The functionalization of the
NC surface with appropriate organic ligands allows
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[3], light-emitting diodes (LEDs) and lasers, telecom-
munication networks and photovoltaic systems (3rd
generation solar cells) [4-7].

Semiconductor NCs in combination with dyes, po-
lymers, and J- or H-aggregates belong to the 2nd gen-
eration of photovoltaics. They act as artificial anten-
nas like photosynthesizing structures, where chloro-
phyll molecules comprise a natural light-harvesting
and transmitting antenna with a light energy conver-
sion factor of about 0.97 [2]. However, the weak pho-
tostability together with narrow absorption and emis-
sion bands in those organic materials often restricts
their applicability in nanohybrid systems [4, 5]. Re-
cently, more and more preference has been given to
NC-based nanostructures owing to their high stabil-
ity with respect to long-term solar or laser radiation
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and the possibility of an extensive restructuring of
the adsorption and luminescence spectra as a result
of the quantum size effect for excitons [5-8|.

In spite of the progress achieved in the creation
of NC films from the liquid phase, the rate and efhi-
ciency of the exciton excitation energy (EEE) transfer
in them still remain low, which is associated with a
number of problems [9-13|. Solid films in the form
of NC superlattices or 2D layers form a material
base, so the effective operation of devices on their
basis is determined by the quantum interaction be-
tween the NCs. This interaction depends on the ra-
dius (the quantum size effect), the chemical struc-
ture, the length, and the number of ligands on the
NC surface.

The quantum (electronic) interaction between the
NCs, which arises owing to the presence of short lig-
ands, is significantly affected by the dispersion of the
NC sizes. As a result, the mechanism of transport
of charge carriers has a hopping nature rather than
a band-like one. In addition, owing to the quantum
interaction, there appear new energy levels of elec-
trons and holes, which substantially modify the opti-
cal properties of NC-based structures (this issue will
be considered in the next paper).

The optical spectra of NC solutions and films are
also affected by surface defects and broken bonds of
external atoms, as well as by the energy and spa-
tial (static) disordering [14-18]. Surface atoms com-
prise a considerable fraction of NCs (sometimes up
to about 50%), and their defects and broken bonds
form dense electron and hole states in the forbid-
den gap, which demonstrate a complicated depen-
dence on both the NC size and the methods of solid
film fabrication, such as spin-coating, drop-casting,
or the Langmuir—Blodgett deposition technique [2, 4,
10, 13]. The amount of surface and deep NC defects
in solutions and solid films can vary. Therefore, for a
better understanding of the exciton relaxation mech-
anisms in the NC films, it is necessary to compare the
corresponding optical spectra with their counterparts
in the NC solutions. However, it should be noted that
the vast majority of researches is devoted to study-
ing NCs in either colloids or films separately. We are
aware of only one work concerning PbS NCs [13],
where the spectra of NC solutions and films were
compared.

The unavoidable energy and spatial (static) dis-
ordering in NC films also affects the efficiency and
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time of EEE transfer. The energy disordering induces
a non-uniform broadening of the AS band owing to
the dispersion of the energy levels of charge carriers
that occupy the higher manifold of absorbing states in
small NCs. After the excitation, they dissipate some
of their energy before reaching the gap edge and
transferring the energy to larger NCs [7, 10, 11]. De-
spite the fast relaxation (about 10 ps) toward the gap
edge [1,4], the competition between the processes of
exciton capture by surface states, exciton cooling, and
internal exciton recombination substantially prolongs
the time of energy transfer and reduces the quantum
yield of NC films.

On the other hand, the spatial (static) disordering
in the films with the NC size dispersion is charac-
terized by different coordination numbers (the num-
ber of contacts per one NC) for small and large NCs
[12]. This disordering hampers the delocalization of
the exciton wave function in the films and reduces
the rate of excitation energy transfer [14-19].

Thus, a deep understanding of the mentioned dif-
ficulties should eliminate them, which would increase
the rate and efficiency of EEE transfer, as well as
the quantum yield, and give rise to the improvement
of the optical and transport properties of NC-based
structures.

In this paper, we present our results obtained while
studying the colloidal solutions and densely packed
films of small ZnSe NCs stabilized with the use use of
thioglycerol (TG) molecules. Time-resolved measure-
ments of the photoluminescence (PL) intensity damp-
ing at room temperature testified to the ultrafast
EEE transfer by short TG molecules, a considerable
quantum-size dependence of the exciton energy, and
the dense NC packing in the film. By combining the
steady-state absorption and photoluminescence spec-
tra, we discovered, for the first time, the in-gap (IG)
states of charge carriers. These states lie by about 280
and 600 meV below the band gap edge in the NCs and
are formed owing to the influence of water molecules
on the NC surface. We found that, in the NC solu-
tions, the intensity of IG and deep (defect) states is
substantially higher than that of the quantum (inter-
nal) exciton states. However, in dense ZnSe NC films,
due to the rapid and efficient EEE transfer, the quan-
tum channel of exciton relaxation dominates, and the
PL intensity of the IG and defect states decreases by
almost an order of magnitude. The obtained data give
us a broader understanding of the mechanisms of ex-
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Fig. 1. (Left) The size and structure of the thioglycerol (TG)
molecule. (Right) the energy diagram of the ZnSe NC + TG
complex with the indicated energy transitions. FE.; is the 1S5
energy level of electrons, Ep; is the 1S energy level of holes,
and FEgo ~ 2.7 eV is the forbidden gap width in crystalline
ZnSe

citon relaxation in small ZnSe NCs and are favorable
for the possible application of the latter in the 3rd
generation solar cells and light-harvesting antennas.

2. Experimental Part

In this work, the colloidal solutions and solid films
of small ZnSe NCs fabricated following the method
described in our previous works [17, 18] are stud-
ied. Therefore, we will only briefly consider its main
idea. According to our experimental result, we estab-
lished that, in order to produce high-quality ZnSe
NCs functionalized with TG molecules, the optimal
molar ratio of components has to equal [Zn®*] : [TG] :
[Se?~] =2:2.5: 1. An increase of the chalcogenide or
TG fraction leads to an almost complete (5-fold) PL
quenching of the specimens, but it can be restored
by increasing the Zn fraction. Therefore, NCs with
the Zn-enriched surface demonstrate PL induced by
the quantum (core) exciton states, whereas the dom-
inance of chalcogenides on the surface leads to the
radiation emission mainly from the surface and deep
states.

Taking the data of dynamic light scattering (DLS,
Zetasizer Nano ZS) and the length of TG molecule
(about 0.75 nm) into account, the average NC radius
equals Ry =~ (1.5 + 0.1) nm (see Fig. 1). The Ry-value
was also calculated in the framework of the effective
mass and “particle-in-spherical-box” models [2,3] for a
finite-depth potential well and using the energy value
for the main exciton transition in the AS. The average
molar concentration of NCs in the solution was esti-
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mated according to the Lambert—Beer law and tak-
ing the molar extinction coefficient of ZnSe NCs to
equal £01(N) = (8.6 x 1012-2.4 x 10°) M~! em ™! for
the NC radii R = (1.4+-2.4) nm [20].

Solid films of ZnSe NCs were fabricated by drop-
casting the colloidal solution onto a quartz substrate
and additionally immersing the obtained specimens
into the NC solution. After drying the specimens in
the vacuum to remove excess moisture, dense and uni-
form NC films with a small number of cracks were
obtained. The film thickness (of about 430 nm) was
evaluated using a Tencor Alphastep 200 Profilometer
(Tencor-Instruments).

The spectra of steady-state absorption and PL ex-
citation (PLE) in the NC solutions and films were reg-
istered on UV spectrometers SHIMADZU UV-2450
(making use of a standard 10-mm quartz cuvette) and
Perkin-Elmer Lambda LS-55 (Perkin-Elmer Instru-
ments, UK) at room temperature. The PL quenching
in the films was measured on a Life Spec-II spec-
trometer (Edinburgh Instruments Ltd.) with a res-
olution of about 4.0 ps using the time-correlated
single-photon counting (TCSPC) method. A pulsed
light-emitting diode with A, = 255 nm (=40 W)
and a picosecond laser EPL-405 with A, = 405 nm
(=5 mW) were used to register the steady-state and
time-resolved PL spectra. After each measurement,
the instrument response function (IRF) was also reg-
istered. Note that the intensity of laser pumping was
low to avoid the generation of multiexciton absorp-
tion and Auger processes in separate NCs.

3. Discussion of the Results

3.1. Energy diagram
of the complex ZnSe NC + TG

Before analyzing the optical spectra of the NC so-
lutions and solid films, it is necessary to determine
the type of the energy diagram for our ZnSe NC -+
+ TG complex, which, in turn, is determined by the
relative arrangement of the energy levels of the elec-
tron and hole orbitals belonging to the NC and the
ligand. This is the driving force for charge carriers
and substantially affects the rate and efficiency of the
EEE transfer.

If the energy diagram of the complex belongs to the
first type (type-I), this means that the energy of the
forbidden highest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO-LUMO) gap
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in the ligand completely overlaps its counterpart in
the NC. As a result, excited excitons are localized in
the NC, and the spatial separation of electrons and
holes does not take place. If the complex belongs to
the second type (type-II), then the HOMO-LUMO
levels in the ligand and the NC are shifted by en-
ergy with respect to one another (the so-called band
alignment), so the potential wells for electrons and
holes are spatially located in different parts of the
complex. In this case, the surface ligand, as a rule, is
a hole acceptor that captures excited holes from the
NCs, which results in a bathochromic (red) shift of
the PL band [2].

To determine the energy diagram of our complex,
we note that, when the NCs are synthesized, TG
molecules become covalently bound to the NC sur-
face as a ligand of the X-type owing to the affinity of
the thiol group to Zn-chalcogenides, thus providing a
chemical bond with Zn?* at the NC surface [21]. As
a result, the final position of the ligand’s HOMO-
LUMO levels with respect to their analogs in the
ZnSe NCs determines the type of the energy diagram
of our complex. According to the literature data [22],
the energies of the conduction band minimum, E¢p,
and the valence band maximum, Ey g, in crystalline
ZnSe lie by about 4.2 and 6.9 eV, respectively, below
the vacuum level (see Fig. 1).

When calculating the HOMO-LUMO levels and
the TG bandgap energy, the method of density
functional theory and the B3LYP DFT-D4, 6-
31++G(3d,3p,f) software package were used. As a re-
sult, the values for the HOMO (—7.17 éV), the LUMO
(—0.65 eV), and the TG band gap (~6.5 e€V) were
calculated. By comparing the corresponding energy
levels in the NC and TG, one can see that the com-
plex ZnSe NC + TG is a heterostructure of the first
type, because the forbidden gap in ZnSe (x2.7 €V)
is completely overlapped by the TG band gap. This
fact means that the potential wells in which the ex-
cited electrons and holes are localized are located in
the ZnSe NCs (see Fig. 1).

The energy diagram of our complex differs substan-
tially from, for example, those for similar complexes
CdSe NCs + thiols and CdS NCs + phenyldithiocar-
bamate [2,21]. The indicated complexes belong to the
structures of the second type, because their ligands
are hole acceptors that capture excited holes from the
NCs, which leads to the bathochromic shift and the
rapid PL quenching. The calculated values of the en-
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20 nm

Fig. 2. TEM image and (the inset) the histogram of the size
distribution of ZnSe NCs according to DLS data

ergy levels in the NC and TG also make it possible
to estimate the depths of potential wells for electrons
and holes in the NC (see Fig. 1): V., ~ —3.55 eV
and Vj, = —0.276 eV. As a result, we can calculate
Ry more accurately (see below), whereas the appli-
cation of the model of “infinitely deep potential well”
introduces an error of about 11%.

3.2. Steady-state absorption
and photoluminescence spectra
of aqueous ZnSe NC solutions

In order to understand the processes of exciton relax-
ation and radiation emission in such a complex sys-
tem with the interaction between NCs as a densely
packed film, let us firstly analyze those processes in
a simpler system, namely, separate NCs in the so-
lution. The vast majority of NCs in the solution are
separate, but a small number of them can be found in
the form of aggregates, as one can see in Fig. 2. This
is a certain drawback of our synthesis method, but
the aggregates do not significantly affect the overall
spectrum emitted by the NC solution. Figure 3 illus-
trates the normalized AS of the aqueous solution of
ZnSe NCs (the black curve). One can see that its con-
tour contains several peaks. Owing to the quantum-
size effect, the peaks are shifted to the blue (short-
wavelength) side of the spectrum with respect to the
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Fig. 8. Normalized AS of the aqueous solution of ZnSe

NCs (black curve) and its resolution into Gaussian functions 1
(green curve) and 2 (red curve); the dashed purple curve is
their sum; curve 8 (dashed black curve) is the result of the
subtraction of the AS for pure TG from the AS for the NC
solution. Ag & 461 nm is the position of the band gap edge in
crystalline ZnSe

ZnSe band gap: Ag ~ 461 nm (marked by the vertical
arrow).

In order to determine the positions of AS peaks
and the energies of allowed one-photon exciton tran-
sitions in the NCs more accurately, the AS contour
was fitted (using the OriginPro mathematical pack-
age) with Gaussian functions. As a result, two curves
with maxima at about 362 nm (curve 1) and about
310 nm (curve 2) were obtained. To avoid uncertain-
ties within the wavelength interval of those curves,
we also registered the AS of pure TG in the aqueous
solution with the same molar concentration as was in
the ZnSe NC solution, which did not demonstrate any
characteristic features in this interval [17,18]. The AS
of ZnSe NCs without the influence of surface ligands
was calculated by subtracting the AS of pure TG from
the original AS of ZnSe NCs. The resulting curve 3
in Fig. 3 has peaks the positions of which clearly co-
incide with those in the initial AS. From Fig. 3, one
can also see that the absorption in the ZnSe NC so-
lution at higher energies (A < 250 nm) occurs due to
the organic and aqueous media, where the NCs were
synthesized.

Next, according to our calculations, the first and
second AS bands are created by the transitions of
excitons in the ground (1S — 155/9()) and excited
(1Se — 2S3/5)) NC states. The full width at half
maximum (fwhm) of the first AS band is a result of
the size dispersion of NCs and equals about 300 meV,
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and the blue shift of this band occurring due to
the quantum-size effect equals about 650 meV. Using
the effective mass model (“particle-in-spherical-box”)
[2,3], as well as the values of the 1.5 transition energy
(about 3.42 V) and V), we calculated the value
Ry ~ (1.5 £ 0.1) nm, which is in good agreement with
our DLS data.

To induce PL in the solutions, we excited them
with a laser with A\, = 255 nm (~4.86 €V) and a pho-
ton energy lower than the TG bandgap width, which
allowed us to perform sub-barrier (resonance) excita-
tion of ZnSe NCs. The resulting PL band is shown
in Fig. 4 (the solid black curve). It is worth noting
that the obtained band is rather broad and typical
of Zn and Cd chalcogenide NCs with small radii of
1-2 nm [5, 11, 23], because it is a result of the band
overlapping of excitons from the quantum (core) NC
states, as well as transitions of electrons and holes lo-
calized at the surface and deep defects. The reduction
of the NC radius induces the growth of the PL band
width owing to the increase of the amount of NC sur-
face atoms (as compared to the internal ones) and
their dominating contribution to radiation emission
[11]. On the contrary, for the NC radii larger than
2 nm, the band becomes narrower due to the dom-
inant contribution of exciton states, the intensity of
which increases exponentially in comparison with the
surface states (see [11, Fig. 4]). Thus, the selected
sizes (about 1.5 nm) of ZnSe NCs are optimal for the
simultaneous study of excitons in the internal and
surface NC states, as well as their interaction.

Several peaks are discernible on the PL band con-
tour. Their exact positions were also determined by
fitting the contour with Gaussian functions. It was
found that the contour shape can be optimally fit-
ted using five Gaussians. The latter were divided into
three groups. The first group includes the @ band
with a maximum at about 366 nm and fwhm =
~ 294 meV, which is formed by exciton emission from
the quantum NC states. This is evidenced by the po-
sition of its peak, which practically coincides with the
position of the 1S transition peak in the AS (shown
by the thick vertical arrow). A small discrepancy of
about 4 nm between the peak positions is a result
of the electrostatic compression of the exciton wave
function owing to the interaction of the thiol group
with the surface Zn atoms [17, 18]. One can see that
the @ band is relatively narrow, and its fwhm value is
in good agreement with the corresponding value for
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band 1 in the AS, thus testifying that the absorp-
tion and emission in this spectral interval are gov-
erned by the internal exciton states. The obtained
data have to be supplemented with the PL excita-
tion (PLE) spectrum. Unfortunately, the latter was
not registered. However, the research of similar solu-
tions of CdSe and CdS NCs showed that the posi-
tion of the PLE spectrum coincides well with the AS
and steady-state PL positions in the solutions, where
there is no interaction between NCs [7, 16, 23].

The most interesting is the second group of bands
in Fig. 4, which lie in the forbidden NC gap and are
denoted as IG states. In comparison with the well-
studied quantum states of excitons, the nature and
the sources of IG states are currently the most de-
bated issues [9-11]. So far, it has been established
that in Zn and Cd chalcogenide NCs, IG states form
nonpassivated surface atoms Se, S, or Te, whose local-
ized levels lie about 500 meV above the valence band
maximum [11]. Electrons do not form such states,
since their mass is small as compared to that of
holes, and because ligands mainly passivate the sur-
face atoms of metals.

The study of IG states is an important prob-
lem, because, together with the internal states, they
form the total PL band and determine its quantum
yield. Because of their low dipole moment and oscil-
lator strength, they have a low absorption intensity
and, in our case, manifest themselves only as the long-
wavelength broadening of the AS tail in the wave-
length interval above 410 nm, as can be seen from
Fig. 3. To our knowledge, these states were first dis-
covered in ZnSe NCs, although similar states were
registered in solutions of CdSe NCs with radii less
than 2 nm [10].

Although the source of formation of IG states has
not been established exactly, it is supposed that it
may be related to the influence of aqueous solution
on the surface of ZnSe NCs. The results of theoretical
calculations in works [5-8] testify that if the synthesis
is performed in aqueous solutions, there appear two
types of states in the band gap of ZnSe NCs. Their
common feature is the independence of their energy
positions of the radii of synthesized NCs. On the ba-
sis of calculations made by the cited authors, we came
to the conclusion that the band I; with the peak at
about 394 nm and lying by about 280 meV below the
gap edge can be formed owing to the oxidation of
surface Zn atoms, because the synthesis of our ZnSe
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Fig. 4. PL spectrum (solid black curve) of aqueous ZnSe NC
solutions under the laser excitation with A\,, = 255 nm and
its resolution into Gaussian profiles: @ (black), I1 (red), I2
(green), D (blue), and H (black-yellow). The dashed orange
curve is their sum. The thick vertical arrow marks the posi-
tion of the 1S transition in the AS, and the thin vertical one
corresponds to Ag

NCs did not involve the application of inert atmo-
sphere (argon or nitrogen). As one can see below, the
position of this band does not depend on the NC ra-
dius, and its substantial intensity is associated with
the fact that it resonates with the 15 states of NCs
of a definite size. According to our calculations, this
occurs in NCs with R ~ 1.9 nm. In larger NCs, the
red shift of the (2 band makes the energy position of
the I; band higher, and, therefore, the I; band does
not appear in the PL spectrum (see Section 3.3). The
other band I (at about 440 nm), which lies by about
600 meV below the gap edge, resonates only with 15
states in NCs with R &~ 3.4 nm. This value exceeds
the largest size of separate NCs in our solutions or
films by almost 1 nm; therefore, the resonance condi-
tions for this band are realized not in separate NCs,
but in their aggregates.

Finally, the third group consists of bands D (at
about 500 nm) and H (at about 560 nm), which
lie well below not only the band gap edge in NCs,
but also Ag. Those bands are often observed in un-
doped crystalline ZnSe and originate from electron
transitions onto deep defect hole states (deep hole
levels). Therefore, since the corresponding wave func-
tions are strongly localized, they do not perceive the
NC boundaries. The normalized integral areas of the
bands equal 1 for @, 1.5 for I, 4.2 for I, 9.5 for D,
and 3.6 for H. The indicated values testify that the
dominant recombination channels in ZnSe NC solu-
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Fig. 5. Steady-state PLE and PL spectra of solid ZnSe NC
films: lamp excitation at A = 300 nm (1, red curve), excitation
at A\, = 255 nm (2, black curve), excitation at A, = 405 nm
(3, blue curve). The vertical arrow marks the position of the
1S peak in the AS of the NC solution. Bands Q, Iz, D, and
H were obtained by fitting the curve shape with two Gaussian
functions, and the dashed purple curve is their sum
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tions are IG states and deep states of charge carri-
ers. This is a result of the quality of synthesized NCs,
as well as the film excitation with \,,. The excitation
generates “hot” electrons and holes. At the beginning
of the cooling process, those electrons and holes be-
come rapidly (10-20 ps) captured by the IG and de-
fect states in the NCs, thus reducing the population
of quantum states. As will be shown below, the situa-
tion is radically different in solid films with the inter-
action between NCs, where the EEE transfer process
plays a significant role.

3.3. Steady-state photoluminescence
spectra of solid ZnSe NC films

In this subsection, we analyze the optical spectra of
solid ZnSe NC films and show that their drastic differ-
ences from the spectra of NC solutions are a result of
the quantum interaction between NCs and the EEE
transfer in the film plane.

The hybridization of exciton orbitals, which takes
place owing to the interaction between NCs in the
films, leads to the spectral reconstruction of their en-
ergy levels, which affects the spectral position of the
emission and absorption bands. Unlike the colloidal
NC solutions, where the corresponding peaks in the
PLE, PL, and absorption spectra practically coincide
with one another, in the case of NC films, they are
shifted not only to the red side of the spectrum, but
also with respect to one another. The origins of the
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shift are different for different spectra, and they will
be discussed in more details in the next paper. Here,
we will briefly dwell on the main points.

The application of the PLE method in order to de-
termine the energies of excited states by detecting
the intensity of radiation emission from 1.5 or surface
states is quite widespread [5, 6, 15]. When register-
ing the corresponding PLE spectrum, the detection
wavelength (in our case, at the surface state posi-
tion, Aget = 460 nm) and the excitation flux intensity
are maintained fixed, but the energy of an excitation
photon is varied. The resulting PLE band is shown in
Fig. 5. If the relaxation processes are fast enough, the
PLE band demonstrates states with enhanced absorp-
tion, but its spectral position does not always coincide
with the 1S peak in the AS of the films. It is worth
noting that this peak was also registered. However,
since it turned out rather unstructured and blurred,
we do not present it here.

From Fig. 5, one can see that the peak of the PLE
band is red-shifted by about 180 meV with respect
to the energy of the exciton 1S transition in the so-
lution AS (shown by the thick vertical arrow). The
shift takes place owing to the quantum interaction
between the NCs. As a result, the hybridization of
charge carrier orbitals [8] leads to the formation of a
new set of quantum exciton levels in the NC film.

Besides the PLE band, Fig. 5 also demonstrates
three PL bands excited with the use of different ex-
citation sources: curve 1 corresponds to the lamp
excitation with A = 300 nm (Perkin-Elmer Lambda
LS-55), curve 2 to the laser excitation with A, =
= 255 nm, and curve 3 to the laser excitation with
Ar = 405 nm. We present the PL bands registered
for different excitation sources in order to illustrate
the differences in their shapes. In some works [16,23],
the PL band for NC films was obtained only for the
lamp excitation of specimens. As a result, the infor-
mation about the surface and deep exciton states was
lost. By comparing the positions and shapes of the
PL bands for the NC solution (Fig. 4) and the NC
film (Fig. 5), one can observe substantial differences
between them. The main difference is the red (long-
wave) shifts of the PL band by about 320 meV with
respect to the 1S transition in the solution AS and by
about 140 meV with respect to the PLE peak. Unlike
the latter, the shift of the PL band is induced by the
migration of excitons in the film from smaller NCs
to larger ones (see below). The reorganization of the
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energy levels of excitons, as well as the mechanisms
and modes of the EEE transfer, will be discussed in
the next paper in more details.

Now, let us consider a relation between the shift
magnitude of the steady-state PL band and the size
of ZnSe NCs in the film, and analyze its shape pecu-
liarities appearing at various excitation methods. In
Fig. 5, PL band 1 (the red curve) was registered un-
der the lamp (weak) excitation. It consists of two sub-
bands: a narrower short-wavelength subband with its
peak at about 404 nm and a broad long-wavelength
one with its peak at about 460 nm. The mixing of
such dual emission provides the light gray color of
our NC films. It is worth noting that such a general
shape of the PL band at a weak excitation is typical
of small NCs. It is also observed in films with CdSe
or CdS NCs 1-2 nm in radius [9, 11, 23].

First of all, let us determine which NC size corre-
sponds to the peak of the PL band at about 404 nm.
Using the “particle-in-spherical-box” model [2, 3], we
calculated that these are NCs with R, ~ (2.2+
£0.1) nm. Hence, the above-mentioned red shift of
the short-wavelength PL band is indeed caused by
the migration of excitons from smaller ZnSe NCs
(with a higher energy of the forbidden gap) to larger
ones via incoherent exciton jumps between them. In
the course of exciton migration, the exciton energy
and velocity decrease owing to the mitigation of the
quantum-size effect and the overlapping of the wave
functions whose amplitudes decay exponentially out-
side the NCs [2, 3]|. As a result, excitons become able
to reach NCs with the size R., where the probability
of their further migration drops sharply.

The described process of exciton migration in the
film is important not only from the physical view-
point, but also from the application one. For exam-
ple, a ZnSe NC film can be coated onto the surface
of another semiconductor, so a spatial separation of
electrons and holes may arise at the interface, which
is a basis of the operation of light-harvesting antenna
systems and photovoltaic structures [1-3]. The ob-
tained result makes it possible to classify all NCs into
NC donors (with R < R.) and NC acceptors (with
R > R.), and determine the ratio Ry/R. ~ 0.7. This
parameter characterizes the NC film as an artificial
antenna: the smaller the ratio is, the longer the exci-
ton migration path is, and the larger number of NCs
is involved in the process of EEE accumulation and
transfer.
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Note that, besides the quantum energy of excitons,
the width of the tunnel barrier between the NCs (the
length of the ligand molecule) and its height (the
value of the HOMO-LUMO gap in the ligand) also
affect the value of the ratio Ry/R.: the larger they
are, the shorter the migration length of excitons in
the film is, and the lower its efficiency as an artifi-
cial antenna is. While synthesizing NCs, long ligands
are often used, e.g., trioctylphosphine oxide (TOPO)
or oleic acid, with a molecular length of more than
1.5 nm. They either strongly weaken the exciton mi-
gration and the EEE transfer or completely suppress
them. Therefore, long ligand molecules are tried to
be replaced with shorter ones [1-3,5,13].

The width of the long-wave PL band located at
about 460 nm testifies that this band can be formed
owing to the overlapping of several bands, which
cannot manifest themselves separately under a weak
lamp excitation. In order to prove this statement, we
recorded the PL band, when the film was laser-excited
with the wavelength ), (Fig. 5, the black curve).
Note firstly that the short-wave bands are formed
by excitons in the quantum NC states, and their po-
sitions under both excitation methods coincide well
with each other, but the long-wave sections of those
bands are different.

As one can see from Fig. 5, if the film is excited at
An, the long-wave section of the PL spectrum demon-
strates a structure consisting of several overlapping
bands. To determine their positions, the general con-
tour of PL band 2 was fitted with Gaussian distribu-
tions. As a result, we obtained some simpler bands:
Q@ (=402 nm), I (~440 nm), D (~497 nm), and H
(=565 nm). The last three bands coincide well with
their analogs in the NC solution. At the same time,
the I; band does not appear in the steady-state PL
spectrum. This is a result of the red shift of the @
band, which made the position of the I; band higher
by energy. Therefore, the latter does not appear in
the PL spectrum, or it has disappeared because of a
possible improvement of the surface stoichiometry in
larger NCs.

For verification, we estimated the fwhm parame-
ter for the () band and obtained a value of about
291 meV, which coincides with its counterpart for
the colloidal NC solution. However, this value has
to be smaller (about 170 meV), because small ZnSe
NCs do not contribute to the fwhm magnitude. Thus,
the only reason for the broadening of the @) band is
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the I1 one, which does not disappear, when the NC
size increases. This can be seen, if we compare the
short-wave sections of the () band under the lamp
and laser excitations (Fig. 5). When becoming higher
in energy, the I; band enters the interval of excited
states in large NCs and can participate in the EEE
transfer [25].

Furthermore, after comparing the normalized in-
tegral areas of the obtained bands: @ (1), I (0.89),
D (0.87), and H (0.06) with the corresponding results
for the colloidal NC solution, one can see that they
became several times smaller. This could be a conse-
quence of improvements in the crystalline structure of
NCs during the film formation, as well as the reduc-
tion of their internal defects. However, the temper-
ature of the specimen synthesis was too low (lower
than 100 °C) to affect the NC surface and the ZnSe
crystal lattice during the aqueous solution evapora-
tion. The reason for this consists in the rapid (sub-
nanosecond) EEE transfer to emitting NCs. In other
words, since the “horizontal” EEE transfer in the films
to emitting NCs is faster than the “vertical” energy
relaxation of electrons and holes in separate NCs, the
quantum channel of exciton relaxation and emission
in dense films becomes dominating. This is also one
of the main features that distinguishes the exciton
relaxation processes in solutions and films, with the
strong interaction between NCs in the latter.

The independence of the I; and I, bands of the
NC radius was also observed in the nanostructures
of other semiconductors. The authors of work [24] re-
vealed a similar behavior of IG bands in small CdSe
NCs and showed that it is an attribute of electron
and hole states with the so-called pinning nature. In
other words, those electron and hole states have a
fixed energy and can be located either higher by en-
ergy than the 1.5 transition in NCs with radii larger
than 2 nm or lower, i.e., inside the forbidden gap in
NCs with radii smaller than 1.5 nm. Such behavior
takes place because of the substantial localization of
the wave functions of IG states, which do not feel the
NC boundaries. For example, the red shift of the @
band in our NCs with R, ~ 2.2 nm makes it lower
in energy than the I; band, but it remains higher in
energy than the I, band. If the NC radius increases
further, the bands I; and I3 become higher than the
@ one, enter the interval of excited NC states, and
participate in the EEE transfer [25]. Such behavior
of the bands I; and Iy confirms the sources of their
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origin [5, 6], as well as the existence of pinned exciton
states in ZnSe NCs [24].

As was mentioned above, the excitation of our NC
films at \,, creates “hot” electrons and holes, which
quickly relax and mainly populate the IG and deep
(defect) states thus determining the profile of the PL
band in the solution. To avoid those processes, it is
necessary to substantially reduce the energy of NC
excitation. For this purpose, we used a laser with
Ar = 405 nm (x3.06 eV, ~5 mW). The obtained PL
band & is shown in Fig. 5 (the blue curve). The vari-
ation of the pump intensity from 0.5 to 5 mW did
not reveal appreciable changes in the shape of the PL
band & and the positions of its peaks (not shown in
the figure), which coincides well with similar results
obtained at \,,.

With the increase of the laser pump intensity, the
emission growth rate remained the same for all peaks
in the band. This fact testifies to the weak interaction
between the IG and deep (defect) states of electrons
and holes. However, we do not manage now to explain
the nonlinear growth of the integral areas of those
bands with the laser pump intensity. The absence of
a spectral shift of the Iy band at various laser pump
intensity levels is another confirmation that the IG
states are created by sole localized levels of electrons
and holes rather than their discrete set at the NC
surface.

To summarize, we note that similar IG bands of PL
were also observed in CdSe NCs stabilized by octade-
cylamine [10], but the cited authors did not determine
the source of the band origin. Therefore, after having
compared the steady-state optical spectra of the ZnSe
NC solutions and films, we revealed, for the first time,
the IG states of excitons in the forbidden gap of NCs
and their unusual “dependence” on the NC size.

3.4. Sub-nanosecond EEE
transfer and dynamics of exciton
decay in dense ZnSe NC films

The results of steady-state spectroscopy of solid NC
films testify to the presence of the EEE transfer pro-
cess as a result of the quantum interaction (orbital
hybridization) between the NCs. But they cannot be
regarded as a direct evidence for this process. To ob-
tain the direct evidence, time measurements of the
PL intensity damping, as well as the determination
of the shape of the PL bands emitted by NC films,
are required.
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Figure 6 demonstrates the normalized kinetic
curves of PL quenching at wavelengths of 370, 380,
390, and 405 nm measured on the short-wave wing
of PL band 2 (Fig. 5) under the excitation at A,, =
= 255 nm (about 4.86 €V). From the figure, one can
see that the quenching time increases (the quenching
rate decreases) as the registration wavelength — or,
accordingly, the NC radius — grows.

While obtaining an analytic expression for the
quenching curve, one should bear in mind that, in
the simplest case where the damping in a system is
characterized by a single rate parameter, the shape
of the corresponding curve is also described by a sin-
gle exponential function [2, 3]. If the damping has
a more complicated behavior characterized by some
rate distribution, the fitting of the curves is much
more difficult.

The experimental PL quenching curves depicted in
Fig. 6 can be fitted well using the bi-exponential func-
tion

t t
I(t) = Ay exp (—7_1) + Asexp (—7_2>,

where A;(A3) and 71(73) are the amplitude and
quenching time, respectively, of the fast (slow) com-
ponent [17]. An example of the fitting for the curve
corresponding to A = 370 nm is shown by the
dashed black curve. The A-dependences of the fit-
ting parameters 7 and 7o within the interval of
A = (370+420) nm with the increment of 5 nm are
shown in Fig. 7. The corresponding limits for the fit-
ting parameter R (the NC radius) are also indicated
in the figure.

A similar bi-exponential dependence of the PL
quenching is often observed in NC films of II-VI
semiconductors, for example, CdSe and CdS [2, 9-
11]. One should also bear in mind that the function
1(t) can be more complicated, e.g., three-exponential
or Kohlrausch, if, besides the EEE transfer and in-
ternal recombination, the processes of charge carrier
capture onto surface states and deep traps also play
a significant role in the PL band quenching [2, 3].

As one can see from Fig. 7, the valuesof the pa-
rameters 7; and 7o are different by almost an order of
magnitude. This is so, because they describe different
physical processes, where excitons are engaged. The
fast component is responsible for the time of exci-
ton resonance tunneling from small to large NCs (the
EEE transfer time), whereas the slow component is
the sum of the radiative and non-radiative lifetimes
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Fig. 6. Curves of PL intensity quenching at some wavelengths
and the corresponding 71-values. The black dashed curve is the
approximation of the curve for A = 370 nm by the function I(t).
IRF is the instrument response function
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Fig. 7. A-dependences of the fitting parameters 7 and

72 for the PL quenching curves within the interval A =
= (370+420) nm. The limits for the fitting parameter R (the
NC radius) are also indicated

in the NCs, 79 = 7 + 7p,. The value of 7 rapidly
increases within the interval near A ~ 400 nm. Then,
its growth rate slows down because of a significant
weakening of the EEE transfer in NCs with R > R,
whereas 75 smoothly increases as a result of the exci-
ton lifetime growth in NCs.

These results can be used to estimate the exciton
diffusion length L in the NC film. Before reaching
NCs with R > R, where the exciton radiative damp-
ing takes place, excitons make n = 79 /71 jumps from
one NC to another one. Therefore, putting 71 ~ 1 ns
and 72 ~ 13 ns (Fig. 7), we obtain L = n(2Ry+ \) ~
~ 50 nm. Next, from Fig. 6, one can also see that the
PL quenching for wavelengths A < 400 nm begins im-
mediately after the excitation pulse termination. At
the same time, for A > 400 nm, the PL intensity con-
tinues to grow for some time. This was shown using
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Fig. 8. Quenching dynamics of the PL band at about 404 nm
in various time intervals: 0.2-2 ns (a) and 2-10 ns (b). The
inset in panel a illustrates the red shift of the band maximum

the curve for A = 405 nm as an example. One can see
that the PL intensity increases further during about
400 ps and begins to decrease afterward. The same
situation is observed for other quenching curves cor-
responding to A > 405 nm [17].

In order to understand the process of PL intensity
damping in dense NC films, it has to be compared
with a similar process in molecular donor-acceptor
systems [2, 3|. In the latter, the rate of PL intensity
damping is known to be driven by the mechanism of
weak dipole-dipole interaction. It is described by the
Forster resonance energy transfer and is proportional
to 7p(Ro/r)~%, where 7p is the donor damping in
the absence of an acceptor, Ry the Forster radius,
and r the distance between the nearest donor and
acceptor [3,26]. Besides the distance, the interaction
in donor-acceptor systems is also determined by the
overlap integral of the donor emission and acceptor
absorption spectra.

The rate of PL quenching can increase with the
acceptor concentration growth in the system, pro-
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vided that every donor is surrounded by several ac-
ceptors [3]. In solid films with a random dense or loose
packing of NCs, the distance between the surfaces of
neighbor NCs remains almost constant and propor-
tional to the length of the ligand molecule (in our
case, it is about 0.75 nm). Then, why does the time
of PL quenching increase (the rate of PL quenching
decreases) as the radiation wavelength grows (as is
shown in Fig. 6)?

For explanation, instead of the distance between
the NCs, we have to consider their coordination num-
ber or the average number of contacts per NC in the
film. If a solid film consists of NCs possessing the
same size, the coordination number varies from about
4.4 for the random loose packing to about 5.9 for the
random close packing [12]. If the sizes of NCs have
the Gaussian or normal logarithm distribution, then
the coordination number of large NCs is about 3 to
4 times larger than that of small ones [12]. As a con-
sequence, the coordination number of a selected NC
will consist of NCs with various sizes and, therefore,
with various exciton energies, which will hinder the
EEE transfer and reduce its rate.

In particular, for small ZnSe NCs (at the begin-
ning of the distribution function) emitting at about
370 nm, the PL quenching rate is the highest de-
spite their lowest coordination number. The reason
is as follows. Although they have a small coordina-
tion number, they possess a large quantized exciton
energy and are in contact with the dense manifold of
higher-lying excited states in large NCs, which is an
analog of the overlap integral in donor-acceptor sys-
tems. As the NC radius and coordination number in-
crease, the overlap integral and the EEE transfer rate
decrease. On the contrary, the internal PL increases
owing to the exciton recombination, which can be ob-
served in Figs. 5 and 6 for A > 380 nm.

On the other hand, for large NC acceptors with
R > R. (in the distribution function tail), the coor-
dination number is the largest, and it mainly consists
of small NC donors that block the EEE transfer. This
is another reason responsible for the peak position in
the steady-state PL band at about 404 nm.

On the basis of this picture, we can explain the
growth of the PL intensity during about 400 ps after
the termination of the excitation pulse. It is induced
by the sum of the own PL of NC acceptors and the
exciton flow from the NC donors located on their sur-
face (see Fig. 6).
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Note that the growth of the PL intensity is observed
for all wavelengths within the interval of 405-420 nm
[17]. The value of 7, in this interval determines not
the time of EEE transfer between the NCs, but the
time of charge carrier capture onto the surface and
deep states of NCs.

We supplemented the presented material with the
results of measurements concerning the quenching dy-
namics of the PL band shape within various time in-
tervals. Figure 8 demonstrates the shape damping of
the PL band at about 404 nm (Fig. 5) within a spec-
tral interval of 370-425 nm in various time intervals:
0.2-2 ns (panel a) and 2-10 ns (panel b) after the
excitation pulse termination.

From Fig. 8, a, one can see that, at about 200 ps
after the excitation pulse, the PL band is broad (the
black curve), being formed by the majority of excited
NCs. As time goes by, small NCs quickly transfer the
excitation energy to larger ones, so the intensity of
the short-wave band wing decreases, and the band
becomes red-shifted (see the inset in Fig. 8, a). At
about 2 ns after the termination of the kinetic pro-
cesses with the participation of excitons that reach
NC acceptors, the value of 7 becomes almost stable
(Fig. 7), and the shape and peak of the PL band prac-
tically coincide with their analogs at the steady-state
excitation. As time goes further from 2 to 10 ns, the
shape and spectral position of the PL band do not
change. Only a decrease in the band intensity is ob-
served (Fig. 8, b), which is a result of the exciton
recombination and capture onto the surface and non-
radiative states. Thus, using the results obtained for
the kinetics and dynamics of the intensity and shape
damping of the PL band, we have indisputably evi-
denced the presence of the EEZ transfer in dense ZnSe
NC films.

4. Conclusions

In this work, the results of optical and spectroscopic
studies of ZnSe NC colloids and solid films obtained
on the basis of combined steady-state and time-
resolved measurements have been compared. We con-
firmed that the main channels of the exciton recom-
bination in separate NCs in the solutions are the sur-
face and deep defect states of electrons and holes. Ho-
wever, in solid NC films, owing to the rapid EEE
transfer, the recombination through quantum (inter-
nal) exciton states prevails, which reduces the relax-
ation path of “hot” excitons to the exciton states in
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the NCs due to the quantum interaction between the
latter. By combining the kinetic and dynamic mea-
surements of the PL band intensity damping, we re-
vealed an ultrafast (sub-nanosecond) EEE transfer in
the array of ZnSe NCs associated with the high exci-
ton energy (the small size of ZnSe NCs) and the short
length of TG molecules.

By summarizing our data and those of other au-
thors, we have shown, for the first time, that there
are two types of IG states in small ZnSe NCs, which
are caused by the influence of the aqueous medium
on the surface of NCs. We have found that the posi-
tions of those states do not depend on the NC size, so
those states can participate in the EEE transfer and
increase the efficiency of this process.

The obtained results provide a clear understanding
of the evolution of the exciton relaxation and emis-
sion processes when switching from ZnSe NC colloids
to solid ZnSe NC films. This can bring us closer to
the creation of artificial photovoltaic structures and
light-harvesting complexes possessing the character-
istic features of natural photosynthetic mechanisms.
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CTALIIOHAPHA CIIEKTPOCKOIIISA

TA CYBHAHOCEKYH/IHNI PE3SOHAHCHUI
IMMEPEHOC EHEPTII EKCUTOHHOI'O
3BY/I?KEHHS BOJIHNX PO3YNHIB

TA TIJIIBOK HAHOKPUICTAJIIB ZnSe

TBepai miisbHO-ymakoBaHi IJIIBKM HAIiBIPOBIJHUKOBUX Ha-
nokpucranis (HK) nposiBisiors crienmdivni onroesekTpoHHi
BJIACTUBOCTI, 3yMOBJIEHI CHJIBHOIO KBAHTOBOIO B3a€MOJII€IO i Ti-
opuguzamniero opbitameit excuroniB mixk HK. Ile Binkpusae
[NUISXY JI0 CTBOPEHHSI HOBHUX IITYYHUX CBITJIO30MPAIOYUX KOM-
ILUIEKCIB Ta POTOBONBTAIIHAX CTPYKTYP 3 IPOCTOPOBUM PO3Ii-
JIEHHSIM €eJIEKTPOHIB Ta nipok. Meroro ngaHol poboru Oyso [10-
CJIPKEHHsI KOJIOIIHUX pO34nHiB Ta TBepaux miaiBok HK ZnSe,
crabinizoBaHUX TIOIVIIEPOJIOM, 3a JOIOMOIOI CTAlllOHAPHUX
Ta YaCOPO3IJIbHUX BUMIDIB ONTHYHUX CIEKTPiB. Mu BusSBHU-
o, mo B posunHax HK mepeBaxkae penaxcanist Ta pekoMGiHa-
I[isl eKCUTOHIB 4Yepe3 MOBepXHeBi Ta AedEeKTHI CTaHH €JIEKTPO-
HIB Ta JipoK, B TOM Yac K B IUIIBKaX JOMIHYIOYMM KaHaJIOM
peJsiakcanii eKCUTOHIB IIepeBarKHO € KBAHTOBUil (BHyTpIIIHii).
IIpuunHa JOMiHYyBaHHS OCTAHHBOIO 3yMOBJIEHA INBUIAKHUM (Cy-
GHAHOCEKYHJIHUM ) TIEPEHOCOM €HEPTii €KCUTOHHOTO 30y I2KEeHH S
B miiBkax Big menmmx HK g0 Gisbmmx, mo 6yJio BCTaHOBJIE-
HO 4epe3 BUMIpHU CHEKTPIB POTOJIOMIHECIEHITT 3 PO3/ILIEHHIM
y gaci. OKpiM [Oro, MU BUSBH/IM [BA THUIIU BHYTPIIIHBOIII-
JIMHHEX cTaHiB ekcuToHiB y Masux HK ZnSe, yrBopenux oxkun-
CJICHHSAM Ta I'iJIDOKCUJIIOBAHHAM IXHBOI IIOBEPXHI, i HE3BUYalHY
“3ajieskHicTh’ ux craHiB Bix posmipy HK.

Katwwo6i caoe6a: eHepris eKCUTOHHOIO 30YIKEHHsI, €KCHU-
TOH, ZnSe, HAHOKPUCTAJI. .
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