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1. Introduction

Abstract. Organic materials and, in particular, polymer films enhanced with certain
nanocrystals have a potential for wide application in electronics and optoelectronics due to
their organic flexibility, lightweight, simple integration, affordable manufacturing cost, and
low environmental impact of their production. The purpose of this research is to investigate
the electrical properties of polymer-based composite films containing Cd;_,Cu,S
nanocrystals in order to determine their prospects for use as conductive layers in organic
electronics and optoelectronics. The paper contains a detailed description of the synthesis
method of hybrid nanocomposite films based on peroxide reactive copolymer (PRC) with
Cd; «Cu,S nanocrystals. The defect structure of the films is studied by analyzing the
photoluminescence spectra. Current-voltage characteristics of the films with different Cd
and Cu contents in the Cd;,Cu,S nanocrystals embedded into the polymer matrix,
deposited on glass substrates are measured in the dark and under light illumination. The
film conductivity is found to increase with the Cu content in the Cd,_,Cu,S nanocrystals.
The carrier transport corresponds to the Ohm law at low voltages and the space charge
limited current (SCLC) or Poole—Frenkel mechanisms at higher ones. The conductivity of
the polymer-based hybrid nanocomposite films has a weak dependence on the intensity of
light illumination. The explanation of the obtained experimental results is proposed.
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a solid structure offers certain advantages over
nanoparticles in a solution. Solid matrices retain their

Colloidal nanocrystals (NCs) have potential applications
in optoelectronics, photovoltaics, biology, medicine, etc.
[1]. Luminescent NCs based on I1-VI compounds (CdSe,
CdS, CdTe, and their alloys) are characterized by high
quantum vyield of photoluminescence (PL), narrow
excitonic emission band, and wide absorption spectrum,
which make them suitable for various applications [2].
An organic polymer matrix can stabilize
nanoparticles embedded into it. The resulting nano-
composite can combine the properties of both organic
and inorganic components, such as the mechanical
properties of polymers and the optical and electrical
properties of NCs. Incorporating semiconductor NCs into

shape. Moreover, polymer materials can be processed to
obtain thin films, stretched and oriented, etc., which
opens up new perspectives for fundamental research and
some original applications [3]. The following
compositions stand out: hybrid materials consisting of
SiO,/CdS particles dispersed in a (styrene-co-maleic
anhydride) and a (styrene-co-maleimide) matrix [4], SiO,
and titanium dioxide nanoparticles (TiO,) embedded into
a methyl ester (3-hexylthiophene) (P3HT) phenyl-C61-
butyric acid (PC61BM) matrix [5], CdS-impregnated
poly(vinylidene fluoride) PVDF (hano-CdS/PVDF) free-
standing flexible films [3], and CdS NCs in a P3HT
matrix [6, 7].
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A number of studies show that embedding high-
insulation and oriented CdS poly- or nanocrystals in
efficient matrices (PVD) enables creating the most
effective transducers in device technology [8]. The
properties of polymer films have a number of advantages
such as low cost, lightweight, large area and flexibility
[9], and good environmental compatibility [10, 11].

The electrical properties of polymer-nanoparticle
hybrids are often defined by the embedded nanoparticles
or by nanoparticles interaction with the polymer matrix
[12].

Long alkyl chains present in the trioctyl phosphine
oxide ligands act as insulators and inhibit charge transfer
between a nanocrystal and the conductive polymer (CP).
Formation of direct bonds between the NCs and CP
suppress the restrictive ligands effect [13]. In such films,
charge transfer is more efficient and, hence, the
efficiency increases [14, 15]. On the other hand, ligand
exchange has some disadvantages, such as lack of
morphology control and incomplete metabolic processes.

Current-voltage characteristics of polymer films
with CdCuS nanoparticles were studied in a number of
publications [16-22]. A nanosized composite sensitizer
composed of CuS and CdS quantum dots was obtained
by layer-by-layer deposition utilizing the interaction
between metal cations (Cu* or Cd*") and sulfide anions
(S*"). Such sensitizer showed an increased by an order of
magnitude current density under light illumination as
compared to that of pure CdS sensitizer [16]. The
polyvinyl alcohol polymer/Cus thin films synthesized at
the CuS concentration of 0.2 g exhibited the largest grain
size (37.3 nm), the highest thickness (17.48 um), low
conductivity, mobility and carrier concentration
(2.8 Ohm-cm, 7.55-10° cm?/V-s, and 1.48-10™/cm?), the
lowest bandgap (3.59 eV), and the strongest emission
bands [17]. It was discovered that the conduction
mechanism of the PVA/PANI@CuS hybrid nano-
composites corresponded to the Poole—Frenkel one [19].

The goal of this work is to investigate the electrical
properties of polymer-based composite films containing
Cd,_«Cu,S nanocrystals to determine their prospects for
organic electronics and optoelectronics. The important
feature of the films under investigation is the formation
of NCs inside the polymer matrix via in-situ reactions.

2. Experimental

Nanocomposite  polymer  films  with  embedded
semiconductor Cd;_,Cu,S NCs were prepared in several
stages. At the beginning, a solution of peroxide reactive
copolymer (PRC, see Fig. 1), polyethylene glycol (PEG-
200, Fig. 1) and a mixture of cadmium acetate (CdAc,)
with copper acetate (CuAc;,) in dimethylformamide were
prepared at different Cd(Ac),:Cu(Ac), ratios. Due to
dissociation of Cd(Ac), and Cu(Ac), in the solution, Cd**
and Cu®* ions bound to a polymer matrix formed. After
that, thin polymer films containing Cd** and/or Cu**
cations were deposited by spin coating on glass plates.

CHy
~[CHy~ CHp 35 [CHy Ch 50— [(FH_ CHpj  PRC
=0 0=C = =
c=c o c\/c 0
O(CHy) OC g o
0:0-C(CHy,q
HO—[CHQ—CHz—O] 4—H PEG-200

Fig. 1. Chemical structures of the used polymers.

At the second stage, these films were annealed and
crosslinked at T =393 K for 2 hours. It was found that
the high degree of crosslinking of the polymer films was
achieved due to the: (i) interaction of the PEG-200
hydroxyl groups with the PRC anhydrous functional
substances and (ii) sequence of radical reactions
involving disintegration of the PRC peroxide functionals.
The content of the gel fraction in the crosslinked polymer
films reached 96% and higher.  Afterwards,
semiconductor NCs were formed inside the polymer
films by exposure to hydrogen sulfide (H,S) for 6 hours
at 60 °C. The theoretical NCs content in the polymer
films was estimated to be 20%. At the last stage,
nanocomposite  polymer  films  with  embedded
semiconductor Cd;_,Cu,S NCs were prepared.

PL spectra were measured on an automated
installation consisting of a modulated light source
(helium-cadmium laser LH-70, 325.0 nm, 10 mW output),
monochromator, photodetector, amplifier, and PC
controller.

Current-voltage characteristics of the films with
different ratios of Cd and Cu in the Cd; 4CuS NCs
embedded into the polymer matrix, deposited on glass
substrates were measured without and under light
illumination using a picoampermeter Keithley 2410 in
two-contact probe configuration. A solar light simulator
with the light intensity of 100 mW/cm? based on halogen
lamps was used for illuminating the samples.

3. Results and discussion
3.1. Photoluminescence spectra

PL spectra of the Cd,_Cu,S NCs (x =0, 0.5, 1) measured
at T = 300 K are presented in Fig. 2. As can be seen from
this figure, the spectra are quite similar and consist of
two parts, namely an exciton band E (420...500 nm)
and impurities-bound exciton bands D; and D,
(500...650 nm). The PL intensity of the nanocomposite
thin films significantly increases with the concentration
of the Cd,_,Cu,S NCs. Similar PL bands were observed
in [23] for CdS NCs doped with Cu. The PL impurity
bands D, and D, are caused by radiative recombination
of non-equilibrium charge carriers on the CdS NCs
surface defects [24]. However, the nature of the radiative
recombination centers in CdS NCs and ternary
compounds based on them is not yet understood.
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Fig. 2. Photoluminescence spectra of Cd,_,Cu,S NCs embedded
in polymer film: 1 — CdS, x=0; 2 - Cd;,Cu,S, x=0.5;
3-CuS, x=1 (T =300 K).

Some assumptions on the nature of PL have been
made. Luminescence through surface defects of
undetermined nature [25], through complex Vcg-Vs
centers [26], and through V¢4 acceptor centers [27-29]
has been considered. The results obtained in this work
indicate that the impurity PL (D; and D, bands) of the
Cd;_,Cu,S NCs is not associated with Vg As can be
seen from Fig. 2, the impurity bands D; and D, are
observed in both cases of the CdS (x = 0) and CuS (x = 1)
NCs. We believe that these bands are caused by
recombination centers created by excess interstitial sulfur
atoms. A similar interpretation has been proposed for
single crystalline CdS semiconductors [29, 30]. In our
case, creation of internal defects by interstitial sulfur
atoms is likely enough, because formation of the
Cd; «Cu,S NCs takes place during annealing in H,S at
the third stage. In the framework of the proposed model
of radiative recombination in the Cd, ,Cu,S NCs, the
impurity-bound exciton bands of the PL spectra are
attributed to capture of non-equilibrium charge carriers
(electrons) by local centers created by interstitial sulfur
ions incoming from the gas phase.

3.2. Electrical conductivity

Light and dark log J-E characteristics of the polymer
films with embedded Cd;_,Cu,S NCs with different Cu
concentrations are presented in Fig. 3. The dependence of
the current density on the applied field is similar to that
for poly(3-hexylthiophene (P3HT) polymer films with
CdS NCs [31].

As can be seen from Fig. 3, the values of current
increase with the Cu content in the Cd;_,Cu,S NCs. We
analyze the current transport mechanism for three types
of Cd;_Cu,S NCs: | —x=0and x=0.25, Il —x = 0.40
and x=0.6, Il - x=1 (Figs.3a and 3b). The
conductivity difference between two neighboring sample
types in the sequence is 2 orders of magnitude.

Type I (0...25% Cu in the Cd; «Cu,S NCs). The
current-voltage characteristics under illumination of such
composite films in the logJ-logU scale are presented in
Fig. 4. As can be seen from this figure, the current
changes with applied voltage according to the Ohm law
at small applied voltages.
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Fig. 3. J-E characteristics of Cd, ,Cu,S NCs: | — x=0 and

x=0.25, Il - x=0.50 and x=0.7, lll — x=1. a) in the dark,
b) under light illumination.
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Fig. 4. Experimental (symbols) and calculated (straight line)
J-U characteristics of composite polymer films with Cd,_,Cu,S
NCs measured under light illumination at 290 K.

With subsequent growth of applied voltage, the
injected carrier density increases, and at the voltage
corresponding to the change of the slope the
concentration of injected carriers is equal to the thermally
generated carriers [32]. At this applied voltage, the
conductivity goes from the Ohm law to the space charge
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limited current (SCLC) transport mechanism (Fig. 4).
The expression for current density at the TL SCLC
mechanism is given by [32-35]:

2 +1j'+1
I+1
where N is the trap density, ¢, is the permittivity of free
space, ¢ is the film dielectric constant, n is the carrier
mobility, N, is the density of states in the respective
band, d is the sample thickness, and | = T./T, where T is
the measurement temperature and T, is the characteristic
temperature, respectively. T, is related to the
characteristic energy of the trap distribution as E; = kgT,
and | = Ei/kgT = T./T, where kg is the Boltzmann
constant. Eg. (1) predicts a J-U ™ dependence, where
m = | + 1. Hence, the slope of a J-U dependence in the
log-log coordinates directly determines the characteristic
temperature and energy.

In case of exponential distribution of traps on energy,
the distribution function is described as follows [31, 32]:

Nt(E): (Nb/Et)eXp(_ E/Et)! (2

where N¢(E) is the distribution function of the hole trap
density at the energy level E above the valence band edge
(assuming uniform spatial distribution), Ny is the density
of traps at the edge of the valence band, and E; is the
characteristic trap energy, respectively.

The onset voltage (V) for the transition from the
Ohm law to the TL SCLC mechanism is given by [32]

2T )"

The solid line in Fig. 4 is calculated based on
Eg. (1). The values of the parameters used in the
calculations are: Np=7.9-10%cm>3, N,= 8-10%cm=,
€=32, €=88510"Fcm, p=1510%cm?V?’s,
d= 20nm, and T.=754K, which corresponds to
E;=0.064eV. As can be seen from Fig.4, the
experimental data have a good agreement with the TL
SCLC carrier transport mechanism.

The hole transport parameters, namely the trap
density (Np) and the trap characteristic energy (E;), can be
understood analyzing charge transfer between the host
(PRC) and the guest (CdS). Formation of charge transfer
complexes between the host and the guest may be the
dominant mechanism of interaction between them [31].

Guest CdS NCs can create favorable energy states
within the forbidden band (traps) of the primary PCR.
These states lead to the increase in the trap density (Ny)
and trap characteristic energy (E;) as shown in Fig. 5.
Due to the very high trap density, the quantity of
injected charge carriers is insufficient to fill all the trap
states. This is why charge transport in the PRC-CdS
composite polymer film is governed by the TL SCLC
mechanism.
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Fig. 5. Schematics of trap distribution and characteristic energy
in the bandgap of PRC-CdS polymer composite.

Type Il (40%, 60% Cu in the Cd;,Cu,S NCs).
In the case of the PRC-Cd; ,Cu,S composite polymer
films with 40-60% of Cu in the Cd;Cu,S NCs, the
carrier transport according to the Ohm law dominates
within the investigated voltage range for the
measurements both without and under light illumination
(Fig. 6).

The current-voltage dependence can be described
by the following equation [32]:

J= enop% ,
where J is the current density, U is the voltage, e is the
elementary charge, nqo is the free carrier (electron or
holes) concentration, p is the carrier mobility, and d is
the film thickness, respectively.

The free carrier concentrations can be estimated by
postulating the carrier mobility in polymers at the level
of p = 1.5:10°cm?v s as calculated from the TL
SCLC model. This value is in agreement with the one
obtained in [31, 33]. The values of n, calculated from the
slopes of the curves in Fig. 6 are provided in Table.

Type 111 (CuS NCs). In this case, the current-voltage
characteristics are linearized in the log (I/U)-U"?
coordinates (Fig. 7). This evidences the conduction
according to the Poole—Frenkel mechanism [35-37]:

(4)

995, 4 qu /dre £,

| ~Uexp
KT KT

Q)

where @g is the barrier height.

Table. Free carrier concentration n, in PRC-Cd;Cu,S
composite polymer films with 40% and 60% of Cu in
Cdy_Cu,S NCs.

Cuin Cd,_Cu,S In the dark, illijunn(i?r:z;:?:r:
nanocrystals Ny, cM 3
Ng, CM
40% 3.4-10% 4.0-10"
60% 1.2-10% 6.9-10"
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Fig. 6. Current-voltage characteristics of PRC-Cd,_Cu,S
composite polymer film in log—log coordinates: 1 — x = 0.6,
2 —x=0.4in the dark (a) and under light illumination (b).
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Fig. 7. Current-voltage characteristics in Poole—Frenkel coordi-
nates for PRC-CuS composite polymer film with CuS NCs:
1 — under light illumination, 2 — in the dark.

The barrier height was determined from the
intercept of the curves with the ordinate axis in the
Poole—Frenkel coordinates (Fig. 7). The obtained barrier

heights for the composite polymer film with CuS NCs
are ¢@g~0.42eV (under light illumination) and
@~ 0.44 eV (in the dark). These barriers form between
the trapping centers and the lowest unoccupied molecular
orbitals (LUMO) band in the PRC-CuS composite
polymer film.

Different nature of the traps taking part in the
conduction is caused by the peculiarities of the
interaction of the CdS and CuS NCs with the polymer
matrix. An increase of the Cu content in the Cd;_,Cu,S
NCs causes a decrease of the concentration of interstitial
sulfur atoms in the polymer matrix due to the higher
reactivity of Cu with sulfur as compared to Cd. In such a
way, the density of local energy centers in bandgap and
NC — polymer interfaces are decreased. The dissociation
energy of a Cu-S bond is 285 kJ/mol as compared to
195 kJ/mol for a Cd-S bond. The slight dependence of
the PL spectra on the Cu content in the Cd; ,Cu,S NCs
and strong dependence of the conductivity allows one to
conclude that different trap centers are involved in the PL
and conductivity processes.

4. Conclusions

Organic materials such as polymers enhanced with
nanocrystals demonstrate a variety of properties that
make them a viable option for application in
optoelectronics. Following this path of research, we have
synthesized hybrid nanocomposite films based on the
polymer films containing Cd,_,Cu,S NCs. The contents
of Cd and Cu in the Cd;,Cu,S NCs were varied by
varying the ratio of cadmium acetate and copper acetate
during preparation.

PL spectra of these hybrid nanocomposite films in
the wavelength range of 420...650 nm have been
measured. In the framework of the proposed model of
radiative recombination in the Cd,_,Cu,S NCs, the
impurity-bound exciton bands of the PL spectra are
attributed to capture of non-equilibrium charge carriers
(electrons) by local centers created by interstitial sulfur
ions. This interpretation correlates with the interpretation
of impurity-bound exciton bands of PL spectra of single
crystalline CdS semiconductors.

Increase in the electrical conductivity of the studied
films with the growth of Cu content in the Cd; 4Cu,S
NCs has been found and explained by the increase of free
carrier concentration. Electron transport through the
films obeys the Ohm law at lower voltages. The space
charge limited current transport mechanism dominates at
higher voltages. The Poole—Frenkel electron transport
mechanism was identified in the case of the PRC-CuS
composite polymer films.

It follows from the above-mentioned results that the
studied hybrid nanocomposite films may be used in
organic polymer-based electronics and optoelectronics as
conductive layers with electrical conductivity varying in
a wide (some orders of magnitude) range.
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Kommno3uTHi nmosniMepHi IIiBKH 3 HamiBIPOBITHMKOBMMH HAHOKPHCTAJIAMH JJIS OPraHivHOI eJeKTPOHIKH Ta
ONTOENeKTPOHIKH

O.B. ITununosa, /I.B. KopoyTtsk, B.C. Tokapes, A.l. [Inaunos, A.A. €BTYX

AHoranis. OpraHiuHi Marepiajiu, 30KpeMa MOJIMepHI IUTIBKH, BIOCKOHAJIEH] HAHOKPHCTAIAMHU, MAIOTh TIOTEHIIA IS
IIMPOKOTO 3aCTOCYBaHHS B CJICKTPOHIII Ta ONTOCIEKTPOHINI 3aBASKH CBOill OpraHIuHI THYYKOCTI, JETKill Basi,
MPOCTIlii iHTerparii, OUIbII JOCTYIHINA BapTOCTI BUPOOHHITBA Ta HU3bKOMY BIIMBY Ha HaBKOJIMIIHE CEpPEOBHUINE iX
BHPOOHHIITBA. METOI0 JAaHOTO NOCTIIKEHHS € IOCHIIKEHHS €JICKTPUYHUX BIACTUBOCTEH KOMMIO3UTHHUX IUTIBOK Ha
MOJIIMEPHI OCHOBI, Mo MicTaTh HaHOKpuctamu Cd; 4Cu,S, 3 METOI BH3HAYCHHS IMEPCIEKTHB IX BHKOPHUCTAHHS B
OpTaHivYHIN eNEeKTPOHIIli Ta ONTOEIEKTPOHILI AK MpoBigHUA map. CTaTTS MICTUTH JOKIAJHUNA ONUC CHHTE3Y TiOPHIHUX
HaHOKOMIIO3UTHUX IUTIBOK Ha OCHOBI Iepokcua-peaktuBHoro komoximepy (PRC) 3 manoxpucramamn Cdj Cu,S.
JledekTHY CTpYKTYpy IUTIBOK aHATI3yBalH 3a CIeKTpamu (POTOJOMIHECICHIII. BUMIPSHO CBITIOBY 1 TEMHOBY BOJIBT-
aMIepHi XapaKTePUCTUKN [UX IDTiBOK i3 pi3HuM criBBigHomeHHsM Cd i Cu B HaHOKpHcTanax Cd; Cu,S, BOymoBanmx
y MOJIIMEPHY MaTpHII0O Ta HAaHECEHMX Ha CKISHI MiJKIaJKd. BcTaHOBIEHO, IO MPOBIAHICTH IUTIBOK 3pocTae 3i
3poctanisaM BmicTy Cu B Hanokpuctanax Cd; 4Cu,S. EnekrpoHHuit Tpancnopt Bignosinae 3akony Oma mpH HU3bKHX
Hampyrax Ta MexaHi3MaM CTpyMy, 0OMEKEHOTO IPOCTOPOBUM 3apsiioM, un [Tyna—Dpenkens npu BUCOKUX HAIpyrax.
[IpoBimHicTs WX TIOPUAHMX HAHOKOMIIO3UTHHX IUTIBOK Ha TOJIMEpPHI OCHOBI ci1abo 3aJeXWuTh Bix CBiTiA.
3anponoHOBaHO NOSICHEHHSI OTPUMAaHUX EKCIIEPUMEHTAIBHUX PE3ybTaTiB.

Kiarw4oBi cjioBa: KOMMO3WTHI TONIMEpHI IUTIBKM, HAHOKPHCTANM, TWPOBIMHI IIapH, EJIEKTPOIpPOBIIHICTD,
(hOTOTFOMIHECTICHITiS.
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