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Optical and Electrical Transport Properties of the ZnO:CdO Composite Film

In this work, zinc oxide films and composite ZnO:CdO films with cadmium oxide concentrations of 3 ul, 5
ul, 7 ul, 10 pl, and 12 pl were obtained by spin-coating on FTO. The films were annealed in the atmosphere
under the same temperature conditions of 450°C. The morphology of ZnO:CdO composite films was studied
by the SEM method and an electron-dispersion analysis of the concentration of the studied substance was'¢ar-
ried out. The influence of the surface morphology of the composite film with an increase in the,CdQyconcen-
tration from 3 ul to 12 ul on the optical and electrotransport properties of the ZnO:CdO composite filmiwas
studied. The optical absorption spectra of composite films of zinc oxide and cadmium were, measured. A
Tauc plot is presented to determine the band gap of a ZnO:CdO composite film. It has been established that
an increase in the CdO concentration on the ZnO surface leads to a decrease in the optical’band gaps The ob-
served decrease in the optical band gap of the film with increasing CdO is due to the smaklgband;gap of CdO.
The method of impedance spectroscopy was used to study the main electrophysical<€haractesisti€s, in particu-
lar, the dynamics of charge carrier transfer in nanocomposite films based on ZnO:CdO. It has been estab-
lished that the CdO layer on the ZnO surface contributes to a decrease in the rgsistance value of the composite
film Ry, an increase in the charge recombination resistance parameter R,.gat thefintefface, and an increase in
the efficiency of electron injection.

Keywords: ZnO, CdO, composite, morphology, electron transport~layer, absorption, structural layer,
impedance spectroscopy.

Introductien

The transformation of the demand for electri€ity is one of the possible cases, which in the short term
may take place in the case of a rapidly growing value®entrue energy. Among the various photovoltaic con-
verters that currently exist, organic solar cells, are of great interest among various international scientific
groups. The efficiency level of organic solarcells (OSC) already exceeds 14% due to the search for new ma-
terials, the improvement of existing matefials and’the optimization of the active layer morphology [1-6]. The
inverted structure is widely usedin organic photoconverters due to its good stability and efficient phase sepa-
ration [7-9]. The electron transpartlayer(ETL) in the inverted structure plays an important role in the per-
formance of organic solar cells®™{he EFL layer can not only enhance electron extraction and reduce charge
recombination, but also affect.theé’ morphology of the photoactive layer.

ETL layers based on metal,@xides have attracted great attention because of their high transparency in
the visible region of theispeetrwm, as well as their ability to change energy levels and electrical properties by
doping or chemical modification [10]. Among the known metal oxides used in OSC is ZnO [11-14] and
TiO, [15]. However, ETL layers based on ZnO and TiO, have relatively low charge carrier mobility and
photoactiyity in_the“wisible spectral range. One way to increase the photoactivity of oxide semiconductors is
to dope them withianother semiconductor with a narrow band gap. This will increase the sensitivity of the
composite Systepd'in the visible range of the spectrum and reduce the efficiency of charge recombination. As
such a semiconductor, CdO, which is an n-type oxide semiconductor with a narrow band gap, can be used
(2.16-2.6 eV). The purpose of this work is to increase the photoactivity of oxide semiconductors.

In this regard, in this work, ZnO:CdO composite structures are obtained and the optical and electrical
transport properties of composite films are studied.

Experimental

To obtain composite films, initial research solutions were preliminarily prepared. For this purpose,
Zns(OH)gCl, (pure 99.9%, Sigma Aldrich) powder with m=48.9 mg was dissolved in VV=0.5 ml of isopropa-
nol. After 20 min, monoethanolamine was added to the resulting solution in an amount of V=36 ul. After the
solution was stirred at a temperature of T=60°C for 2 hours, and then kept for 24 hours at room temperature.
To obtain CdO films, Cd(CH3;COOQ), (pure 99.9%, Borun New Material Technology Co., Ltd) crystallites
weighed m=34.5 mg were dissolved in V=0.5 ml of isopropanol. After the solution was kept for 20 minutes,
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then V = 0.5 ul of monoethanolamine was added to the resulting mixture. After the solution was stirred at a
temperature of T=80°C for 2 hours.

Preparation of substrates for composite films was carried out according to the procedure [16]. The prep-
aration of composite films was carried out as follows: the initial solution for ZnO films (V=30 ul) was ap-
plied to FTO surfaces by centrifugation (model SPIN150i, Semiconductor Production System) at a rotation
speed of 4000 rpm/min. After the films were annealed in an air atmosphere at a temperature of 200°C for 10
min, then a solution for CdO films (V =3 pl, 5 ul, 7 pl, 10 pl, and 12 pl) was applied to the surface of the
resulting film at a rotation speed of 4000 rpm/min, after which the resulting films were annealed at a temper-
ature of 450°C for 50 min [17].

To carry out electrophysical measurements, the surface of the ZnO and ZnO:CdO films were deposited
on an aluminum electrode 120 nm thick by thermal deposition on a CY-1700X-SPC-2 (Zhengzhou CY Sci-
entific Instruments Co., Ltd) setup.

The film morphology was studied on a MIRA 3 LMU (TESCAN) scanning electron micrescope. Ele-
mental analysis (EDX analysis) of the samples was carried out using an INCAPentaFE] - rd Instru-
ments, England) energy dispersive analyzer. A Co (9905-17, Micro-Analysis Consmm 19, Edi-
son Road, St lves Cambridgeshire PE27 3LF U.K) sample was used as a standard. The“absorpti ectra of
the studied samples were measured on an AvaSpec-ULS2048CL-EVO spectrom es). The imped-
ance spectra were measured using a P45X potentiostat-galvanostat (Elins) in theg ance mode.

Results and Discussion

Figure 1 shows SEM images of ZnO and ZnO:CdO films. The surfs e@n film has a granular struc-
ture with an average grain size of d~12 nm. For the ZnO:CdO composite film, m surface does not change.

SEM HV: 25.0 kv

View field: 0.883 um
SEM MAG: 313 kx

Figure 1. SEM images and EDX spectra of the films
ology of the ZnO film, b) morphology of the ZnO:CdO composite film

The ig. 1 shows the EDX spectra of the studied composite films. When a CdO layer is deposit-
edonaZzZ 4& a change in the redistribution of elements in the quantitative ratio at the surface layer is
observed. Accerding to Table 1, the initial film is enriched with zinc and oxygen; after the deposition of the
CdO layer, an increase in the proportion of cadmium is observed, the amount of oxygen does not change.

Table 1
Elemental composition of ZnO and ZnO:CdO films
No. Films Zn, weight % Cd, weight % O, weight % Zn/Cd ratio

1 ZnO 14.1 - 22.6 -

2 CdO (3 ul) 19.7 1 22.9 19.7
3 CdO (5 ul) 14.1 1.2 22.6 11.7
4 CdO (7 ul) 13.7 1.4 21.9 9.7
5 CdO (10 ul) 13.1 1.5 22.2 8.7
6 CdO (12 ul) 13.1 1.8 22.1 7.2
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Figure 2 represents the absorption spectra of the films. The absorption spectrum is typical of the absorp-
tion spectrum of wide-gap semiconductors. The edge of the fundamental absorption band falls in the near
ultraviolet region, which corresponds to the optical transition of the band gap of oxide semiconductors. It can
be seen from the figure that an increase in the CdO concentration on the surface of the ZnO layer leads to a
threefold increase in the absorption of the composite film.
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Figure 2. Absorption spectra of ZnO and ZpO:CdO films

The inset in Figure 2 shows the Tauc plot for determiping the,band gap (Eg) of the composite films.
Table 2 lists the values of the film band gap depending omthe Cd© concentration. It can be seen that an in-
crease in the CdO concentration on the surface leads to'adeckease in the optical band gap (Eg) from 2.9 eV
to 2.37 eV. The decrease in the optical band gapf the composite film is due to the fact that CdO is a semi-
conductor with a small band gap.

Table 2
Maximum absorptienwalue of ZnO and ZnO:CdO films
No. Films D, (A=360 nm) bangzgga(leV)
1 Zn0O 0.25 2.9
2 CdO (3 ul) 0.51 2.62
3 CdO (5 ) 0.52 2.58
4 CulO (7 u)) 0.54 2.54
5 €dO(0 u1 0.57 2.4
6 Cde, (12 ul) 0.59 2.37

Figlres 3b7and 3¢ demonstrate the structural layer of a ZnO film and a ZnO:CdO composite, respective-
ly. To deteemine the mechanisms of transport and recombination of charge carriers, the impedance spectra of
composite filmgfconsisting of several layers were measured: a glass substrate coated with a transparent con-
ducting FTO electrode (anode); ZnO:CdO layer; aluminum electrode in Figure 3c. Figure 3d shows the
equivalent electrical circuit that was used to interpret the impedance spectra. The fitting of the impedance
spectra was calculated using the EIS-analyzer software package.

Figure 3a designates the following parameters for obtaining the film hodograph: R;and R, — Ryand Rey
— resistances corresponding; where R,, is the resistance of the Zn0O:CdO nanocomposite layer, R is the
charge carrier recombination resistance at the ZnO:CdO/electrode interface associated with the extraction of
charge carriers from Zn0:CdO, CPE; is the constant phase element, which is the equivalent component of
the electrical circuit that models the behavior double layer but is an imperfect capacitor.

After fitting, the values of the hodograph parameters were determined, characterizing the kinetics of
transport and recombination of charge carriers based on ZnO and ZnO:CdO films. These parameters are giv-
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en in Table 3, where 1. is the effective lifetime of charge carriers, ke is the recombination index character-
izing the recombination rate.

- e =

p )
"
\‘G
b)
Ry
“@
A
c)

600
_g _j*e/‘\
N 400 1 d

—&—27Zn0O

/P —e— CdO (3 ul)

—&—CdO (5 ul)
CdO (7 ul)

—&— CdO (10 ul)
CdO (12 pl)

0 T T T T T T T T T 1

0 200 400 600 800 1000
ReZ, Ohm

200 1 d)

Figure 3. a) impedance spectra of ZnO and ZnO:CdO, b) structural layer
of ZnO, c) structural layer of ZnO:CdO, d) equivalent glectrical €ircuit

Table 3
The value of the electrophysical parameterswof the films
; R Rrec, Teff, Ket,
No. Films (Ohm) (®hmm) Riec /Ru (msec) (sec))
1 ZnO 73.6 642.4 8.7 0.13 7309
2 CdO (3 ul) 60.2 412 6.8 0.12 8176
3 CdO (5 ul) 38.9 489.4 12.9 0.11 9054
4 CdO (7 ul) 27.3 702.4 25.7 0.08 12882
5 CdO (10 ul) 21.4 706.3 33 0.08 12589
6 CdO (12 ul) 11.9 880.1 73.9 0.06 15848

Table 3 presents the obtainedwalues of’'R,, Ry, etc. It can be seen that the R,, value has the highest val-
ue for the ZnO film. With an increase in the concentration of CdO in ZnO, the resistance R,, of the film de-
creases, which should improye the’ transport of injected electrons to FTO. R, the resistance characterizing
the recombination of electronséat the ZnO:CdO/electrode interface, varies depending on the CdO concentra-
tion. A slight decreaseyinithe film recombination resistance is compensated by a decrease in the resistance
Rw. The effective lifetime of Charge carriers t.¢ decreases, which indicates an increase in the rate of charge
injection onto the, current-cellecting electrode. Also, an increase in K is observed, which characterizes the
rate of char@etrecombination after a complete cycle in the circuit; this indicates a decrease in electron recom-
binationfat the ZnO:CdO/electrode interface. Thus, the conducted studies show that the CdO layer on the
ZnO surface contributes to a decrease in the resistance of the composite film, an increase in the resistance of
charge recomiination at the interface, and an increase in the efficiency of electron injection.

Conclusions

In this work, ZnO films and a ZnO:CdO composite were obtained by spin-coating on the FTO surface.
The concentration of cadmium in the solution to obtain a layer on the surface of zinc oxide ranged from 3 to
12 pl. The influence of the CdO layer on the ZnO surface on the morphology, optical and electrical proper-
ties of composite films has been studied. Analysis of SEM images showed a change in the redistribution of
elements in a quantitative ratio with the surface layer of the composite film. According to the absorption
spectrum of ZnO:CdO composite films, an increase in the CdO concentration leads to an increase in the opti-
cal absorption of the composite film and a decrease in the optical band gap. The study of impedance spec-
troscopy showed that the CdO layer on the ZnO surface contributes to a decrease in the resistance of the
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composite film, an increase in the resistance of charge recombination at the interface, and an increase in the
efficiency of electron injection.
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O.K. Mycab6ekosa, A.K. Tycyn6ekona, A.K. AlimyxaHoB

Zn0O:CdO xoMno3UTTi KAOBIKIIAHBIH ONTHKAJBIK JHE 3JIEKTPOTACBIMAJIIAY KacHeTTepi

Maxkarnaia MBIpBII OKCUAIHIH KaOBIKIIANApbl MEH KaJMUI OKCHAIHIH KOHIEHTpAUsICH 3 MiI, 5 M1, 7 mi, 10
i xkoHe 12 M1 kommosutTik ZnO:CdO xabeikmanaper FTO-ma Spin-coating omici apKbUIBI AlTBIHIIBL.
KaOpikmranap armocdepana Oipmeit Temmeparypa xarmaiibiama 450°C  keabipsuigsl. SEM  omiciMeH
ZnO:CdO  xoMMO3WUTTIK  KaOBIKIIAMApBIHBIH ~ MOPQOJIOTHACH  3€PTTENIN,  3epTTENIeTiH  3aTTHIH
KOHIIGHTPALMSICBHIHA IEKTPOHIBI-ucHepeTik Tanaay xkyprizingi. CdO xoHueHTparmscs! 3 mi-aeH 12 mi-re
neitin aptkan kesge ZnO:CdO KOMITO3UTTIK KaOBIKIIATAPhIHIA ONTHKAIBIK JKOHE 3IIEKTPOTACHIMAJIAY
KaCHETTepiHiH KOMIO3UTTIK KaOBIKIIACHIHBIH OeTKi MOpQONOrHschHA acepi 3epTTenii. MBIphI JkoHEe
KaJMUH OKCHJIHIH KOMIIO3UT KaOBIKIIANAPBIHBIH ONTHKANBIK JKYThUTy crekTpiepi emmenai. ZnO:CdO
KOMITO3UTTIK KaOBIKIIACHIHBIH THIHBIM CaJlbIHFAaH aiMarblH aHblkTay ymiH Tayk rpadwuri (Tauc plot)
kepcerinred. ZnO Oetingeri CdO KOHIEHTPAUUSCHIHBIH apPTYHl THIHBIM CalbIHFaH alfMaKTBIH OITHKAJIBIK
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eHiHIH TeMeHieyiHe akeseTiHi anbikTanasl. CdO apTKaH caifbiH KaObIKIIanapaa 6akbUIaHBII OTBIPFAH THIHBIM
CaJIbIHFaH alMakTBIK ONTHUKAIBIK eHiHIH TeMmeHaeyli CdO-HbIH IIaFblH THIMBIM CajbIHFAH aliMarbIMCH
OaimaHBICTHI. VIMIenaHC CHEKTPOCKOMUS OMiCi apKbUIbl HETI3T1 3MEeKTPOPHU3UKANBIK CHIIATTaMalapibl, aTall
aiitkanna ZnO:CdO HeriziHIeri HAaHOKOMITO3HUTTIK KaOBIKIIATAPAAFbl 3aps] TAaCyNIBIHBIH JAHAMHKACHIH
3epTrey YmiiH KoumaHeuinel. ZnO Oeringeri CdO kabaThl KOMITO3HTTIK KaOBIKIIAHBIH RW KemepriciHiH
TeMeHzIeyiHe, 0oy IIeKapachIHIarbl 3apsAATapaslH RW pekoMOMHAIMS KeAepriciHiH JKoFaphUIayblHa JKoHE
AIIEKTPOHIBI MHXKEKIMS THIMAUIITIHIH apTybIHA BIKITIAN €TeI.

Kinm ce30ep: ZnO, CdO, xommo3ur, MOpPGOJIOTHs, SJIEKTPOHABIK TachiMaljay Kabarel, KYTHULY,
KYPBUIBIMIBIK KabaT, HMITeJaHC CIIEKTPOCKOIIHSL.

A K. Mycab6ekoBa, A.K. Tycynbekona, A.K. AitmyxaHos

OnrTuyeckne M 3JEKTPOTPAHCIIOPTHBIE CBOWCTBA KOMNO3UTHOI miieHku Zn0:CdO

B cratbe MeromoM Spin-coating Ha FTO Obuin HOSMydYeHBI IJICHKH OKCHAA IMHKA M KOMIIO3UTHBIC [TTEHKH
Zn0:CdO c xoHneHTpamueil okcuna kaagmust 3 M, 5, 7, 10 1 12 mi. Inerkn oTxuraance Ha arMoegepe npn
OJMHAKOBBIX TeMmepaTypHbIXx ycioBuax 450°C. Merogom COM wuccnenoBana MophoIOTUs KOMITOSHTHBIX
wieHok ZnO:CdO, u mpoBeieH 3IeKTPOHHO-AUCIIEPCHOHHBIN aHAN3 KOHIICHTPAINH HCEHICTyeMOTRQ,BEeLIeCT-
Ba. M3yueHO BiaMsHHME MOP(OJIOTHMM MOBEPXHOCTH KOMIIO3UTHOH IUICHKH NPH YBEIMYCHMI KOHIICHTPALUN
CdO ¢ 3 mut 10 12 M1 Ha ONITHYECKUE W DIEKTPOTPAHCIOPTHBIE CBOMCTBA KOMITO3ATHOM miewku ZnO:CdO.
IIpoBeneHbI M3MEpEHNUs CIIEKTPOB ONTHYECKOTO ITOTJIONICHHS] KOMIIO3UTHBIX IJICHOKOKCHIA IIMHKA U Kaj-
mus. Ilpusenen rpaduk Tayka (Tauc plot) s ompenesneHus! MIMPUHBL 3aTPCIICHHON BOHBI KOMIIO3UTHOM
wienkn ZnO:CdO. YcraHoBieHo, 4to yBenuueHne koHueHTpannn CdO ma mosepx#octi ZnO MpUBOAUT K
YMEHBIICHHIO ONITHYECKOH IIMPHHBI 3ampelieHHol 30Hbl. Habmonaemoe yMeHbIGHNe ONTHYECKOH IUPUHBI
3aIpeIeHHOH 30HbI eHKH ¢ yBennuenneM CdO cBs3ano ¢ Mandii 3ampemenHoi 30H0it CdO. Metogom nm-
HEJaHCHOH CIIEKTPOCKONUK HCCIECIOBAHbI OCHOBHBIC AIEKTPOQUSHUHECKAERXapaKTEPHCTUKH, B YaCTHOCTH,
JMHAMHKA TTepeHoca HOCUTENeH 3apsiaa B HAHOKOMIIO3UTHBIX JileHKaxyHa ocHoBe Zn0:CdO. [loka3zaHo, 4To
cioit CdO Ha moBepxHOCTH ZnO CHOCOOCTBYET YMEHBIIGHUIO SHAUGHUS COIPOTHUBICHHS KOMIIO3UTHOI
IUVICHKH Rw, yBennueHHIo mapameTrpa CONpPOTHBICHHS PEKOMOMHAIIMN 3apsaoB Rrec Ha rpaHune pasnena u
BO3pacTaHuio 3G (HEKTUBHOCTH HHKEKIHH JIEKTPOHOB.

Knwoueesvie crosa: ZnO, CdO, xomnosut, Mopdomerus, 371€KTPOHHBIA TPAHCIOPTHBIH CJIOW, MOTIOIICHHE,
CTPYKTYPHBIH CJIOH, MMITEIaHC-CIIEKTPOCKOTIHSL.
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