SEMICONDUCTORS AND DIELECTRICS

https://doi.org/10.15407 /ujpe70.4.251

N.V. BONDAR,' YU.P. PIRYATINSKI,?> O.V. TVERDOCHLIBOVA'®

1 Institute of Physics, Nat. Acad. of Sci. of Ukraine, Department of Nonlinear Optics
(46, Nauky Ave., Kyiv 03028, Ukraine)

2 Institute of Physics, Nat. Acad. of Sci. of Ukraine, Department of Molecular Photoelectronics
(46, Nauky Ave., Kyiv 03028, Ukraine)

COMPARISON OF OPTICAL AND ENERGY
CHARACTERISTICS OF EXCITONS IN AQUEOUS
SOLUTIONS AND SOLID FILMS OF QUANTUM DOTS

The results of studies of colloidal solutions of ultra-small ZnSe quantum dots (QDs) stabilized
by short thioglycerol molecules and their dense films, which constitute the material basis of
optoelectronic structures, are reported. A comparison of the results obtained for the solutions
and the films makes it possible to better understand the transformation of corresponding optical
characteristics during the transition from a system of non-interacting particles in the solution
to a system with strong interaction between QDs. Delocalization of excitons and hybridization
of their wave functions create a new set of QD energy states in the films, which govern the
transport and optical properties of the latter. A substantial red shift between the absorption
spectra of the solution and the film has been revealed, the nature of which is determined by
strong interaction among the QDs. The researched dynamic characteristics showed that the
time of the exciton excitation energy transfer in the films of ZnSe DQs with strong interaction
can be subnanosecond (=610 ps) and dominate over the time of internal exciton relazation
into in-gap, surface, and defect states of charge carriers.
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1. Introduction

Quantum dots (QDs) are semiconductor nanocrystals
confined in all three dimensions. As a result, we can
systematically vary their optical properties by chang-
ing their size [1]. Due to their unique properties, QDs
are promising materials for producing light-emitting
diodes (LEDs) [2], lasers, photovoltaic structures [3],
and in photocatalysis [4], as well as a platform for
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studying the phenomenon of excitation energy trans-
fer [5]. The material basis of the mentioned systems
consists of solid, densely packed QD films, the sur-
faces of which are covered with ligand molecules to
prevent their aggregation.

Since dense QD films and superlattices are formed
from the liquid phase, the optical and transport prop-
erties of charge carriers in them are determined by
the characteristic properties of electrons and holes in
QD colloidal solutions. In practice, as a rule, either a
dilute QD solution or a solid film is studied, so the
corresponding results are rarely compared with each
other. For example, the origin of such a phenomenon
as the Stokes shift (the difference between the max-
ima of the absorption and emission spectra) has been
studied mainly in dilute QD solutions [6-11]. Howe-
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Fig. 1.

TEM image and histogram (the inset) of the size
distribution of ZnSe QDs according to DLS data; scale bar
equal 20 nm

ver, to our knowledge, there are no studies that show
the transformation of optical characteristics from the
solution to the QD-film ones, which occurs due to the
transition from a non-interacting system to a system
with strong exciton interaction between the QDs.

Another problem is the relaxation of hot or cold
excitons in single QDs and QD films, and how strong
interaction associated with high kinetic energy of ex-
citons and short ligand molecules [12-15] affects this
parameter.

In this paper, we report the results of our stud-
ies concerning stationary and time-resolved optical
spectra of ZnSe QD dilute solutions and solid films,
and analyze the nature of the transformation of their
characteristics when changing from one system to the
other. One of the important obtained results is the
identification and justification of the origin of the red
shift taking place between the absorption spectra of
QDs in the solution and the film and caused by the
hybridization of exciton quantum states, and the ex-
planation of the origin of the Stokes shift in QD so-
lutions and films.

Another result concerns the dynamic relaxation
processes of hot excitons in single QDs and QD
films. We have found that provided the same excess
excitation of the solutions and the films, the rates of
exciton relaxation to the ground and surface states
due to the energy transfer between QDs are an order
of magnitude higher than those of the internal relax-
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ation to analogous states in single QDs. The obtained
results provide an understanding of the exciton re-
laxation pathways in ultrasmall ZnSe QDs and their
possible approximation in photovoltaic structures and
light-harvesting antennas [3, 4].

2. Experimental Part

The synthesis of colloidal water-soluble QDs for the
fabrication of solid-film devices may be more envi-
ronmentally friendly than the preparation of QDs
in organic solvents for the same purpose due to the
larger simplicity and the lower cost of the procedure
[1]. ZnSe QDs covered with short thioglycerol (TG)
molecules, which are studied in this work, were syn-
thesized in aqueous solutions according to the proto-
col outlined in some of our previous articles [9, 13,
14]. The molar ratio of Zn, Se, and TG determined
as 1.1:0.57:2.7, but was experimentally changed to
the optimal value 2:1:2.5.

We prepared two samples of QD solutions with the
average QD radii Ry (o) = 1.5(1.2)40.1 nm. The latter
were determined by measuring the hydrodynamic di-
ameter (dynamic light scattering, Zetasizer Nano ZS)
[14]. Thus, taking into account that the length of the
TG ligand molecule equals A = 0.75 nm [13], the QD
center-to-center distance was 3.75 nm (3.15 nm). In
such ultrasmall QDs, excited electrons and holes are
in a strongly quantized regime with a high initial ki-
netic energy because the Bohr radius of exciton in
ZnSe is a, ~ 3.7 nm.

Between 5 and 10% remain unavoidable. If we con-
sider the shape of synthesized QDs in our specimens
to be spherical, then the standard deviation (the stan-
dard variance) of their diameter was about 8%. This
value was determined by counting approximately a
hundred QDs in a typical image obtained using a
transmission electron microscope (TEM).

It should be noted that for ultrasmall ZnSe QDs,
the low contrast between them and the substrate
strongly complicated their counting and the deter-
mination of dispersion, as can be seen in Fig. 1. The
figure also demonstrates a histogram of the QD size
distribution, which can be well approximated by the
Gaussian function.

QD films were formed by heating them in air at the
temperature T ~ 50 °C until the aqueous solution
completely evaporated; see Fig. 2, a. However, the
quality of their surface became substantially worse
at T > 80 °C through the formation of agglomer-
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ates, cracks, and cavities, as one can see by comparing
Figs. 2, a and 2, b obtained using an optical micro-
scope (Leica microscopes (the inVia system)).

To confirm the obtained QD sizes, absorption spec-
tra (the value of the first exciton transition), the
effective-mass model in a spherical potential, and the
particle-in-a-sphere model were additionally used.

To obtain densely packed films, a concentrated
QD solution were deposited on quartz substrates by
a layer-by-layer spin-coating procedure. As a result,
a film with a thickness of about 50 nm was ob-
tained. Then the process was repeated several times
until the film thickness reached a value of about
500 nm. The average thickness of the produced QD
films was estimated using a Tencor Alpha-Step D-500
Profilometer (Tencor-Instruments).

Experiments dealing with ultraviolet (UV)-visible
(Vis) absorption and stationary and time-resolved
photoluminescence in QD solutions (a square trans-
parent quartz cuvette with an optical path length
of 10 mm) and films were carried out at room tem-
perature using SHIMADZU UV-2450 and Life Spec-
IT spectrophotometers (Edinburgh Instruments Ltd).
To excite the PL signal in the UV-vis region, a pulsed
LED with the wavelength A = 255 nm (=40 W)
and the instrument response function (IRF) of about
900 ps, as well as a picosecond pulsed diode laser
EPL-405 with A = 405 nm (=5 mW, IRF = 280 ps),
were used. Excitation photoluminescence PLE and
TRPL spectra were also registered using the follow-
ing spectrophotometers as excitation sources: an FS-
5 spectrophotometer (Edinburgh Instruments Ltd)
with a Xenon lamp (150 W), a pulsed LED with
A = 375 nm (IRF =~ 800 ps), and a Perkin—Elmer
Lambda LS-55 spectrophotometer (Perkin—Elmer In-
struments, UK). The pump intensity was kept low to
avoid multiexciton absorption and inevitable Auger
heating of single QDs.

3. Results and Their Discussion

3.1. Stokes shift and medium
effect on optical and energy spectra
of ultrasmall ZnSe quantum dots

Unfortunately, the quality of QDs of II-VI semicon-
ductors grown in aqueous solutions at low temper-
atures is lower (they have more defects) in compar-
ison with those obtained via the non-aqueous high-
temperature synthesis in organic solvents [1]. Despite
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Fig. 2. Images of the surface of ZnSe QD films heated to
50 °C (a) and 80 °C (b) for 2 h; scale bar equal 5 um

this fact, the synthesis of colloidal QDs in water re-
mains attractive due to the possibility of using envi-
ronmentally friendly materials.

Being covered with molecules of appropriate lig-
ands, which regulate their growth and prevent their
agglomeration, QDs form complexes of the first (type-
I) or second (type-II) type, whose energy pictures
are one of the main characteristics [16]. In the former
(type-I) case, the width of the HOMO (the highest oc-
cupied molecular orbital)-LUMO (the lowest unoccu-
pied molecular orbital) gap of the ligand completely
overlaps the counterpart value for QDs, where the
excited electrons and holes are localized. In the latter
(type-1I) case, the corresponding forbidden gaps in
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Scheme 1. Positions of the HOMO-LUMO levelsin TG (with
respect to the vacuum level) calculated using the density func-
tional method, and the energy structure of ZnSe QDs with the
corresponding values of the potential wells for electrons and
holes
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Fig. 3. Raw absorption spectra of pure TG and ZnSe QDs
with radii R1,2. The vertical colored lines mark the maximums
of the Gaussian functions that approximate the correspond-
ing ASs. The double-head arrows marked as ~1080 meV and
~700 meV denote the energy shifts of 1.5 excitons due to the
quantum-size effect in QDs with R; and Ra, respectively. The
vertical black line at about 434 nm marks the maximum of the
I>s band

the QD and the ligand are energy-shifted with respect
to each other, which leads to the spatial separation of
electrons and holes and their localization in the QD
and the ligand.

As a rule, Zn-chalcogenides are doped with thi-
ols. The latter, as ligands of the X-type, bind to the
chalcogenide surface due to the affinity of the thiol
group with respect to Zn-chalcogenides, thus provid-
ing a chemical bond with Zn?* at the QD surface; as
in our case ZnSe QD + TG [17]. Unlike the latter, the
energy picture in similar complexes CdSe QD + thiols
belongs to the second-type structures, where ligands
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are hole acceptors that capture excited holes from the
QDs; as a result, we obtain a spectral (bathochromic)
shift of the PL band and its rapid decay [18].

The positions of the conduction and valence bands
with respect to the vacuum level are well known
to date for most II-VI semiconductors, including
ZnSe. At the same time, the determination of the cor-
responding HOMO-LUMO levels in organic ligands
is a difficult task. In our previous works [13, 14], the
density functional method (B3LYP DFT-D4 package,
6-314++G(3d,3p,f)) was used to calculate the corre-
sponding TG levels. To determine the average QD ra-
dius, we applied the particle-in-a-sphere model, which
is a basis for calculating the energies of absorption
peaks and the line width (see Scheme 1). The ob-
tained value of the ratio between the potential well
energies for electrons and holes equals V. /V}, = 12.6,
which made it possible to calculate the positions of
the (1S, — 153) and (1S, —25},) exciton levels in the
corresponding QDs.

Figure 3 demonstrates the raw absorption spec-
tra (AS) of two colloidal QD solutions with Ry(2) =
=1.5(1.2) nm and pure TG, where the molar con-
centrations of QD and TG were identical. To deter-
mine the positions of the 1.5 and 25 absorption peaks
more accurately, the shapes of the AS curves were fit-
ted by Gaussian functions (their maxima are marked
with vertical colored lines), which agreed well with
the calculated and experimental data, as well as with
similar results of other authors [19-23]. It can be seen
from the figure that due to the strong quantum-size
effect, the blue shift of the absorption bands in ul-
trasmall ZnSe QDs equals about 0.7 and 1.080 eV
for larger and smaller, QDs, respectively, with re-
spect to the ZnSe band gap width Ay = 461 nm
(2.7 eV). This circumstance provides a high initial
kinetic energy of excitons in QDs, which is important
for the exciton energy transfer in light-harvesting an-
tenna complexes and photovoltaic structures (solar
cells) [24].

The AS of pure organic ligands and QDs bound
to surface atoms are different, so the experimental
AS peaks may not correspond to the calculated ones,
which is typical of the UV region, where the bands
overlap quite strongly, as is shown in Fig. 3. To obtain
accurate peak energy values and the AS shapes for
separate QDs, we subtracted the AS of pure TG from
the corresponding spectra of QD solutions, which are
shown in Fig. 4 together with the PL spectra. The
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demonstration of the AS and PL spectra in the same
figure has advantages over their separate presenta-
tions because it allows a comparison of the charac-
teristic positions of one spectrum with those in the
other spectrum to be made. The absorption curves
obtained for both samples (dashed curves (magenta)
in Fig. 4) now represent the AS of pure QDs, whose
shapes were also fitted by Gaussian functions. The
maximums of the latter coincide well with their coun-
terparts in Fig. 3.

Figure 4, in addition to the general shape of the AS,
also exhibits the 1.5 absorption lines (black dashed
curves), and the maxima of the others are marked
by vertical (orange) lines: 1S (363 nm (3.41 eV))
and 25 (299 nm (4.14 €V) for QDs with Ry, and 15
(327 nm (3.79 eV)) and 25 (259 nm (4.78 €V)) for
R5. The vertical arrow at about 260 nm in Fig. 4, a
marks the beginning of the continuum. The vertical
lines at about 434 nm (2.85 €V) in Figs. 3 and 4, a
mark the maximum of the Is; band of in-gap states
(IGSs). The latter were mentioned in our previous
works [13, 14]. They form the low-energy shoulder of
the AS of QDs with R; and lead to its broadening. As
a result, the full-width-at-half-maximum (FWHM)
ratio between the 1.5 AS curves for both specimens
equals 57 nm/46.8 nm ~ 1.2.

Figure 4 also shows the PL spectra of the solu-
tions of both QD samples excited by an LED with
A = 255 nm. It should be noted that a characteristic
feature of ultrasmall QDs is the increase of the ratio
between the numbers of the surface atoms and the in-
ternal ones, which manifests itself in the broad shapes
of the overall PL spectra of both samples. When
they are excited with an excess energy higher than
1 eV, hot excitons are created, which quickly relax
and populate mainly the surface and defect states
in QDs. The PL intensity from those states substan-
tially exceeds that from quantum states, as can be
seen in Fig. 4.

The shapes of the PL spectra can be optimally
fitted using five Gaussians, which we divided into
three groups: the ) band, which arises owing to
band-to-band recombination of electrons and holes
in the quantum states; the I; and Ips bands (*s”
means surface), which are related to the IGS states;
and the D and H bands, which are formed by sur-
face defects (vacancies, stacking faults, etc.). The lat-
ter are responsible for the green and orange emis-
sion in the visible spectrum [22, 23]. Therefore, in
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Fig. 4. Absorption (AS) and photoluminescence (PL) spectra
of colloidal QD solutions with R; &~ 1.5 nm (a) and Ry ~
~ 1.2 nm (b) excited by an LED with A = 255 nm (4.86 eV)
and the resolutions of the PL spectra into Gaussian curves (Q,
Iis, Iss, D, and H). The corresponding Stokes shifts So are
indicated. The AS were obtained by subtracting the raw pure
TG spectrum from the corresponding QD spectra (see the text)

what follows, we will focus attention only on the first
three bands.

The nature of the I;, and Ios bands is the most
difficult to explain, and the reason for their formation
in QDs is still debated. The authors of work [25] have
proposed an interesting model where the formation
of IGS levels of electrons and holes was explained as
a result of a considerable difference (more than an
order of magnitude) between the effective masses of
charge carriers in the QD materials and the ligand
molecules. In this case, the dependence of the IGS
energy levels on the QD size would be different than
that for internal excitons. However, as far as we know,
this model has not been experimentally confirmed.

As was noted in works [6, 26-28], the main role in
the appearance of IGS states is played by the aqueous
environment, the molecules of which hydroxylate the
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Fig. 5. Profiles of PL decay in a colloidal QD solution reg-
istered at wavelengths of 363 nm (Q band) and 403 nm (/1
band). Excitation with Aexc = 255 nm. The average decay
times (Tav) were obtained by approximating the profiles with
a double-exponential function

surface of ZnSe QDs through dissociative chemisorp-
tion during their synthesis, and owing to the HT,
OH™, and H,O inclusions can introduce surface trap
states. Zaiping Zeng et al. [26, 27|, by combining the-
oretical and experimental results, showed that two
types of IGS levels can exist in ZnSe QDs depending
on the configuration between Zn, O, Se or Zn-OH
atoms.

We have noted these results in our previous works
[9, 14], and to confirm them, we prepared ZnSe QD
samples of two sizes, which also demonstrate these
bands in the QD band gap. In both samples, they lie
in a narrow spectral interval with an average distance
between them of 250 £+ 10 meV. These bands are syn-
chronously shifted to the red side by (7 £ 1) nm in
QDs with R, as can be seen from Fig. 4, b. However,
at present, we cannot state that this is a consequence
of quantum-size dependence. In addition, the pres-
ence of the Iy, state is confirmed by the broadening
of the AS of the solution with R; (Fig. 3). At the
same time, in the solution with Ry, this broadening
is small due to a substantial blue shift of the AS. The
15 and I>5 bands have almost the same FWHM val-
ues with the ratios FWHM1.5(/;5)/FWHM1.2(I;;) ~
~1+0.1 and FWHM1.5(I5,)/FWHM1.2(I55)~ 1.1+
+0.1, whence we may assume that the total number
of IGS states is determined by the QD growing condi-
tions and, probably, remains constant if the QD size
changes.

A characteristic feature of both PL spectra in
Fig. 4 is a large Stokes shift, whose origin is still de-
bated despite that this phenomenon has been studied
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for a long time in various QDs (CdSe, PbS, PbSe,
CsPbBrs, and others) [7-11]. Various authors pro-
posed several reasons for the formation of the Stokes
shift: the Franck—Condon shift, exchange interaction,
polydispersity of QD sizes and IGS states [7, 8]. Ano-
ther model, which explains this phenomenon and is
based on a tight-binding approach, describes the shift
as a consequence of splitting between bright and dark
exciton states [10, 11]. However, these models can ex-
plain only (10-30) meV of the shift magnitude, but
not >100 meV, which is observed in our experiment.

The difficulty in determining the nature of this phe-
nomenon in QDs consists in that both the AS and PL
band depend, although in different ways, on the QD
size. It can be seen from both panels that the shift
value increases from 180 to 420 meV mainly due to the
AS shift in both specimens, i.e., owing to the quan-
tum-size effect of excitons, as was emphasized in work
[8]. For ultrasmall QDs, the blue shift of the @ band is
insignificant as compared with its broadening, which
can be estimated by the ratio FWHM1/FWHM2 =
= 0.5 for QD size ratio R1/Ry =~ 1.25.

The origin of the @) band broadening is the increase
of the number of surface atoms in comparison with
the internal ones when the QD size decreases. Ano-
ther possible origin of the Stokes shift is a large di-
electric mismatch between the ZnSe materials (¢ = 9)
and the aqueous solution (¢ ~ 80), which induces a
bathochromic red shift of the PL band. Both factors
reduce the confinement energy of excitons by weak-
ening their quantum-size effect, increasing the wave
function size, and thus giving rise to a strong broad-
ening of the PL band.

At the end of this Subsection, we report the results
obtained for the PL signal decay in single QDs in
the solution due to internal dynamic processes. This
phenomenon makes it possible to estimate the de-
cay rate of the exciton population participating in
those processes. In Fig. 5, two PL decay profiles are
shown, which were measured in the QD solution with
R; (similar profiles were registered for the solution
with Rs) at the wavelengths A = 363 and 403 nm
corresponding to the maximums of the @ and I,
bands. To prevent interaction between QDs, the col-
loids were substantially diluted.

The profiles are well approximated by a double-
exponential function:

I(t) = Ay exp(—t/m1) + Asexp(—t/m2) + Ay,
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where Ap 12 are amplitudes, and 7 are decay
times. The calculated average decay times

_Ai(m)? 4 Ag(1e)?

Tav =
T1 +7’2

are indicated in Fig. 5. Two exponential functions
describe the decay of the exciton population within
the time window of our measurements (50 ns). The
quantity

A+ A

=—_—"- " ~99%
7T A A+ Ay 0

testifies that, within these limits, almost all excitons
in the corresponding states decay.

Excitation with a large excess of energy (4.86 —
—3.41 = 1.45 €V) leads to the excitation of excitons
in both states, @ and I;5. The former decays by trans-
ferring some of its energy to the latter, whose popu-
lation reaches a maximum after about 400 ps. This is
a consequence of a considerable overlap of the wave
functions of both exciton states and different decay
rates, which can be seen from Fig. 5. Below we will
show that the reported optical and energy charac-
teristics of single QDs in solutions undergo changes
in films as a result of excitonic interaction between
QDs, which affects the transfer of excitation energy
in systems with energy and spatial disorders.

3.2. Steady-state and time-resolved
optical spectra of dense ZnSe QD films
as a result of strong coupling

between QDs

One of the important differences between the opti-
cal spectra of dilute QD solutions and densely packed
solid QD films is the position of their absorption spec-
tra. The coupling between the QDs in the film leads
to the appearance of new electronic levels of excitons
and, as a result, a red shift of the film AS with respect
to that of the solution, which can be detected by com-
paring the ASs of the solution and the film. However,
this is a difficult task because the excitonic interac-
tion between QDs leads to a strong broadening of the
film AS, which becomes featureless, so it is difficult
to accurately determine excitonic peaks, as shown in
Fig. 6.

In this case, the PL excitation (PLE) spectrum
is more reliable when determining the energy lev-
els of excitons. It resembles the PL spectrum, but
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Fig. 6. Absorption and PL excitation (PLE) spectra for QD
films with R; obtained at various detection Aget (indicated in
the figure). The large (dark yellow) circles indicate the integral
areas of the corresponding PL bands (the right-hand side of
the figure) and are marked by the value of Vj, the difference
between the 1S absorption states in the colloid and the film
(short and long vertical arrows). The orange curve connecting
the points is an eye guide

the detection wavelength Age¢ remains fixed at a cer-
tain value, whereas the excitation wavelength Aeyxc
varies. The depicted in Fig. 6 PLE spectra were regis-
tered at various Aget’s, whose positions are indicated
by short vertical arrows. The feature of the PLE spec-
trum is the Aget-independence of its main band po-
sition 385 nm (3.22 €V), which is marked by a long
black vertical arrow. It points to the fact that the
quantum, IGS, and surface states of charge carriers
are mainly populated from the same source rather
than different ones. The obtained results differ from
analogous ones obtained in work [29] for CdSe QDs
covered with oleic acid, where the PLE peaks detected
at the gap edge and in the surface state region were
shifted with respect to each other.

To explain the transformation of excitonic states
when changing from the QD solution to the QD
film, the PLE band registered at Aget = 460 nm
(magenta) was approximated by Gaussian functions,
whose maximums are marked by vertical black lines
in Fig. 6. This approximation made it possible to de-
termine the positions of the 1.5 and 25 states, as well
as the energy level associated with the absorption of
TG molecules at the QD surface. Fig. 6 shows, that
the coupling between QDs leads to a red shift of the
1S5 and 2S5 excitonic levels by about 180 and 500 meV,
respectively, in comparison with the analogous shifts
in the QD solution. The evaporation of the aqueous
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PLI: Agyt = 255 nm
Y\ PL2: Ay = 405 nm

' PLE: g, = 460 nm
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N
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Fig. 7. PLE spectra (Aget = 460 nm, tinted band) and PL
(PL1 and PL2) spectra of QD films excited at Aexc = 255 (the
solid black curve) and 405 nm (the dashed black curve), marked
by two thick arrows. The corresponding Gaussian profiles are
shown (the solid and dashed colored bands Q, I2s, D, and H),

which approximate the corresponding PL spectra. The value
A ~ 160 meV is the Stokes shift

solution during the QD film formation led to a band
gap reduction for TG molecules on the QD surface
and a red shift by about 250 meV.

On the right-hand side of Fig. 6, we showed (dark
yellow dots) the Aget-dependence of the normalized
integral areas of the main PLE peak, which gives the
ratio between the exciton populations in the quan-
tum and IGS states. For example, the ratio between
the areas at Aget = 390 and 430 nm equals 1:0.31
and gives the ratio between the PL intensities of the
quantum and I states.

The vertical arrows in Fig. 6 demonstrate the
red shift Vy ~ 180 meV of the PLE band with re-
spect to the 1S level in the QD solution. As was
explained above, this phenomenon is not associated
with the difference between the absorption and emis-
sion of excitons, but related to the formation of new
exciton states owing to the hybridization of wave
functions with strong interaction between QDs [30,
31]. Resultantly, absorption in the film is performed
not by ZnSe QD monomers, as it occurs in the solu-
tion, but by QD molecules (dimers, trimers, etc.). To
estimate V[, we used the following expression that
determines the strength of the dipole-dipole coupling
between QDs [30, 32|

Vi = k‘UDA|2 (1)
07 a3,

where [ppal> = 9.2 x 1073 M -s - D? x (neAv/v) is

the dipole moment (in debyes), dpa =~ a is the dis-
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tance between the QDs, n is the refractive index of the
medium (for TG, n ~ 1.8), and k is the orientation
factor. For QDs with Ry = 1.5 nm, the lowest 15 ex-
citon level is 3.42 eV, FWHM = 352 meV, the extinc-
tion coefficient £(3.42 eV) ~ 2 x 10> M~1.cm™!, and
Av/v = 0.103. As a result, we obtain Vp &~ 170 meV,
which agrees well with the experimental value.

The origin and magnitude of the Stokes shift in so-
lutions were explained above however, in QD films,
they is different. Figure 7 illustrates the PLE spec-
trum detected at Aget = 460 nm (see also Fig. 6)
and the PL spectra at excitation with Aexe = 255 nm
(PL1, solid curves) and 405 nm (PL2, dashed curves).
The shapes of PL spectra were fitted using Gaus-
sian functions. Resultantly, we obtained the @, Is4,
and D bands analogous to the discussed above ones
(the I 5 band is almost completely overlapped by the
Q@ band). It can be seen that the magnitude of the
Stokes shift between the PLE and PL1 bands equals
Ag = 160 meV, and the origin of its formation differs
from that in the case of solution. In the film, strong
interaction between QDs leads to delocalization of ex-
citons and their tunneling into large QDs, where they
recombine to form the () band. The reason of exciton
localization in such QDs is the substantial mitigation
of the quantum-size effect at the tunneling process
and the exponential decrease of their wave function
amplitude outside the QD.

Again, making use of the particle-in-a-spherical-
box model, we estimated the QD radius that corre-
sponds to the @ band: Rs ~ 2.1 £+ 0.1 nm. The ob-
tained result indicates that, unlike the solutions, the
Stokes shift in QD films occurs due to the diffusion
of excitons into the QDs with R3, where they recom-
bine. Further, a comparison of the positions of the
IGS bands and defect states in the film and the so-
lution shows that they do not change their positions,
which means that these states do not depend on ei-
ther the QD size or the excitation energy. However, at
resonant excitation with Aeyxe &~ 405 nm, cold excitons
are created, and, due to fast relaxation and small en-
ergy losses, they populate the I»s and D states. The-
refore, the integral areas A of these bands at various
excitation energies increase significantly. Now, their
ratios are A(Ias,405 nm)/A(I2s,255 nm) ~ 7.4 and
A(D, 405 nm)/A(D, 255 nm) ~ 1.1.

The QD-size independence of IGS states has an im-
portant consequence, which is explained in Scheme 2.
At certain QD sizes, the quantum 15 and IGS states
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of excitons can be in resonance, but at larger QD
sizes, the IGS becomes higher by energy. Using the
particle-in-a-spherical-box model, we calculated the
radii of QDs at which their quantum 1S exciton level
is in resonance with the Ity (R1s =~ 1.9 £ 0.2 nm)
or the Iy; (Ras = 2.8 £ 0.2 nm) level. Whence, two
results follow.

(i) The resonance of states can significantly en-
hance the process of electronic excitation energy
transfer in the film by increasing the density of states
participating in this process.

(ii) For QDs with R > Rg;, the PL will be caused
mainly by the emission from IGS states (the thick
blue arrow on the right side of Scheme 2), therefore
the contribution of quantum states will be insignifi-
cant (the thin red arrow).

This may impose a restriction on the range of QD
sizes because the quantum-size effect of excitons will
cease to be realized at the indicated radii, and the
application of such QDs will not make sense.

Now, let us analyze the internal relaxation pro-
cesses of excitons in the QD film (accompanied by
the energy transfer) and isolated QDs, and estimate
the QD radius at which the rates of those processes
coincide. In Fig. 8 shows the PL spectra of the QD
film with R; at excitation with various wavelengths
(energies). The entire spectra can be conventionally
divided into three parts: (I) quantum states, (II) IGS,
and (III) surface (defect) states. The figure shows
that at the excitation with a high excess energy
(= 1450 meV), due to the energy transfer, the PL
intensity from quantum states substantially exceeds
that from parts II and III of the spectrum. In the QD
solution, the situation is opposite, and for a similar
excess excitation energy, surface (defect) states be-
come quickly populated; just these states are respon-
sible for the broad shape of the PL band (Fig. 4). The
PL intensity from the quantum and surface states of
QDs in the film become equal only at Aexe &~ 325 nm,
which corresponds to the resonant excitation of QDs
with R, ~ 1.4 nm. In other words, starting from
R = R, the rates of the energy transfer among QDs
and the internal relaxation of excitons begin to co-
incide due to a decrease in the initial kinetic energy
of excitons. The figure also demonstrates that with
the increasing excitation wavelength, only a redistri-
bution of PL intensity between the IGS and surface
states takes place, and there is no red shift of the
bands of these states. These facts suggest that, unlike
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Scheme 2. Independence of the IGS level from the QD size
leads to a situation when, at a certain QD radius, it will be in
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resonance with the 1S level. If the QD radius grows further,
the IGS level becomes higher by energy than the 1S level. G
is the ground level
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Fig. 8. Normalized PL spectra of the QD film at various ex-
citation wavelengths (indicated in the figure). Sections I, II,
and III mark the intervals of quantum (internal) exciton states,
IGS states, and surface (defect) states, respectively

the quantum states, the latter have no wide energy
distribution (dispersion) and, probably, form single
energy levels, whose positions do not depend on the
QD size.

The measurements of the time-resolved PL decay
profiles at various wavelengths (energies) give an op-
portunity to understand the dynamic properties of
excitons and determine their decay rates in various
states. Figure 9 exhibits the PL decay profiles reg-
istered at three wavelengths in the case of excitation
with a high excess energy (about 1.45 V) sufficient to
create hot excitons, as is shown in the inset. Despite
the presence of hot excitons, the excitation energy
transfer between the quantum states dominates over
the trapping of hot excitons into the IGS and surface
states.

For more understanding, the figure shows the reg-
istered decay profiles for the state with the excitation
energy transfer (A = 370 nm) and the radiative states
(A =403 and 420 nm). The average (subnanosecond)
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Aext = 255 nm 7 —— 370 nm
2 —— 403 nm

420 nm

~0.45ns

PL decay

=TT ingap and

PI: surface states

Time, ns

Fig. 9. Profiles of PL decay at wavelengths of 370, 403, and
420 nm under excitation with 255 nm, and average decay times
(Tav) obtained by fitting the PL decay profiles with double-
exponential functions (the blue dashed curves). The diagram in
the inset illustrates the excitation of the system, the formation
of hot excitons, and their relaxation path; x2 is the fitting
quality factor

hext=405mm 420 - 520 nm, 7, ~ 1.1£ 0.1 ns]

PL decay

surface states

12 16 20
Time (ns)

Fig. 10. Profiles of PL decay at wavelengths of 415 and
418 nm, and (for the IGS region and surface states 420+
520 nm) at resonant excitation with 405 nm. 7ay is the av-
erage decay time for the latter. The schematic diagram of
QD excitation, formation of cold excitons, and their relaxation
paths is shown in the inset

decay time obtained for the former state by approx-
imating the decay profile using a double-exponential
function (see above) equals 7,y /2 0.61 ns; it is mainly
associated with the ultrafast energy transfer among
QDs [13, 14].

Figure 9 also shows that the transfer process man-
ifests itself in the decay of PL in small QDs (black
curve) and the increase in large ones at A = 403 (red
curve) and 420 nm (green curve). These facts make
it possible to determine the rate of excitation energy
transfer in QD films, namely, about 2.2 ns™'. The
rapid capture of hot excitons into the radiative and
surface states makes the corresponding decay profiles
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inseparable, and the average decay time increases to
Tav =~ 13.5 ns.

The decay dynamics changes drastically under
long-wave excitation with Aexc = 405 nm (3.06 eV),
which enters into resonance with the 15 level of the
QD and excites cold excitons, as is shown in Fig. 10.
Their relaxation into the 1.5 state of QDs is extremely
fast, so the decay times for the interval A ~ (410-
418) nm are beyond the resolution of our instrument
(about 200 ps). However, in the interval 418-420 nm,
we can observe some kind of “gap” (marked by an ar-
row): a sharp increase of the average decay time to
Tay = (1.1 £0.1) ns. In the interval 420-520 nm, the
profiles strongly overlap, so the average decay time
almost does not change. The effective-mass model
makes it possible to determine the QD size corre-
sponding to the 1.5 state of excitons with A = 420 nm
(2.95 eV); it equals R,, = (2.5 0.1) nm. The most
acceptable explanation for this sharp increase of the
average decay time (the appearance of a “gap”) of
the latter is as follows. Starting from this QD radius
value, the wave functions of the quantum and IGS
states overlap. As a result, the rapid capture of ex-
citons into the IGS states makes the stationary PL
dependent exclusively on them, so the decay profiles
in the interval A > 420 nm strongly overlap, and the
value of 7., almost does not change, as is shown in
Fig. 10.

As was explained in Scheme 2, this process can have
two important consequences:

1) in QDs with R > R,,, PL is associated with the
IGS states rather than the quantum ones;

2) the presence of the IGS states restricts the size
and number of QDs that can participate in the pro-
cess of excitation energy transfer.

Unlike the authors of work [12], we believe that
excitons localized in the IGS states cannot transfer
excitation energy due to their strong localization and
the weak overlap of wave functions between neigh-
boring QDs. As a result, QDs with R,, ~ 2.5 nm are
probably the largest ones where the lowest quantum
exciton state determines their PL and excitation en-
ergy transfer. However, this conclusion requires fur-
ther research.

4. Conclusions

By comparing the steady-state and time-resolved PL
spectra of colloidal solutions and solid films of ZnSe
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QDs, we obtained important results concerning the
transformation of quantum, IGS, and surface exci-
tonic states when changing from one system to the
other. We showed that in the QD solution and film,
such phenomena as the Stokes shift and the rate of
internal exciton relaxation are of different origins; in
particular, in the film, they depend on the strong in-
teraction between excitons in QDs. The transfer of
excitation energy between the QD donors and accep-
tors was experimentally shown, and the rate of this
process in a system with the energy and spatial disor-
ders was determined. Another important result con-
sists in that the IGS states of charge carriers (exci-
tons) do not depend on the QD size and can be in
resonance with the quantum QD state at certain QD
sizes, in this way enhancing the process of excitonic
excitation energy transfer. Thus, the obtained results
give an idea of the evolution of excitonic processes
when changing from ZnSe-QD solutions to ZnSe-QD
solid films, which may bring us closer to the creation
of photovoltaic structures and light-harvesting com-
plexes with the parameters of natural photosynthetic
mechanisms.
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ITIOPIBHAJIBHI OIITUYHI

TA EHEPTETUYHI XAPAKTEPMCTUKNI
EKCUTOHIB ¥ BOJHUX PO3YNHAX

TA TBEPJIUX ITJIIBKAX KBAHTOBUX TOYOK

B poboti HaBemeHO pe3yIbTATH IOC/IIXKEHD KOJOITHUX PO3-
unHiB HagMaanx KBantosux To49oK (KT) ZnSe ra Ix mimpHHX
IUTIBOK, fKi € MaTepiaJlbHOIO OCHOBOIO OITOEJIEKTPOHHUX IIPU-
nazais. IlopiBusinEA pe3yabTaTiB PO3UMHIB Ta IIIBOK J0O3BOJISIE
Kpallle 3po3yMiTu TpaHcdopMaliio IX ONTUYHUX XapaKTepH-
CTUK IIPU IIE€PEXOi BiJ CHCTEMH HEB3a€MOIIOUNX YACTHHOK Y
PO3YMHI 10 CUCTEMU 3 CUJILHOIO €KCUTOHHOIO B3AEMOJIEI0 MiXK
KT. Henokasizaliisi eKCUTOHIB Ta Tibpuausaliisi TX XBUIbOBUX
dyHKIi# CTBOPIOIOTHL y IUIBKax HOBHI HabOIp €HEepreTHIHHX
craniB KT, ski Bu3Ha4aoTh 1X ONTHUYHI Ta TPAHCIOPTHI Xapa-
KTEePUCTUKUA. MU BUSIBUIN 3HAYHUN YEPBOHUI 3CYyB MIiXK CIie-
KTpaM{ IIOIVIMHAHHS PO3YHHY Ta ILIBKH, IIPUPOJA SIKOTO 3y-
MoBJIeHa cuibHOIO B3aemoziero mixk KT. Jlocmimkeni munami-
9H| XapaKTEePUCTUKH IIOKA3aJId, 110 Yac IIePEeHOCy eHepril 30y-
keHHs1 ekcuToHiB y mitiBkax KT ZnSe i3 cuiabHO0O B3a€MO/Ii€r0
Moxke Oytn cybHanocekyHuHuM (~610 1rc) i mepeparkaTu 4ac
BHYTPIIIHBOI pesiakcallil eKCUTOHIB y BHYTPIIIHBOIIIJINHH], I10-
BEpXHEBI Ta JedeKTHI cTaHu HOCIIB 3apsiy.

Katwvwoei caosa: CTOKCIB 3CyB, KBAHTOBA TOYKA, €HEPIris
30y/I2KEeHHsI, eKCUTOH, ZnSe.
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