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Abstract. Thermal quenching is one of the essential factors in reducing the efficiency of radiative
processes in luminophores of various nature. The emission activity of low dimensional structures
is influenced also by multiplicity of parameters that are related to synthesis processes, treatment
regimes, etc. In the present work, we have investigated the temperature dependence of
photoluminescence caused by exciton and defect-related transitions in ensembles of biocompatible
InP/ZnS core/shell nanocrystals with an average size of 2.1 and 2.3 nm. The spread in the positions
of energy levels is shown to be due to size distribution of quantum dots in the ensembles under
study. For a quantitative analysis of the experimental data, we have proposed a band model
accounting for the Gaussian distribution of the thermally activated barriers in the
photoluminescence quenching processes. The model offers the thermal escape of an electrons from
the core into the shell as the main mechanism for non-radiative decay of excitons. In turn, the
quenching of defect-related emission is predominantly brought about through the emptying of the
hole capture centers based on dangling phosphorus bonds. We have revealed the correlation
between size distributions of quantum dots and scatter of the activation energy of exciton
luminescence quenching. The developed approach will give further the possibility to optimize
technological regimes and methods for band engineering of indium phosphide-based type-I
quantum dots.
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1. Introduction

Colloidal quantum dots (QDs) belong to a unique class of nanoscale objects whose
electronic and optical properties occupy an intermediate position between molecules and three-
dimensional bulk materials composed of them [1-3]. Temperature-dependent features of
luminescence of I1-VI and 111-V semiconductor nanocrystals provide their wide applied prospects
for designing laser and LED media, composite phosphors, luminescent biomarkers, solar energy
concentrators, photovoltaic devices, temperature sensors etc. [4-12]. From the standpoint of
optimizing their operational specifications, the range near room temperature and above is decisive.
Meanwhile, cryogenic investigations of the optical properties of zero-dimensional objects allow
one to make deeper insight into the fundamental regularities of radiative and non-radiative
recombination, to describe the structure of electron-hole states, to study the relaxation and
transport of excitations, to analyze the mechanisms of blinking, thermal quenching, and many

other processes occurring at micro - and nanoscale levels.

As the temperature rises, the intensity of exciton luminescence in most QDs drops. In other
words, thermal quenching happens. On the one hand, an increase in the contribution of non-
radiative transitions can be caused by internal exciton-phonon interaction processes, thermal
activation through the barrier between the potential energy surfaces of the excited and ground
states, as well as thermally assisted tunneling [13, 14]. On the other hand, noticeable emission
guenching can be a consequence of phenomena associated with external mechanisms, in particular,
with capturing excited charge carriers by traps in the region of the surface and various interfaces
[14, 15].

At present, the processes of thermal quenching have been studied in sufficient detail for
QDs with a core based on 11-VI compounds [16-18]. Besides there are a number of independent
data on the temperature influence on luminescent properties of indium phosphide that is one of the
promising materials for creating environmentally friendly and biocompatible QDs based on I11-V
compounds. For instance, it is reported in [19] that from room temperature to 800 K, a significant
guenching of luminescence occurs in InP nanocrystals with various kinds of surface passivation.
In the process, a ZnS shell or small inorganic ligands on the surface are the reason for improving
the high-temperature stability of QDs, and electron capture is the main quenching mechanism. The
authors of [20, 21] claim that, when heated from cryogenic to room temperature, InP nanocrystals
of various sizes demonstrate a decline in the PL intensity over the entire spectral range. Alongside
this, a red shift of the exciton PL maximum and a strong quenching of low-energy emission are
observed. As a result, at room temperature, the spectrum exhibits a broad peak with an extended
tail. The luminescence parameters of InP/ZnS nanocrystals exposed to temperature ranged from 2



K to 510 K were explored in [22, 23]. Changes both in the energy of the maximum and in the
halfwidth of the PL band are found to be due to the interaction of excitons with acoustic phonon
modes. The authors of [24] made a note of different behavior of PL quenching caused by exciton
transitions and optically active centers based on crystal defects. With changing the temperature, a
similar shift of the maximum, as well as a strong quenching of low-energy defect-related PL was
also observed in [25-27]. In this case, a quantitative analysis of the processes of thermal quenching
of exciton emission was performed for a series of InP/ZnS QDs of different sizes (2.0 — 4.7 nm)
and in the range of 80-300K, accounting for the exciton-phonon interaction with longitudinal

acoustic and optical modes [27].

So we summarize that there are many factors affecting the efficiency of the luminescent
response of the core/shell QDs. Firstly, they are directly connected with the phase-chemical
composition, intrinsic properties and structural characteristics of the core material. Secondly, the
semiconductor shell itself and its features contribute to forming active quenching centers based on
various defects in the interface regions. Finally, the temperature behavior of luminescence is
influenced by stabilizing molecules and the solvent, with both controlling the relaxation of surface
atoms and being responsible for the appearance/disappearance of surface channels of non-radiative
relaxation of excited charge carriers. All of the factors mentioned above predetermine the
peculiarities of each nanocrystal separately. However, the samples are, as a rule, ensembles
combining QDs spread in size, shape, and other structural and physicochemical parameters.
Variation in size, for example, governs the position of the energy levels; therefore, the scatter in
the energy gap width, the magnitude of exciton and defect-related optical transitions, the height of
various energy barriers responsible for the appropriate channels of radiative and non-radiative

relaxation of excitations should be expected.

Earlier [28-30], we studied the effects of inhomogeneous broadening of exciton bands in
optical absorption spectra of InP/ZnS QDs with different average sizes, as well as the temperature
shift of exciton levels due to interaction with effective low-energy vibrations. The present paper is
aimed at investigating the mechanisms of thermal quenching of luminescence in colloidal InP/ZnS
nanocrystals in the range 6.5-296 K, taking into account possible effects of the size distribution of

QDs in the ensemble.

2. Methods

In this work, we studied photoluminescence spectra for two ensembles of water-soluble
InP/ZnS QDs, which were synthesized by NIIPA (Dubna, Russia) based on the method [31] using
safe amino-phosphine-type precursors. An average particle size estimated from the position of the



exciton absorption band was 2.1 (QD-1) and 2.3 nm (QD-2). For luminescence measurements in
the temperature range 6.5-296 K, the colloidal solutions were drop casted onto 1-mm-thick quartz
substrates and then dried at room temperature to form a film. Transmission of the substrates was
94% in the range 300—900 nm and gradually decreased to 85% at 190 nm. Under the experimental
conditions, the substrates did not exhibit their own luminescent response. PL emission was
dispersed with a Shamrock SR-303i-B spectrograph (Andor, Inc.). The input slit width was 50 pm,
and the diffraction grating had a groove density of 150 I/mm. A Newton®" DU970P-BV-602 CCD
matrix (Andor, Inc.) cooled to -80 ° C was used as a detector. Resolution of the measuring system
was 1.3 nm. The spectra were read out in the full vertical binning mode, exposure time was 200
ms, the data obtained were then smoothed using the Savitsky-Golay algorithm. To plot the spectra
against the photon energy a spectral correction was performed. Control of the sample temperature
was implemented by means of a CCS-100/204N helium closed cycle refrigerator (Janis Research
Company, LLC). Measurements were carried out at different temperatures: T = 6.5 K, over the
range from 10 to 100 K in 10 K, and from 100 to 296 K with a step of 20 K. The presented results
were obtained under UV LED excitation with an intensity maximum at 372 nm and average power
density of 5 mW/cm?. PL quantum yield of the nanocrystals was estimated at room temperature
within the framework of a well-known procedure [32]. Rhodamine 6G was used as a reference.
The values obtained were 27% for QD-1 and 10% for QD-2.

3. Results

Fig. 1 shows photoluminescence spectra of the QDs measured at different temperatures
and normalized to the maximum intensity at T = 6.5 K. The room temperature luminescence bands
have an asymmetric shape characterized by a less steep low-energy part. For QD-1, the PL
spectrum has a maximum intensity at Ex = 2.32 eV and a halfwidth H = 296 meV. The larger QD-
2 nanocrystals exhibit Ex = 2.13 eV and H = 364 meV. Upon cooling, the intensity increases in
both samples, and the Ex position shifts to the blue region towards 2.36 eV for QD-1 and 2.16 eV
for QD-2 at 6.5 K. In this case, spectra shape changes significantly, the halfwidth increases to 705
and 559 meV, respectively. The observed broadening is associated with the intense shoulders in
the low-energy region of the experimental spectra distinctly revealed at T <160 K for QD-1 and at
T <100 K for QD-2. For the smaller nanocrystals this feature turns into the band with the 2.07 eV
local maximum at 6.5 K. Such evolution points to the presence of an additional component in the
emission of the samples (see also Fig. 2). Integrated luminescence intensity in the range 1.5-2.75
eV changes 13 times for QD-1 and 9 times for QD-2 in the studied temperature interval.
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Figure 1. Experimental PL spectra for the InP/ZnS QDs. The measurement temperatures are
shown next to the corresponding curves. The intensity of all curves is normalized to the

maximum value at 6.5 K. For the description of the colored areas, see section 4.4.

4. Discussion

4.1. Temperature evolution of the InP/ZnS photoluminescence
For clear comparative analysis of the changes in the shape, the measured PL spectra are
presented in Fig. 2 after normalization to the appropriate maxima at different temperatures. The

position of the Eq4 maximum for the hidden component responsible for the temperature dynamics



in the low-energy part of the spectrum was calculated using the second-order derivative
spectroscopy [29] (see Fig. 2, dashed line). The observed transformations of the luminescence
spectra in the QDs at hand may be due to the presence of several radiative channels based on
excitons, various defect-related centers, etc. Moreover, the mechanisms of PL thermal quenching

are also different in origin.

The temperature dependencies of photoluminescence in InP/ZnS nanocrystals of different
sizes have been studied earlier in [23-27] (see data in Table 1). These papers are attributed the
high and the low energy spectral components to the exciton transitions and the presence of defects,
respectively. It should be underscored that, at low temperatures, most of the known
photoluminescence spectra contain defect-related emission, Eq (see Table 1). An exception is
provided by the samples in [23] because the spectrum lacks a clearly pronounced component, Eq.
Moreover, the largest QDs exhibit no defect-related emission in the size series of the 2 — 4.7 nm
samples [27]. The authors of [26] spot three components in the PL spectrum. The main one
corresponds to recombination through the doublet of bright and dark exciton states. The higher
energy component is ascribed to another bright state lying above the doublet. The low-energy band
matches recombination through deep traps or defect states. Along with exciton emission,
photoluminescence of defects in InP/ZnS is also confirmed in [27]. The work [25] reports that a
decline in temperature contributes to the appearance of bands shifted relative to the exciton
maximum by about 300 meV towards lower energies, with their intensity dropping as the QDs
grow in size. In the opinion of the authors, deep traps explain this fact. The current research
emphasizes that the emission intensity of Eq also increases with a decrease in the nanocrystal size
(see Fig. 2). This probably points to a relationship between the emission and surface states. The
energy differences amount to Ex - Eq = 320 meV (for QD-1) and 360 meV (for QD-2), which is

quite consistent with the data and conclusions in [25].

Thus, given the foregoing, the Ex band observed is due to exciton emission, and the broad
low-energy component Eq may be caused by lattice defects in InP/ZnS. First and foremost, the
optical properties are affected by dangling bonds of indium DB, and phosphorus DBp atoms on
the surface of the core, which create donor and acceptor levels in the energy gap of QDs,
respectively [20]. Besides, substitutional Zni, defects (zinc atoms in the crystalline positions of
indium) can arise [33]. Calculations based on the density-functional theory indicate that the
presence of Zni, leads to the formation of defect states 50 — 250 meV above the top of the valence

band, depending on the position in the lattice.

We have previously shown in [34, 35] that the shape of the experimental spectra at different

temperatures is well reproduced through a numerical deconvolution into several Gaussian



components. However, the obtained spectral parameters and their dependencies provide no
physically substantiated interpretation of the observable temperature behavior, in particular, within
the exciton-phonon interaction. At our glance, the temperature features in the PL spectra can be
explained by the scatter of the parameters of quantum dots in the ensemble. For InP/ZnS
nanocrystals, the effects of such a spread have been independently examined based on the
Kennard-Stepanov relation and on estimating the distribution of the luminescent-state lifetimes at
room temperature [36]. We also analyzed these effects for the QD-1 and QD-2 samples within an
experimental and theoretical analysis of the halfwidth of optical absorption bands in a wide

temperature range [28, 30, 37].
4.2. Inhomogeneous broadening of the exciton band

The method of estimating the halfwidth of the exciton band Hx =231 + 30 meV for QD-1
and 315 £ 30 meV for QD-2 is illustrated in Fig. 2. It is worth noting that the Hx magnitudes remain
unchanged within an experimental error in the entire temperature range and do not exceed the

corresponding values of 290 and 370 meV for the halfwidth of the first exciton band in the optical

absorption spectra at the same samples [30].
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Figure 2. The shape of the PL spectra analyzed for the samples tested.

The dashed line indicates the spectra of the second derivative for estimating the position of the

maximum of the hidden component Eq in the low-energy region.



Independent spectral data on the luminescence of InP/ZnS confirm the observed pattern.
We made appropriate estimates for the halfwidth of the exciton band using data from the papers
[23-27] (see Table 1 and Fig. 2). It can be seen that a noticeable increase in the halfwidth Hx(T)
with increasing temperature takes place only in [23]. All the other works demonstrate a
temperature independent Hy. It is important to point out that, in [24-27], the value of Hy at room
temperature for 2 — 4.7 nm InP/ZnS nanocrystals varies within a wide range of 166 — 372 meV.
The above effects are presumably due to different synthesis protocols that lead to the formation of
a more or less wide size distribution of QDs, as well as the appearance of defects of a certain type
in them.

Table 1 — Spectral characteristics of exciton and defect-related luminescence in InP/ZnS
nanocrystals

Precursors,
, Ex, Hx, Ea, Temperature o
Size, nm Injection temperature, Reference
eV meV eV range, K
Manufacturer
InX3 (X =ClI, Br, I),
2.1 (QD-1) 2.36-2.32 231 2.04 tris(diethylamino)
6.5 - 296 phosphine, This work
23(QD-2) | 216-213 315 1.80 180 °C,
NIIPA, Russia
In(Ac)s
1.8 2.45-2.35 165 — 236 - wis(trimethylsily])
ris(trimethylsi
2-300 y Y [23]
phosphine,
3.0 2.14-2.05 134 - 217 -
188 °C
In(Ac)s, PH3;
- 2.05-2.00 192 1.80 15 -300 [24]
290 °C
InCI3
tris(dimethylamino)
2.9 2.02-1.95 166 1.66 4 -290 ) [25]
phosphine,
160 °C
Mesolight Inc.,
2.9 2.08 -2.06 229 1.78 11-300 ] [26]
China
2 2.38-2.35 316 2.00
2.4 2.18-2.15 257 1.78 Janus New-Materials
80 — 300 ) [27]
2.9 1.84-1.83 310 1.66 Co. Ltd., China
4.7 1.79-1.77 372 -

Table 1 includes some information on the peculiarities of the fabrication of InP/ZnS

nanocrystals. All of these techniques can be classified as a hot-injection one [38]. For each of the



samples, the sources of indium and phosphorus and the injection temperature are given,
respectively. So, the present work and [25] utilize relatively safe amine-derived sources of
phosphorus for preparing QDs [31, 39]. To facilitate the subsequent growth of the shell and reduce
the size distribution of the nanocrystals, ZnCl; is added to the initial mixture that can lead to the
formation of Zn-doped InP core [31]. QDs in [23, 24] were synthesized using problematic, from
the standpoint of green and economic chemistry, tris(trimethylsilyl)phosphine and PHz gas. In all
the cases, InP core of QDs is characterized by a low luminescence quantum yield (< 1%).
However, the latter significantly increases through coating with a shell. This fact evidences the
relationship between non-radiative relaxation channels of excitations and the surface of the
nanocrystals. Thus, it can be inferred that, whatever the synthesis peculiarities, inhomogeneous
band broadening processes in the photoluminescence spectra are inherent to the majority of

InP/ZnS quantum dots.
4.3. Temperature shift of the exciton band

Fig. 3 displays the temperature shift of the maximum of Ex for the QDs explored. The

experimental data were analyzed using Fan expression [35, 40—43]:
-1
ho
E,(T)=E,(0)—-An,, wheren, = [exp (k_Tj —1} : (1)

Here Ex(0) is the energy of the PL maximum at O K; Ar is the Fan parameter dependent on the
microscopic properties of the material; ns is the Bose-Einstein factor for phonons with an average
energy zm; k is the Boltzmann constant, eV/K. The approximations are shown in Fig. 3 by solid

lines. The calculated values of the parameters are listed in Table 2.

Table 2 — Parameters of exciton-phonon interaction in InP/ZnS

Sample Ex(0), AF, ho, S Essat 6.5 K,
+0.01 eV +3 meV +1 meV +10 meV
QD-1 2.35 38 11 1.73 359
QD-2 2.16 12 9 0.66 332
bulk InP [44] 1.42 49 14 1.78 -

The effective phonon energies 7z obtained in the experiment are in good agreement with
the longitudinal acoustic vibrations of 10.2 meV at the L point of the Brillouin zone for bulk InP
[45], as well as with our estimates based on the data about the temperature behavior of exciton

luminescence in indium phosphide single crystals [44]. The ascertained fact satisfies the



independent experimental results in [22, 23, 46] and the theoretical conclusions of [47-50] on the
enhancement of the nonpolar interaction along the mechanism of the deformation potential
between excitons and acoustic vibrations in the quantum confinement regime. It is known that
low-frequency modes with an energy of = 18.6 meV are identified in the Raman spectra of InP
nanocrystals modified by treating in HF, doping with Zn, or coating with a ZnS shell [33]. Thus,
the temperature shift of the exciton luminescence band in the InP/ZnS samples investigated is

caused by the exciton-phonon interaction with longitudinal modes of acoustic vibrations.
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Figure 3. Temperature dependencies for the maximum exciton emission Ex (open squares) and

Stokes shift Ess (insert, solid squares) of the InP/ZnS samples under study. Symbols are

experimental data, solid lines designate approximations according to Fan expression (1), dashed

lines indicate free-hand curves.



Relying on the values for the maxima of the exciton band in the absorption E; [30] and
emission Ex (the present work) spectra we can analyze the temperature dependencies of the Stokes
shift Ess = E1 - Exin the QDs (see inserts in Fig. 3). It can be seen that Ess remains intact at low
temperatures but slopes down with a further increase in temperature. The Ess(T) dependence
appears to be revealed due to a fine structure of excited exciton levels, typical for QDs based on
various semiconductor compounds, including CdSe [47, 51, 52], CdTe/CdS [53], InP [54],
InP/ZnS [25, 52]. The quantum confinement effect enhances the exchange interaction. As a
consequence, the splitting energy AE between the bright 2 and dark 1 exciton states becomes
higher. At low temperatures, the dark state dominates in the population distribution over exciton
fine structure levels. Heating leads to a redistribution of excited carriers in favor of the high-energy
bright state. Consequently, the emission energy Ex increases, and the Ess diminishes. The Stokes
shift is also affected by the exciton-phonon interaction that can be estimated using the Huang-Rhys
factor S = Ar/2hm [28]. It should be stressed that the value of the Stokes shift is larger for QD-1,
which is consistent with the obtained estimates of S (see Table 2). An increase in the value of Ess
with decreasing nanocrystal size is a usual regularity previously found for QDs based on InP [22,
23], as well as for CdTe [55], CdSe [47], and CdSe/ZnS [56]. Note that the experiments performed
do not allow to distinguish the contributions of exciton fine structure and exciton-phonon coupling
to the Stokes shift.

4.4 Thermal quenching of exciton and defect-related emission

The efficiency of radiative recombination processes for the QDs tested is strongly
temperature-dependent. Fig. 4 sketches the temperature dependencies for the integrated intensities
Ixand lq after normalization to their maximum values. The analyzed spectral ranges associated

with excitonic and defect-related luminescence are appropriately colored in the Fig. 1.

For accounting for the relationship between the probabilities of radiative and non-radiative
transitions between discrete energy levels, the conventional model of thermal quenching of

photoluminescence in solids can be presented by the well-known Mott expression [57-59]:

E -1
1(T)=1n(T,E,), U(T,Eq){lwexp(—ﬁﬂ : ()

where the function (T, Eq) characterizes the efficiency of radiative transitions; lo is the
luminescence intensity without quenching, a.u .; p is a dimensionless pre-exponential factor; Eq is

the activation energy of quenching, eV. In the case of involving several channels of non-radiative

relaxation of excitation in the quenching mechanism, the efficiency function acquires additional



temperature summands with the p and Eq parameters [60—63]. Fig. 4 (see the insert) displays the
experimental data for QD-1 in Arrhenius coordinates. Colored solid lines indicate the results of
simulation using the expression (2) under the assumption of a different number N of non-radiative
channels. It can be seen that an increase in this quantity improves the description accuracy, and
the best one is achieved for N = 10. In doing so, it is obvious that the model of discrete energy
levels with such a large number of adjustable parameters prevents from interpreting a multiplicity
of thermally activated barriers that can form the temperature dependencies observed.
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Figure 4. PL temperature dependencies for the InP/ZnS samples.
Symbols denote experimental data, solid lines are calculated curves according to the expression
(2) accounting for the distribution of the activation energy, blue and red shaded areas along the
lines indicate 99% confidence intervals. Insert shows measured (open squares) and simulation
(colored lines) data in Arrhenius coordinates, see section 4.4 for details.



Let us look at a band model for describing the possible thermal quenching mechanisms for
luminescence of various origin in excited InP/ZnS nanocrystals. A schematic representation of the
energy levels involved in the emission processes is presented in Fig. 5a. The alignment of the InP
and ZnS energy bands leads to the formation of type-I core/shell quantum dots. Synthesis may
facilitate the emergence of Zn, substitutional defects in the InP core [33] and dangling bonds of
indium DBi» and phosphorus DBp at the core/shell interface due to incomplete passivation. In turn,
these bonds create the corresponding donor and acceptor levels [20]. In particular, dangling bonds
of phosphorus atoms on the surface of InP nanocrystals have been previously uncovered by high-

resolution photoelectron spectroscopy using synchrotron radiation [64].

The recombination of excited charge carriers from the 2 and 1 levels to the 0 ground state
forms the Ex emission band (see Fig. 5b). Non-radiative channels associated with surface states
produce a low quantum yield in shell-free nanocrystals [65-67]. With thermal activation, the
quenching of exciton luminescence in the quantum dots is possible due to the escape of an electron
from the InP core to the ZnS shell. Similar processes are typical for epitaxial QDs when carriers
thermally escaped into different layers of the heterostructure are captured by non-radiative

recombination centers [15, 68, 69].

The described level structure is usual for an individual nanocrystal. Simultaneously, the
samples explored are ensembles of QDs of various sizes. Hence, an energy distribution of exciton
levels takes place: with a decline in the core size, both the energy between the ground and dark
states and the gap AE in the doublet of the dark and bright states increase. In turn, the energy
position of the bottom of the conduction band (CB) in the shell is governed by the latter’s
thickness. The height of the Eq activation barrier of a non-radiative channel for excited electrons
to pass into the shell is assumed to be described by a distribution density, f(Eg). Thus, to analyze
the exciton PL quenching processes in the QDs, we resort to an equivalent band scheme (Fig. 5b,
right), making an allowance for the distribution f (Eg).

The defect-related emission Eq arises as a result of the transitions shown in the diagram in
the left panel of Fig. 5c. In this case, the PL quenching may be as a consequence of a thermally
activated transition of electrons from the defect DB)s-state to the 2 and 1 levels or, respectively,
holes from Zni, and DBp to the 0 ground level, followed by participation in the exciton emission
mechanisms. Note that the different quality of the core/shell interface and location of the impurity
zinc atom in the lattice is the reason for the energy levels of the DBin, DBp, and Znin defects to be
distributed in a certain range of values [20, 33]. Then, the equivalent band diagram proposed in

the right panel of Fig. 5c¢ helps run an analysis of the experimentally observed quenching of defect-



related luminescence. Here, the activation energy of quenching is related to the effective-acceptor-

level depth and can also be described by the f(Eq) distribution density.
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Figure 5. Band diagrams for the InP/ZnS nanocrystals (a) describing the mechanisms of
guenching of the exciton (b) and defect-related (c) luminescence. See section 4.4 for the

discussion of the energy levels.



Exploiting the above equivalent band schemes and accounting for the efficiency of
radiative transition function (T, Eq) and the f(Eq) distribution of the activation energy of
quenching [70-73], we can write down the temperature dependence of the PL intensity:

E
|(T)=1,[n(T.E,) f (E,)dE,,

0
3)

1 1 21y -2
B S U (—4In2(Eq—Eqm) H, )

f(E,)=(4In2)27 2H e :
Approximating the experimental data, we suppose that the distribution function has a Gaussian
shape with a maximum energy Eqm and a halfwidth Hq. Bear in mind that the model does not
consider the temperature dependence of the f(Eq) parameters.

4.5. Activation energy distributions

The approximation of the experimental data for the thermal quenching of exciton and
defect-related luminescence along the expression (3) is shown in Fig. 4 (solid lines). Appropriate
colors mark 99%-confidence intervals in the derived curves. It can be seen that the approach
proposed well approximates the experimental dependencies (Adj. R-Square > 0.997). The f(Eq)
functions deduced from the calculations for the QDs are outlined in Fig. 6. Their parameters are
given in Table 3. It is worth stressing that the defect-related PL for both samples is characterized
by lower magnitudes of Eqm and Hq. The predicted model distributions f(Eq) have a nonzero density
of states for Eq = 0. From the point of view of physical interpretation, it can be claimed that non-
activation (barrier-free) quenching processes proceed in the nanocrystals, presumably due to
tunneling [74, 75]. In this case, the barrier-free processes are more typical for thermal quenching
of the defect-related emission.

The barrier height of AEinr/zns = 500 meV in the InP/ZnS bulk heterojunction meets the
difference in electron affinity energies of 4.4 eV for indium phosphide and 3.9 eV for zinc sulfide
[23, 76]. In the case of a nanostructure, the size effect affects the position of the energy levels [77].
According to our estimates within the approach of [20, 78] for the nanocrystals studied, the
AEnpizns barrier for the escape of an electron into the shell decreases to 100 — 320 meV. The above
boundary values are in good agreement with the ranges calculated for the distribution of the
activation energy for quenching of exciton luminescence in QD-1 and QD-2 (see Fig. 6, blue
dashed lines). In turn, the maximum of the obtained distribution of the activation energy of
quenching for defect-related emission is quite well matches the independent theoretical estimate
of 86 meV for the distance between the 0 and DBp energy levels in a partially passivated cluster



(InP)34(ZnS)46 [20] (see the red dashed line in Fig. 6). Noteworthy is that Hq > Hx for exciton
emission in both samples. This result can be qualitatively interpreted in the framework of a
quantum mechanical particle-in-a-box model [1, 3] for confined electron-hole excitations. In this
case, the radiative relaxation of the exciton is mainly determined by the properties (size, shape,
etc.) of the core, which form the energy parameters of the corresponding quantum well. On the
other hand, the process of exciton emission quenching during the electron thermal escape over the
AEnpizns activation barrier will be governed by the spread of the parameters of the core and the
shell alike. Therefore, one should expect a wider distribution for f (Eg), and it is exactly what we
are observing within the estimates made.

Table 3 — Model parameters of thermal quenching for exciton and defect-related luminescence
in the InP/ZnS

o Eqm, Hag, Quality parameter J,
Sample | Emission p
+10meV | £20 meV +1.0%
12.1 quenching
_ 9.8 emission
exciton 220 310 2.49-10° _
10.7 absorption [30]
QD-1 :
11.1 size [30]
defect-
69 120 1.13-10% | —
related
15.6 quenching
14.6 emission
exciton 224 376 6.22:10° _
15.1 absorption [30]
QD-2 :
17.4 size [30]
defect-
52 90 1.61-10% | —
related

Earlier [30], we have demonstrated that the quality of the size distribution of QDs in an
ensemble can be quantitatively analyzed using the parameter 3. The latter is estimated as the ratio
of the halfwidth to the distribution maximum and properly correlates with the relative halfwidth &
= H/Emn of the optical absorption and luminescence bands. Note that, when calculated by the
spectral bands of a Gaussian shape, the parameter & is directly related to the coefficient of variation
for the energy distribution of the appropriate optical transitions [79]. The current work computes
values of 5 for the exciton PL bands and for the f(Eq) distributions of the quenching activation

energy relative to the O state. The findings secured are in good agreement with each other within



QD ensemble, see Table 3. This fact indicates a strong correlation between the considered spectral
and size distributions. Noteworthy, the & values for defect-related photoluminescence do not

exhibit such a correlation.
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Figure 6. Model distribution functions of the activation energy for the quenching mechanisms of
exciton (1) and defect-related (2) PL in the InP/ZnS nanocrystals. Dashed lines label theoretical
estimates of energy barriers related to InP/ZnS heterojunction and to levels for dangling bonds of

phosphorus, see section 4.5 for details.



5. Conclusion

We have studied the mechanisms of thermal quenching of PL in ensembles of water-
soluble environmentally friendly InP/ZnS quantum dots with an average particle size of 2.1 (QD-
1) and 2.3 (QD-2) nm. Examining the spectra evolved in the range from 296 to 6.5 K, we can infer
that the emission composition forms by two bands, Ex and Eq. The latter are due to transitions
involving exciton and defect states, respectively. In the process, the emission intensity increases
by a factor of 7 and 18, respectively, as the temperature goes down from 296 to 6.5 K. The
observable temperature shift of the Ex band is a consequence of exciton-phonon interaction with
longitudinal modes of acoustic vibrations. Comparison with the optical absorption data identifies
a temperature dependence of the Stokes shift. This fact confirms the existence of a fine structure
of the exciton emission. The inhomogeneous broadening of the Ex exciton luminescence band is a
result of the spread of nanocrystals in size, shape, and other structural and physicochemical
parameters. The conducted analysis of the PL quenching processes evidences a distribution of the
activation energy of non-radiative relaxation of excitations for each luminescence band. In the
paper, we have proposed band schemes and mechanisms for quenching of exciton and defect-
related emission using the f(Eq) Gaussian distribution of the activation energy. The parameters
calculated for the model distributions (maximum Egm; halfwidth Hq) amount to (220 meV; 310
meV) in QD-1 and (224 meV; 376 meV) in QD-2 for the Exband and (69 meV; 120 meV) in QD-
1 and (52 meV; 90 meV) in QD-2 for the Eq band. The findings secured indicate that the thermal
escape of an electron from the InP core to the ZnS shell is dominant in the mechanisms of non-
radiative decay of excitons. The quenching of the defect-related luminescence can be
quantitatively described within an equivalent band model to take into account the processes of
thermally activated transitions of holes from the level corresponding to dangling phosphorus DBp
bonds. We have demonstrated that these transitions are realized not only due to thermal activation
but also by tunneling. In addition, analyzing the quality parameter 6 we have revealed a correlation
between size distributions in QDs ensemble, function f(Eq) and relative spectral halfwidth of
exciton absorption and emission bands. The research held broadens the insight into the
mechanisms of thermal quenching of photoluminescence in InP-based type-1 nanocrystals and can
be used for optimizing the methods of their directed synthesis, aimed at enhancing the efficiency

of radiative processes.
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