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ABSTRACT

This work presents a comprehensive investigation into the temperature-dependent thermally stimulated conductivity and photoconductiv-
ity of vacuum-annealed thin films based on core-shell CdSe/CdS nanoplatelets passivated with oleic acid ligands. Controlled thermal
annealing under vacuum conditions leads to a substantial increase in both dark and photoinduced conductivity, which is primarily attrib-
uted to partial desorption of the ligands. This process enhances interparticle electronic coupling while preserving the key optical properties
of the nanostructures. Consequently, the fabricated single-layer photodetector demonstrates high responsivity, highlighting the potential
of ligand-engineered nanoplatelet films for optoelectronic applications. Detailed analysis of the temperature-dependent conductivity
enabled the characterization of hole-trapping states within the bandgap of the metamaterial. The extracted effective attempt-to-escape fre-
quency is remarkably low, veg~ 1.5 x 10*s™", indicating strong carrier localization and large capturing cross section. The density of states
can be characterized by Gaussian function with a pronounced maximum at an energy of approximately 0.345 eV above the transport level
and a dispersion below 34 meV. These parameters were consistently derived from both thermally stimulated conductivity and photocon-
ductivity measurements through rigorous statistical modeling of thermally released charge carriers. The excellent agreement between the
two independent experimental techniques further validates the reliability of the obtained trap-state characteristics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0322641

I. INTRODUCTION

Two-dimensional (2D) atomic-precise colloidal
nanostructures—nanoplatelets (NPLs)—are a promising type of
low-dimensional materials for optoelectronic devices.'" Among 2D
systems, solution-processed cadmium chalcogenide NPLs, core-
shell heterostructures, and alloys have attracted considerable
attention due to their unique optoelectronic properties and com-
patibility with solution-based fabrication techniques.”™* Owing to
their atomically layered architecture and solution-processed shell
growth, core-shell nanoplatelets consist of a core region sand-
wiched between layers of a wider-bandgap semiconductor, typi-
cally CdS or ZnS. The optical properties of these materials can be

precisely tuned over a broad spectral range by adjusting the shell
thickness and composition.”™® Modulation of the shell composi-
tion further enables control over the morphology of core-shell
NPLs.”’ Core-shell NPL heterostructures exhibit several distinc-
tive characteristics, including large absorption cross sections, '’
narrow emission band (less than 65meV),'”" a short (above
1ns)'>"* photoluminescence lifetime, high quantum yields,” and
slow Auger recombination rates.”'° These properties render
them attractive for applications in lasers, light-emitting diodes
(LEDs), and photodetectors. In addition to their linear optical per-
formance, CdSe/CdS NPLs also demonstrate remarkable nonlinear
optical behavior, which has been the subject of extensive
investigation.' "™’
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The ability to independently tailor the lateral dimensions,
thickness, and doping of NPLs has enabled the development of
nanostructures with a broad spectrum of functional optical and
photovoltaic properties. Consequently, these materials have been
successfully integrated into hybrid LEDs,”**"** active layers and
lasing materials,”” ™’ and phototransistors.’m’31 The latter, in par-
ticular, require NPL thin films with suitable charge transport
characteristics.

Charge carrier transport in mesoscopic systems of nanostruc-
tures is governed primarily by particle size and interparticle cou-
pling. In nanoplatelet (NPL) thin films, carrier motion is,
therefore, limited by hopping between individual nanoparticles.
Given that the electrode spacing in typical optoelectronic devices
is on the order of 1 um, minimizing the number of hops is essen-
tial. One effective strategy is to employ NPLs with submicrometer
lateral dimension.’* Another widely adopted approach involves the
use of short ligand molecules to reduce interparticle distance.”
Furthermore, the conductivity of NPL films can be tuned via
metallic functionalization.”*™*

Increasing the lateral size of NPLs and achieving dense
packing to minimize interparticle separation both necessitate suffi-
cient mechanical stability of the nanostructures to prevent curling
or distortion during film deposition. In this context, core-shell
CdSe/CdS nanoplatelets with three or more atomic layers of CdS
shell represent one of the most extensively studied and practically
relevant architectures.

The optical properties of CdSe/CdS NPLs can be systemati-
cally varied by adjusting the shell thickness: both their photolumi-
nescence spectra and long-wavelength excitonic absorption peaks
can be tuned across the entire visible range.” By contrast, other
wide-bandgap materials such as ZnSe and ZnS NPLs exhibit larger
bandgaps, limiting their spectral coverage.””**

Beyond their tunable optoelectronic properties, CdSe/CdS
core-shell structures offer significant practical advantages. Their
chemical stability, even after ligand removal, facilitates ease of han-
dling and enhances compatibility with other material systems,
such as organic semiconducting polymers.””*’ This stands in con-
trast to emerging two-dimensional systems like metal-halide
perovskite nanoplatelets, where ensuring chemical stability
remains a major challenge, and encapsulation with ligand mole-
cules is often critical.*'

In this study, we investigate CdSe/CdS nanoplatelet (NPL)
films following the removal of stabilizing ligands. To maximize
interparticle electronic coupling, the films were subjected to
thermal annealing under low-pressure conditions, a process that
facilitates controlled desorption of oleic acid (OA) ligands while
preserving the structural integrity of the NPLs.”” Under such con-
ditions, the majority of ligand molecules, which are thermally
unstable, are effectively removed. Post-annealing, the initially dis-
crete NPL film transforms into a continuous solid layer with no
discernible nanostructure, indicating the formation of a densely
packed film due to ligand removal.

Annealing resulted in a dramatic increase in photoconductiv-
ity—by up to four orders of magnitude—enabling a high respon-
sivity of approximately 2.75 A/W in a single-layer device under
monochromatic illumination with photon energy exceeding the
bandgap hv>Eg.42 Remarkably, the key optical properties,
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including absorption and photoluminescence spectra, remained
unchanged after the annealing process. Furthermore, the resulting
material exhibits an optical bandgap wider than that of bulk CdSe
yet narrower than that of the parent CdSe/CdS NPLs. These find-
ings indicate the formation of a novel bulk-like composite meta-
material that uniquely combines the optical characteristics of
CdSe/CdS nanoplatelets with charge transport properties suitable
for thin-film optoelectronic devices. Given that the NPLs are syn-
thesized via colloidal atomic layer deposition, the proposed
approach enables the fabrication of highly homogeneous polycrys-
talline thin films with unique morphologies and precisely con-
trolled chemical compositions. Moreover, this method offers the
flexibility to blend nanostructures of different types and shapes
into a composite film, further expanding the design space for
functional materials.

According to Ref. 42, the temperature-dependent conductiv-
ity of this material exhibits features attributable to trapping states
within the bandgap. The thermal stability of the annealed CdSe/
CdS NPL film enabled a detailed investigation of the contribution
of these traps to the electronic transport properties. This was
achieved through a comprehensive analysis of the temperature
dependencies of both thermally stimulated conductivity (TSC) and
photoconductivity.

Il. MATERIALS AND EXPERIMENTAL SETUP

Schematic views of the NPLs, NPL film, and energy structure
of the samples are shown in Fig. 1. CdSe/CdS core-shell NPLs
were produced following the procedure described in Ref. 7. The
geometry of CdSe/CdS NPLs was studied in detail in Refs. 40
and 43 Transmission electron microscopy image of CdSe/4CdS
NPLs demonstrates rectangular-shaped nanocrystals [Fig. 1(a)].
The average lateral dimensions of the nanoplatelets were estimated
to be approximately 150-200 nm by 30-50 nm, with a thickness of
6 nm [Fig. 1(d)]. Details of the sample preparation procedures and
sample geometry were described in Ref. 42.

According to the band structure of the NPLs shown in
Fig. 1(c), deep trap states for holes are expected, corresponding to
the valence band ground state of the quantum well formed within
the CdSe core of the CdSe/CdS heterostructure. Owing to the
large lateral dimensions of the CdSe nanocrystals, both the con-
centration of trapping states and their hole capture cross section
are expected to be substantial. Consequently, the TSC will be gov-
erned by the release of trapped holes, and retrapping effects must
be taken into account. Furthermore, the energy distribution of
these hole-trapping states appears to be very narrow. Therefore, a
single-trap model is appropriate for describing the observed
behavior.

The OA-stabilized NPLs were dissolved in chlorobenzene at a
concentration of approximately 10 g/l. The resulting solution was
deposited onto a glass substrate with pre-patterned conductive
electrodes via drop-casting to form an NPL film. The electrodes
consisted of a planar interdigitated configuration of Ti and Au
layers, each 40 nm thick [Fig. 1(e)]. The interelectrode gap was
approximately 7 um (see Sec. A in the supplementary material).
Following film deposition, the samples were annealed at 150 °C
under a residual pressure of 107> Pa for 10 min. These annealing
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conditions promote the evaporation of the surface-capping ligand
molecules (oleate ions) from the NPL surface.”* Further annealing
did not result in any additional changes in the film’s conductivity.
Following the initial annealing, the samples were subjected to a
prolonged relaxation period of up to seven months at room tem-
perature under a reduced pressure of 2 Pa.

The scanning electron microscopy (SEM) image of the depos-
ited NPLs film is shown in Fig. 1(b). On a microscopic scale, the
surface morphology of the annealed film exhibits no discernible
features, and individual NPLs cannot be distinguished. At the
macroscopic level, the film resembles a “dried lake bed” (see
Sec. A in the supplementary material). This morphology arises
from the dense packing of NPLs following the removal of OA mol-
ecules during annealing. Notably, most of the cracked regions of
the film remain connected across both electrodes. The resulting
film morphology, combined with the dense arrangement of nano-
crystals that are indistinguishable by SEM, suggests that the con-
ductive pathway extends continuously throughout the entire film
volume. Therefore, the measured conductivity and photoconduc-
tivity are considered as average quantities over the film volume
within the interelectrode gap and are defined as ¢ =1d/(US) and
Aoy = (I1x—14)d/(US), correspondingly, where I is a current, I

150-200 nm
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FIG. 1. (a) Transmission electron
microscopy image of CdSe/4CdS NPLs
passivated with oleic acid. (b) High-
magnificaton SEM image of the
annealed nanocrystalline  film.  (c)
Energy structure of the CdSe/CdS NPL.
(d) Scheme of the NPLs structure. (e)
Scheme of the sample structure.

" CdSe (3.5 ML)

and I, are currents under and without illumination, d is an inter-
electrode gap, U is an applied bias, and S is a film cross section.
The sample under study was placed in an optical cryostat that
can maintain a constant temperature T and allows measurements
in the temperature range T =100-480 K. The cryostat is equipped
with an adsorption pump on the inner walls, allowing a pressure
of 107> Pa to be achieved when cooled by liquid nitrogen. All
temperature-dependent conductivity measurements presented in
this work were performed under this residual pressure. When
measuring temperature dependencies, the sample temperature is
controlled using a thermocouple, which is connected to a B7-78/1
voltmeter (V7-78/1). The sample is heated with a heating element
built into the sample holder inside the cryostat. The heater is con-
nected to an Agilent E3631A power source, regulating the heating
power. The sample holder and the heater are cooled with liquid
nitrogen. During the measurements of thermo-stimulated conduc-
tivity and photoconductivity temperature dependencies, photoex-
citation was performed with white light of a halogenic lamp
(40 mW/cm?) and monochromatic light achieved by means of an
optical setup.”” All the dependencies presented further were
obtained for an applied bias voltage of 1 V. Detailed measurement
protocols are presented in Sec. B in the supplementary material.
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I1l. RESULTS AND DISCUSSION

A. TSC analysis for single-trap model: The influence of
excitation and heating conditions

The essence of the thermally stimulated conductivity (TSC)
method lies in the photoexcitation of charge carriers over a
defined time interval t,. (typically from several seconds to a
minute) or until the current increases to I, at a low temperature
(typically 100K and lower), further relaxation of the system
during time interval t,.; in the absence of illumination at the same
temperature and subsequent measurement of the temperature
dependence of material’s conductivity orsc(T) with a constant
heating rate . The observed thermally stimulated current is gov-
erned by nonequilibrium charge carriers released from trapping
states and is, therefore, dependent on the concentration of these
traps. Further the influence of photoexcitation conditions and
heating rate on orsc(T) is considered.

Figure 2 shows temperature dependencies of dark conductiv-
ity 04T) (see curve 1) and thermo-stimulated conductivity
orsc(T) (see curves 2-7), obtained for different intensities of pho-
toexcitation. The sample was exposed to monochromatic light
with hv > E;~1.92eV" and white light of halogenic lamp in two

1072 5 T l T T T T T
V=1V,f=0.1K/s |
t i
103 F E
107 F E
&
_0
S0k .
S
2
=
210°F 1
= |
=1
o |
&) |
107 F { 14
| 2
A B 3
| 4
—8 | | -
10 p
| 6
3 [ 7
| 1
10*9 1 2 Il : 1 / 1 Il 1 1
50 100 150 200 250 300 350 400 450 500

Temperature 7, K

FIG. 2. Temperature dependencies of dark conductivity o4(T) (curve 1) and
thermo-stimulated conductivity o7sc(T), obtained for different charge carriers’
photoexcitation ~ conditions:  2—hv=2.12eV, N~ 10"cm2s™": 3—
hv=245eV, N~10"cm=2s™"; and 4-7—white light of halogenic lamp
(40 mW cm~2). Following excitation regimes were applied: 2-4—tye = 1 min,
trer=30 min and 5-7—/,. =7, 15, and 25 A, t= 60 min. Gray lines A and B
correspond to the peaks in thermo-stimulated conductivity orsc(T) with
maximum values around T=200K and T=275K. All the curves are obtained
for the heating rate #=0.10Ks™".
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regimes with different photoexcitation t,, and relaxation t,, times.
The heating rate was #=0.1 Ks~" for all shown curves.

One can clearly see from Fig. 2 that the increase in photoexci-
tation intensity leads to the growth of orsc(T) for the entire tem-
perature range. There are two well distinguishable peaks in the
orsc(T) with maximum values around T=200K and T=275K.
The positions of these peaks are shown by the vertical gray lines A
and B, respectively. For curves 2-4, which were obtained under
low-intensity photoexcitation, peak A is less pronounced com-
pared to peak B. As the photoexcitation intensity increases, the
amplitude of peak A rises substantially, whereas peak B exhibits
only a slight increase. At high excitation intensities (curves 6 and
7), peak A broadens and overlaps with peak B. This behavior indi-
cates that the emergence of peak A is dependent on the charge
carrier concentration.

Figure 3 shows the dependencies of the o75c(T), obtained for
the different heating rates f under strong photoexcitation
[Ipe =25 uA, ty=60 min, see Fig. 3(a)] and weak photoexcitation
[tpe = 1 min, t,,; =30 min, see Fig. 3(b)]. The position and shape of
peak A remain nearly unchanged for different heating rates S [see
Fig. 3(a)]. In contrast, the high-temperature wing of peak B shifts
toward higher temperatures with increasing f. This behavior sug-
gests that the trapping states associated with peak A are character-
ized by a significantly higher effective attempt-to-escape frequency
verr and lower retrapping probability compared with those respon-
sible for peak B. One possible explanation is that peak A originates
from electrons released from long-lived bound states, such as
charge-transfer excitons. Another potential interpretation involves
multicharged states of CdSe nanocrystals. However, these mecha-
nisms are considered less probable since such states typically con-
tribute to thermally stimulated current (TSC) only at high
excitation densities and arise from complex multicarrier processes.

Colloidal CdSe nanoplatelets are known to possess both intra-
band and surface trap states within the bandgap that strongly
influence the dynamics of photoexcited carriers."”*® Depending
on the irradiation dose and excitation intensity, these traps can
become populated,”” giving rise to phenomena such as photolumi-
nescence blinking, enhanced nonradiative Auger recombination,
and the formation of charged excitonic states (trions)."™"” Auger
recombination provides an efficient channel for energy transfer
between carriers, particularly under high excitation conditions
where multiple excitons are present within a single nanoplatelet,"’
in contrast to gradient nanoplatelets, where compositional inho-
mogeneity is used to achieve broadband emission associated with
the preferential trapping of excited carriers.”””" In such cases, the
recombination of one exciton can transfer energy to another
carrier, enabling it to overcome the potential barrier and tunnel
into a trap state within the bandgap. The progressive filling of
these traps with increasing irradiation dose leads to the formation
of long-lived charged states,”” whose relaxation is thermally acti-
vated. At low temperatures, these states can remain stabilized for
extended periods, effectively becoming “frozen” within the
nanocrystal.

Our measurements indicate that the population of such
charged states increases with irradiation dose, while their thermal
release occurs at an activation energy of approximately 17 meV.
This value is consistent with the typical depth of surface-related
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FIG. 3. Temperature dependencies of
thermo-stimulated conductivity orsc(T)
obtained for different heating rates f.
(a) Photoexcitation conditions
Ipe =25 1A, trey=60 min, heating rates
- B 1—0.065K/s, 2—0.082K/s, 3—
0.10K/s, and 4—0.12K/s; (b) photo-
- ] excitation conditions e =1min, .
] =30 min, heating rates f: 1—0.065 K/s,
- 1 2—0.10K/s, 3—0.12K/s, and 4—
1 0.15K/s. The inset shows the depen-
dence of the peak maximum position on
the heating rate 5.

1 1 L 1

270 275 280 285

[ ];"’ K ]

150 200 250 300 350 400 200 225
Temperature 7, K

trap states reported for colloidal CdSe systems. Therefore, the most
plausible origin of peak A is the thermal release of carriers from
surface trap states in CdSe nanoplatelets, whereas mechanisms
involving charge-transfer excitons or multicharged states are con-
sidered less likely.

However, as these states contribute to the TSC only at high
excitation levels and likely arise from complex processes involving
multiple charge carriers, they were excluded from further analysis.
The following discussion, therefore, focuses on the analysis of
peak B in the TSC dependence.

For the single hole trap model, TSC is described by the
general equation,51

orsc(T) = qnigvey (T)u(T)r(T)

X ex _Ev—Et_veff(T)JTeX By =B
PIm T g ) P\ kT :

1

where q is an elementary electric charge, ny is a charge carrier
concentration captured to the trapping states at the moment f,
right after the relaxation, veg(T) is an effective attempt-to-escape
frequency, #(T) and z(T) are mobility and lifetime of the charge
carriers, Ey and E; are valence band edge and trapping state level,
and k is a Boltzmann constant. In the case of the low retrapping
rate, the concentration of mobile charge carriers is determined by
recombination and can be described by simple differential equa-
tion dn/dt=nlt, ver 1is equal to the real microscopic
attempt-to-escape v, and independent on T. On the other hand, in
the case of the high retrapping rate, v.s is determined by the
retrapping process and veg (T) = Ny/(N(T)), where Ny and N, are
an effective density of states in the valence band and a trapping
states concentration, correspondingly.

250 275 300 325

Temperature 7, K

The influence of heating rate on the maximum position (7,,)
of peak B can be estimated in the regime of weak photoexcitation.
Experimental data shown in Fig. 3(b) demonstrate that the posi-
tion of the peak maximum changes from T,,=271K to
T,,=285K with the increasing of the heating rate from
B =0.065K/s to f=0.15K/s. According to Refs. 51 and 52, posi-
tion of the trapping state level Ey—E, can be estimated from two
orsc(T) dependencies obtained for two different heating rates j;

and f,,
TmleZ ﬂ]Tzz
Ey—E =k | me . 2
v ‘ Tml - Tmz n<ﬁ2T3nl ( )

Application of q. (2) to the results presented in Fig. 3(b) gives
the mean value of E~E, ~ 0.35¢eV.

The maximum of orsc(T) corresponding to the temperature
T,, for any value of heating rate f relates to the maximum of the
charge carrier distribution fo(E)g(E) corresponding to the energy
E,.. Here, fo(E)=fE, Ty) is the Fermi function at the time
moment t, and g(E) is the trapping states distribution. Moreover,
in the case of strong retrapping, the value of veg (T,,,) must be the
same for different f, because Fermi quasi-level F, passes through
the single energy level E,, and f(E, T,,)g(E) slightly differs for each
p. Following the logic of Refs. 53 and 54, one could estimate the
effective attempt-to-escape frequency from the traps veg to the
transport level using Eq. (S8) from Sec. C in the supplementary
material for a fixed value of energy E,,,,

Veff = 10Y71466) (3a)

_ (Tmzlogw(ﬁz) - Tmlloglo(ﬂl))
B Tm2 - Tml '

Y

(3b)

The quantity Y could also be estimated as the slope of the
linear dependence of T,-log;o(f) on temperature T, as it is
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shown in the inset in Fig. 3(b). Thus, the effective
attempt-to-escape frequency for holes from the trap states associ-
ated with peak B is estimated to be veg (T,,) = 1.5 x 10*s™'. This
effective parameter exhibits a temperature dependence due to
strong retrapping, which in turn leads to a temperature-dependent
carrier lifetime 7.

While the single-trap model provides a useful approximation,
it represents an idealized case and cannot fully capture the com-
plexity of a real trap distribution. To obtain an upper bound esti-
mate of the width of the hole-trapping state distribution, one may
employ a continuous trap distribution model under the assump-
tion of a low retrapping rate and a constant -effective
attempt-to-escape frequency veg.

B. TSC analysis for continuous trap distribution

For the obtained o75c(T) dependence, the continuous trap
distribution model in the weak retrapping regime yields the fol-
lowing expression for the density of states distribution (DOS) g
(E,,,) within the bandgapz33

arsc(T)

8En) = DD T)”

“)

where D(E,, T) is the coefficient determined by the trapping
states occupation and the probability of release from the traps to
the transport level, E,,(T) is the energy level of the trapping states
maximally contributing to the released charge carrier concentra-
tion and, consequently, to the TSC (see Sec. C in the
supplementary material for details). Moreover, quantities D(E,,,, T)
and E,, parametrically depend on the heating rate § (K/s) and the
rate of carrier release from the traps ver (s7Y), ie.,
attempt-to-escape frequency. Detailed derivation of Eq. (4) is pre-
sented in Sec. C in the supplementary material.

C. The dependence of uron T

The dependence of the product of nonequilibrium charge
carriers mobility and lifetime uz on temperature T could be ana-
lyzed by means of the steady-state photoconductivity (SSC)
method.” To perform the analysis, one should consider that the
generation rate of nonequilibrium carriers G does not change with
the temperature growth,”*”°

G =nN(1 — R)[1 — exp(—ad)]/d, (5)

where 7 is the internal quantum vyield, N is the density of the inci-
dent photon flux, R is the reflection coefficient, « is the absorption
coefficient, and d is the thickness of the film. In this case, the tem-
perature dependence of photoconductivity, Ac,,(T), is determined
by the product of the mobility and lifetime of nonequilibrium
charge carriers ur,

Ao i (T) = eGu(T)z(T). (6)

The mobility x and lifetime 7 of nonequilibrium charge carri-
ers in the material are determined by both temperature T and

ARTICLE pubs.aip.org/aip/jap

Fermi level position F. Condition,

Ao pn(T) = o1sc(T), (7)

could be achieved at sufficiently close positions of the Fermi level,
so the product ur measured by means of the SSC method
corresponds to the uz values determining thermo-stimulated con-
ductivity values.

At the same time, it is known that

Aaph ~ N7, (8)

where y is the power law index of the lux ampere dependence.
Following Eq. (5), the nonequilibrium carrier generation rate is
proportional to the photon density flux G ~ N. Consequently, for
each temperature T, the product uz could be written as

ur ~ N1 9)

Measurements of the temperature-dependent photoconduc-
tivity Ac,u(T) as a function of photon flux density N enable the
construction of a map of the ut product in the coordinates (T, N).
Furthermore, this approach allows the ut product to be obtained
in arbitrary units for each value of the thermally stimulated con-
ductivity 675c(T). In practice, applying the steady-state photocar-
rier (SSC) method requires measurements of Ac,,(T) at a low
heating rate over an extended period. Such a slow heating is neces-
sary to establish a quasi-equilibrium distribution of charge carri-
ers, which is essential for the validity of the SSC method.

According to Sec. C in the supplementary material, the prob-
ability of charge carrier release from the trap states to the transport
level exponentially depends on the ratio ves/f. This ratio deter-
mines the rate of holes redistribution across trap states as the tem-
perature changes. The larger value of veg/f ratio is in the heating
process and measurement of the Ac,,(T) dependence, the closer
the real distribution of charge carriers will be to the
quasi-equilibrium distribution.

For example, for hydrogenated amorphous silicon with
vo~ 107" s7! and the heating rate about 1 K per minute, the ratio
Vol is about 6x 10> K™'.”" In the case of the film composed of
CdSe/CdS nanoplatelets to get similar values of ratio veg/fS, one
should continue heating with a heating rate less than 1 K per year.
Consequently, for the material under investigation, the release of
charge carriers from the trapping states to the transport level
should be taken into account during the Ag,,(T) measurements.
For simplicity, the same heating rate f should be used as for the
thermo-stimulated conductivity osc(T) measurements. This non-
stationary nonequilibrium case is discussed in detail in Sec. E in
the supplementary material. There is following equation used
instead Eq. (6):

Ao pn(T) = e(G + G(T)u(T)=(T), (10)

where G, is the release-from-traps rate (for one of the charge
carrier types).

In this case, for approximation of experimentally measured
Aopp(N) dependence in the temperature range T'> T, one should
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use the following expression instead of (8): Analysis of the measured dependencies using Eq. (9) allows
to get the values of the power law index y(T) [see Fig. 5(a)]. One
Aap ~ (N + N(T)), (11) can get the arbitrary values of ur using the obtained y(T) values

and expression (12) for Ag,,(T) dependencies (Fig. 4) and o5c(T)
(Fig. 2). Figure 5 shows the temperature dependencies of ur
derived from Ac,,(T) [see Fig. 5(a)] and orsc(T) [see Fig. 5(b)]. In
Fig. 5(a), three temperature ranges of different ur dependencies
are marked. Furthermore, this ur temperature dependencies
behavior will be discussed.

where N,(T) = (N/G)G,(T) is the effective density of photon flux,
which corresponds to the generation rate G, and does not depend
on G. So, expression (9) could be modified in the following way:

ut ~ (N + N(T)) . (12)

D. Material energy profile and distribution of

Figure 4 shows the temperature dependencies of dark con- hole-trapping states

ductivity o4(T) and photoconductivity Ac,;,(T) obtained for differ-

ent illumination intensities of monochromatic light with an The material under study can be viewed as CdSe nanoplate-
energy of hv=1.97 eV. lets embedded within a porous CdS matrix, with random
r 0.9
a)107 b)107 /
—4 [ i —4 ;
10 1 0.8 10 ; ¥ FIG. 5. Temperature dependencies of y
) 2 - . C # (T) (curve 6) and uz obtained for (a)
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£ 105k ° g glo_s - cm2s7", . 379.31X1012cm‘2s‘1,
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X m X i 72x10"em2s7"; (b) o7sc(T) for dif-
107 F 10.6 107 ferent  photoexcitation  conditions  tye.
E =1min, te=30min: 1—hv=212¢V,
108 L 108 b N~10"em™s™,  2—hv=245eV,
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i 405 5 r with a white halogen lamp. Heating rate
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orientation and uniform interparticle spacing. According to theo-
retical results in Ref. 43 and sample characterization in Ref. 42,
energy profile can be assumed as shown in Fig. 1(c). In Ref. 42,
there are optical bandgap E;=1.92+0.20eV (measured by Tauc
plotting of constant photocurrent method an spectra) and the
photoluminescence peak at hv = 1.97 eV. These values differ signif-
icantly from the bandgap of bulk CdSe (E,=1.74eV). Therefore,
despite the shallowness of electron quantum well in the CdSe/CdS
core-shell NPLs, there is still quantum confinement effect for elec-
trons in this material. However, we suppose electrons propagating
by band-like transport mechanism through the contact areas of
neighboring NPLs.

In CdSe/CdS core-shell heterostructured NPLs, a quantum
well for holes with a depth of approximately 0.7 ¢V is formed."’
Absorption edge and luminescence peak are determined by elec-
tronic transitions between conduction band and heavy holes
sub-band.”'®'” The valence band edge in the nanoplatelets is very
close to that of bulk CdSe, owing to the large effective mass of
heavy holes relative to electrons. The presence of deep quantum
wells suggests that thermally stimulated tunneling is the dominant
hole transport mechanism in this material [see Figs. 6(a)
and 6(b)]. The low value of the measured attempt-to-escape

ARTICLE pubs.aip.org/aip/jap

frequency v, may also be attributed to a high capture cross
section of the trapping states, resulting from their high density
and large effective localization radius—consistent with their
nature as valence band states in nanocrystals with extended
lateral dimensions. Additionally, a change in the prevailing
recombination mechanism with increasing temperature from
158 to 297K is demonstrated.””> At low temperatures, mono-
molecular recombination prevails, and the lux-ampere charac-
teristics are linear. This behavior is primarily attributed to the
recombination of free electrons with holes localized within the
CdSe cores. As the temperature increases, holes are thermally
released from the CdSe core states into a transport level,
leading to the dominance of bimolecular recombination mech-
anisms. These observations further corroborate the proposed
hole transport mechanism.

Figure 5(a) shows that the growth of illumination intensity
leads to a decrease in uz value. Such a behavior occurs because the
holes Fermi quasi-level F, shifts toward the top of the valence
band Ey. As the illumination intensity increases, both the occu-
pancy of hole-trapping states and the number of active recombina-
tion centers increase, resulting in a decrease in the lifetime of
nonequilibrium charge carriers z,.”"

deV,
24 -—@
' %
14 E
| ey Cdse |
0- °
-1
CE E
-I\
E(‘
Fh—= —

X X

FIG. 6. (a) Energy profile of the CdSe/CdS NPLs forming the disordered film. (b) Schematic illustration of electrons and holes transport mechanism. (c) Energy struc-
ture of the device under study for different temperature ranges: |—T=107-210 K, Il—T=210-320 K, and Ill—T = 320-385 K.
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Figure 6(c) presents the energy profiles of the material film
for the three temperature ranges indicated in Fig. 5(a), neglecting
the influence of the electrodes. The sharp decrease in the ut
product observed in temperature range II [see Fig. 5(a)] occurs as
the quasi-Fermi level crosses the energy levels of the trapping
states. In this regime, charge carrier mobility is primarily affected
by the transition from monopolar to ambipolar conductivity. The
redistribution of low-mobility holes introduces temporal inhomo-
geneity in the electric field. Under these nonequilibrium condi-
tions, the charge carrier mobility is governed by the mobility of
holes propagating via thermally stimulated tunneling. In the fol-
lowing discussion, only hole-trapping states will be considered.

According to Sec. E in the supplementary material, g(E)
dependence can be obtained from Ac,,(T) for wide range of T
and different N,

N(T) Aoy

$Em) = FENCD) K B, T o

Therefore, we proposed two complementary ways to find the
DOS function g(E), based on the analysis of the thermo-stimulated
conductivity orsc(T) [see Eq. (4)] and photoconductivity Agy,(T)
[see Eq. (13)] obtained for different illumination intensities. Both
these ways are applicable to the model of the continuous trapping
state distribution and low retrapping rate. Figure 7 shows the cal-
culated results of the DOS g(E) obtained using Eq. (13) for
Aopi(T) (see Fig. 4) and Eq. (4) for orsc(T) (see Fig. 2).

E. The applicability of the presented methods

All the g(E) curves presented in Fig. 7 can be approximated
by the following function:

2
No M}, (14)

E) =N, +—2—exp|-2
g( ) 1+'a) %756Xp{ wz
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where E; is the distribution maximum, w is the width at the half
maximum, and N; and N, are constants. As a result of the approx-
imation, the average values of the maximum position
Eq~0.345eV and energy levels dispersion @ =34 meV were
obtained. Figure 8(a) demonstrates the result of the approximation
of the calculated g(E) distribution using expression (14). The value
of quantity Ej is close to the E~Ey ~ 0.35 eV.

The final expressions (4) and (13) were obtained taking into
account the assumption that g(E) slowly changes with E. This
assumption allows to use the §-function approximation during the
analysis of the P(E, T) and B(E, T) functions (see Secs. C and E in
the supplementary material). However, the distribution found is
described by a Gaussian function comparable in width to the spec-
ified functions at a fixed temperature (see Fig. S4 in Sec. F in the
supplementary material for details). Consequently, the obtained
value of the DOS dispersion g(E), w =~ 34 meV, is the upper esti-
mate of this value.

The solution of the inverse problem, using the approximation
g(E) = Noo(E-E,), is shown in Fig. 8(b). The dependence of the
holes release-from-traps rate G,(T) was estimated from the experi-
mentally measured Ac,,(T) dependencies and numerically calcu-
lated temperature dependence of ur,

N; Ao py

. 15
N+Ny qur (15)

G(T) =

The G,(T) dependence was obtained theoretically using
expression [(S23) from Sec. E in the supplementary material],
taking into account the approximation g(E)=Nyd(E-E). As
can be seen in the figure, the solution of the inverse problem
with even an extremely small distribution width of the DOS g
(E) does not correspond to the experimentally obtained
values. This is related to the temperature dependence of the

Veﬁ(]j-

—_ —
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FIG. 7. Density of hole trap-state dis-
tribution g(E) in the bandgap of the
CdSe/CdS  nanoplatelet-based  thin
film. The distributions are obtained
using (a) expression (13) for Aapy(T)
dependencies for different intensities
of illumination: 1—3x 10" cm=2s7",
2—1.2x10"%cm=2s7", 3—83
x 10" em=2s7"; (b) expression (4)
for arsc(T) dependencies obtained
under illumination conditions of
N&10", the=1min, te=30min:
1—hv=212eV, 2—hv=2.45¢V,
and 3—white light of the halogen
lamp. Curve 4 in panel (b) shows
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IV. CONCLUSIONS

The analysis of thermally stimulated conductivity and
temperature-dependent photoconductivity enabled the estimation
of the density distribution of hole trap states in the CdSe/CdS
NPL-based film. The investigated trapping states exhibit an
extremely low effective attempt-to-escape frequency of
Ve~ 1.5 % 10* s7*. Such low values of v, could be related to high
capturing cross section of trapping states as they are states of the
nanocrystals with large lateral sizes. It was revealed that the DOS g
(E) demonstrates a well-pronounced maximum in the vicinity of
the energy level Ey =~ Ey + 0.345 eV and a dispersion not exceeding

o~ 34 meV.

SUPPLEMENTARY MATERIAL

See the supplementary material for the additional SEM
images are shown in Sec. A. Measurement conditions and proto-
cols are presented in Sec. B. Derivations of equations describing
thermostimulated conductivity for continuous trap distribution
with low retrapping rates and their numerical estimates are shown
in Secs. C and D. Analytical equations for photoconductivity tem-
perature dependence and their numerical estimates are presented

in Secs. E and F.
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