Comparison of TiO and ZnO electron

selective layers on the inverted-type
polymer solar cells

Idris Candan & Yunus Ozen

Polymer Bulletin
ISSN 0170-0839
Volume 78
Number 6

Polym. Bull. (2021) 78:3117-3129
DOI 10.1007/500289-020-03271-8

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer-
Verlag GmbH Germany, part of Springer
Nature. This e-offprint is for personal use only
and shall not be self-archived in electronic
repositories. If you wish to self-archive your
article, please use the accepted manuscript
version for posting on your own website. You
may further deposit the accepted manuscript
version in any repository, provided it is only
made publicly available 12 months after
official publication or later and provided
acknowledgement is given to the original
source of publication and a link is inserted

to the published article on Springer's
website. The link must be accompanied by
the following text: "The final publication is
available at link.springer.com”.

@ Springer



Polymer Bulletin (2021) 78:3117-3129
https://doi.org/10.1007/500289-020-03271-8

ORIGINAL PAPER

®

Check for
updates

Comparison of TiO, and ZnO electron selective layers
on the inverted-type polymer solar cells

idris Candan'® - Yunus Ozen?3

Received: 27 September 2019 / Revised: 29 May 2020 / Accepted: 12 June 2020 /
Published online: 18 June 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

In this study, P3BHT:PCBM polymer-based solar cell devices with TiO, and ZnO
electron selective layers were separately investigated to compare effects of metal
oxide layer in the inverted-type polymer solar cell structures. R.f. magnetron sput-
tering technique was used to fabricate highly oriented polycrystalline TiO, and ZnO
thin film layers onto FTO-coated glass substrates. The surface morphology, struc-
tural and optical properties of TiO, and ZnO electron selective layers were studied
by performing X-ray diffraction (XRD), confocal Raman spectroscopy, transmit-
tance spectra and Atomic Force Microscope (AFM). Photovoltaic performance of
inverted-type polymer solar cell based on Poly (3-hexylthiophene-2,5-diyl) (P3HT)
and [6,6]-Phenyl C61 butyric acid methyl ester (PCBM) with different electron
selective layers was executed to analyze the effects of TiO, and ZnO thin film lay-
ers on the power conversion efficiency (PCE) value of inverted polymer solar cell
(IPSC) devices. Produced devices with TiO, and ZnO thin film indicated the best
device performance with maximum PCE values of 2.88 and 3.49%, respectively.

Introduction

Semiconducting polymer materials as a photoactive layer have attracted consider-
able interests for photovoltaic (PV) solar cell device applications as an alternative
energy source due to simple/fast roll-to-roll production and their potential for low
cost materials since their discovery in 1985 [1-4]. Polymer photoactive layer can be
coated by using solution processing on flexible substrates at room temperature. Fur-
thermore, conjugated polymers exhibit higher absorption extinction coefficients than
inorganic materials and provide more effective light harvesting [5, 6]. Generally,
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polymer active layers are made of at least two different organic-based materials hav-
ing different electron affinity or mixture of polymer and fullerene materials in bulk
(bulk heretojunction metarial, BHJ) [7, 8]. The polymer donor with low electron
affinity gives electrons to fullerene acceptor with high electron affinity under illu-
mination [9]. The structure of BHJ supplies more efficient charge separation and a
larger place of pathways for the carrying of separated free carriers (electrons and
holes) compared to the other structures [10]. Power conversion efficiencies (PCE)
of over 15.5% has recently achieved for solution-processed single-layer of PM6:Y6/
PDINO based BHJ and has reached up to 17.3% for the PTB7-Th:O6T-4F with
PC,,BM based tandem solar cells composed of multiple BHJs organic photovoltaic
(OPV) solar cells [11, 12]. Among polymer-based solar energy harvesting materi-
als, Poly (3-hexylthiophene-2,5-diyl) (P3HT) as a donor semiconductor (p-type)
and [6,6] -Phenyl C61 butyric acid methyl ester (PCBM) as an electron acceptor
conducting material (n-type) have lately become popular materials for construction
of low-priced solar cells [13, 14]. Since the application of P3BHT:PCBM in OPVs,
different device efficiency has been reported in the literature in between 2 and 5%
[15-18].The electron donor polymer (p-type) and an electron deficient fullerene
based acceptor polymer (n-type) semiconductor can be blended in a bulk hetero-
junction (BHJ) configuration to construct polymer photoactive layer based solar cell
devices [13, 19]. In the donor—acceptor interface, the excitons are generated by pho-
tons and they separate into free charge carriers of electrons and holes within a few
nanometers throughout the polymer photoactive layer. These seperated electrons
and holes move over the photoactive BHJ polymer layer and reach to the collector
terminals creating a current. The conventional P3BHT:PCBM based BHJ solar cells
are manufactured with an photoactive layer inserted in between a metal with low-
work function such as aluminum (Al) acting as a cathode and hole selective layer
of poly (3,4 ethylenedioxylenethiophene):poly (styrene sulfonic acid) (PEDOT:PSS)
acting as an anode [4, 20, 21]. The hole selective layer of PEDOT:PSS is generally
deposited on top of an anode such as ITO or FTO covered glasses [20, 21]. On the
other hand, the conventional BHJ structure has a disadvantage in terms of attaining
long term durability due to the oxidation problem of low-work function metal cath-
ode layer (mostly Al), which enables penetration of oxygen to the photoactive layer
and therefore reduces the solar cell performance [22, 23]. In order to overcome this
problem and be able to enhance the device lifetime, a powerful approach is to con-
struct the polymer photovoltaic solar cell devices with an inverted configuration, in
which a high-work function metal coated on the hole sellective layer such as MoO;
serves as the anode and ITO or FTO acting as cathode [22]. In an inverted geom-
etry, ITO or FTO electrode is coated with one of the metal oxide layer such as zinc
oxide (ZnO), aluminum oxide (Al,O5) or titanium oxide (TiO,) as electron sellective
layer while a high-work function metal (i.e. Ag) is employed as an electron block-
ing layer and hole collecting electrode [24-27]. In the inverted geometry, TiO, or
ZnO electron selective layer (buffer layer) performs as a layer of hole-blocking and
an electron-collecting for reaching high power conversion efficiency (PCE) [28-30].
Most of the ZnO and TiO, thin film layers in OPVs were deposited using wet-
chemical processes such as dip-coating [31], spin-coating [30] and spray pyrolysis
deposition [32], mainly due to the advantages of cheap, easy to process and simple
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equipment requirements. However, it is difficult to control the homogeneity of the
thickness of thin films prepared by wet-chemical processes. To overcome homoge-
neity problem, the sputtering method, based on vacuum technology, have been used
by many researchers. The sputtering method provides more freedom for modifica-
tion of deposition parameters. Therefore, it is common to use the sputtered ZnO [22,
26] and TiO, [33-35] thin film layers as ESL on the different type organic solar
cell structures. They improve the properties of interface in between electrode and
photoactive layer in the inverted structure [30, 36]. The electrical conductivity val-
ues of TiO, thin films in the literature have been reported to change in between 0.1
and 10 (Q cm)~! [37, 38], while the electrical conductivity values of ZnO thin film
change in between 10! and 10 (Q cm) ~1[39, 40] changing with growth conditions.
Additionally, the conduction band edge value of the ZnO thin film layer as ESL can
make the appropriate energy level alignment between the lowest unoccupied molec-
ular orbital (LUMO) of the PCBM (around —4.0 eV) and the work function of FTO
layer (around 4.4 eV) [28, 41-43]. Therefore, the energy level alignment between
the work function of FTO and the LUMO of the PCBM using the ZnO layer pro-
vides a more suitable energy level for a more effective injection of electrons into the
FTO layer compared to using TiO, layer or FTO on its own [41]. Generally, IPCSs
with ZnO thin film layer exhibit higher value of PCE than IPSCs with TiO, thin film
layer [44].

In this paper, we investigate the difference between TiO, and ZnO electron sell-
ective layers (ESL) in the IPSCs. We fabricated two different IPSCs with different
electron sellective thin film layers by using sputtering technique, namely, FTO/TiO,/
P3HT:PCBM/MoOs/Ag and FTO/ZnO/P3HT:PCBM/MoO,/Ag to compare the
effects of sputtered TiO, and ZnO layers.

Experimental details

The inverted configuration of polymer-based solar cell devices with TiO, and ZnO
electron-collecting buffer layer of Glass/FTO/Metal oxide/P3HT:PCBM/MoO5/Ag
have been deposited separately to compare the effects of metal oxide type used as
buffer layer as seen in Fig. 1. The TiO, and ZnO layer were fabricated onto the FTO-
coated glasses by using sputtering method. Nanovak NVTS500 co-sputtering sys-
tem was separately used to deposite the TiO, and ZnO layers under the argon (Ar)
atmosphere with pressure of 10~° Torr at room temperature. In order to provide the
better crystallinity in the structure of TiO, and ZnO thin films and supply the ther-
mal energy to the component elements to make the nucleation stage complete with
thermal kinetics in the deposited samples, post-annealing process was carried out for
the thin films at temperature of 250 °C for 1 h under the nitrogen (N,) atmosphere.
The thickness of produced TiO, and ZnO samples were determined in between 40
and 50 nm by using profilometer of Veeco Dektak 150 stylus type.

Commercially purchased P3HT (Sigma-Aldrich (CAS Number: 156074-98-5) with
number average molecular weight (M,,: 45,000-65,000 g mol~! and polydispersity
index (PDI) of~2) and PCBM (with wt-ratio of 1:1) were dissolved in Dichloroben-
zene (DCB) solvent at 20 mg/mL concentration with magnetic stirrer at temperature of
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1- TiO, or ZnO 2- P3HT:PCBM 3- MoO; and Ag
(sputtering) (spin-coating) (Evaporation)

Fig.1 Schematic demonstration of the fabrication steps of IPSC device with TiO, electron sellective
layer of Glass/FTO/TiO,/P3HT:PCBM/MoO;/Ag and with ZnO electron sellective layer of Glass/FTO/
ZnO/P3HT:PCBM/MoO5/Ag inverted polymer solar cell (IPSC) structures

40 °C for 8 h. The mixture of P3BHT:PCBM was covered onto the TiO,/FTO/Glass and
ZnO/FTO/Glass substrates by using spin coating technique. In addition, the polymer
photoactive layer was coated on the FTO/Glass substrate to use as a reference sample.
Siiss Microtec 6 RC spin coater system and the parameters of 600 rpm and 1100 rpm
for 20 and 9 s was used to deposit photoactive layer, respectively. Post production
annealing process was then utilized to the sample at 150 °C for 5 min on the hot plate to
improve the photoactive absorber layer and to evaporate the remaining solvents in the
structure. The hole-collecting layer of molybdenum trioxide (MoO;) and the top metal
electrode of silver (Ag) layers were coated 10 nm and 100 nm by using the BesTec
thermal evaporation system, respectively.

Transmittance spectra was carried out in between 3001100 nm wavelength range
by utilizing the spectrometer system of Perkin Elmer Lambda 2S UV-Vis—NIR. The
structural properties of the deposited TiO, and ZnO thin film samples were analized
by using Rigaku Miniflex XRD system having radiation source of CuKa (wavelength
at 1.54 A). Jobin—Yvon Horiba confocal Raman with excitation source of the 532 nm
Nd:YAG laser was executed to study the confocal Raman measurements at room tem-
perature. CCD detector with Peltier cooled and double monochromator were employed
to designate Raman shifts. AFM image was obtained at room temperature by using
high-performance AFM system (Nano Magnetics Instruments Ltd., Oxford, UK). A
Keithley 4200 source meter were used to execute the current density as a function of
applied voltage (J-V) measurements and Newport Oriel-SollA solar simulator was
used to generate AM 1.5 G illumination.

Results and discussions
In order to examine the optical behaviors of the fabricated metal oxide electron

selective layers of TiO, and ZnO thin film samples; transmittance measurements
were executed by using UV-VIS-IR Spectroscopy. The transmittance spectra of the
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glass, Glass/FTO, sputtered TiO, and ZnO onto FTO coated glass samples stud-
ied in the wavelength range of 300 and 1100 nm were demonstrated in Fig. 2a. As
clearly seen from Fig. 2a, the transmission ratios of ZnO and TiO, were observed in
between 70-85% and 60-78% in the wavelength range of 400 and 900 nm, respec-
tively. Transmittance data also shows that thin films have enough transparency and
allow maximum wavelengths to pass through the active polymer thin film layer and
create the electron-hole pairs.

Figure 2b, ¢ demonstrate the XRD patterns of TiO, and ZnO thin film samples
obtained through a Rigaku Miniflex diffractometer using CuKa radiation in the
range of 20 =10°-80°, respectively. The well-defined sharp Bragg peaks point out
highly crystalline nature of the materials. As seen from Fig. 2b, the Bragg diffrac-
tion peaks at 26.7°, 37.8, 51.6° and 61.7° with preferred orientation as (101), (004),
(105) and (002)/(204), are correspond to TiO, with tetragonal arrangement [45].
Additionally, (110), (101), (220), (301), and (321) preferentially oriented reflections
peaks at 33.8°, 54.6°, 65.7° and 78.4° were observed for FTO films in XRD meas-
urements as marked in Fig. 2b [46—48]. The XRD diffraction pattern of the sput-
tered ZnO layer is illustrated in Fig. 2c. The pattern given in Fig. 2c clearly reveals
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Fig.2 a Transmittance (T) spectra of glass, TiO, and ZnO, b X-ray diffraction of TiO, and ¢ X-ray dif-
fraaction of ZnO (d), Raman specra of P3HT:PCBM
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the polycrystalline structure with orientation along different prefered orientations.
These oriantations of ZnO thin film are (100), (002), (102), (110), (103), (112), and
(202) for corresponding peak positions of 32.1°, 34.7°, 47.9°, 56.9°, 63.1°, 68.2°
and 77.2°, respectively [49, 50]. Furthermore, the results uncover that not only the
peaks of ZnO phase but also a peak of elemental zinc (Zn) with preferred orienta-
tion of (101) at 36.6° occur [49]. The peak of Zn emerged due to Zn atomic weight
being heavier than oxygen (O). An O, atmosphere can easily move away, leaving a
higher amount of heavier argon gas in the low-pressure environment of sputtering
chamber [51].

The confocal Raman spectrum of polymer thin film layer (P3HT:PCBM) was
employed by operating the Nd:Yag laser with excitation source of 532 nm wave-
length at room temperature and Fig. 2d indicates the results of Raman spectra.
As shown in Fig. 2d, P3HT:PCBM polymer photoactive layer has the most sharp
Raman peak at 1448 cm™! which is allocated to the C=C symmetric stretching. Fur-
thermore, the other Raman peaks of P3BHT:PCBM active polymer layer are at 730,
1003, 1092, 1183, 1221, 1381, and 1515 cm™! which are referred to the C—S—C ring
deformations, C—C stretching alkyl-chain, C—H bending alkyl-chain, C—C symmet-
ric stretching, combination of C—C stretching and C-H stretching, C-H bending,
C3—C4 stretching, and C=C antisymmetric stretching, respectively [52—58].

Atomic force microscopy (AFM) was carried out to analyze the surface mor-
phology of the fabricated TiO,, ZnO and P3HT:PCBM thin film samples at room
temperature conditions. Figure 3 exhibits the three-dimensional (3D) AFM images
captured from TiO,, ZnO and P3HT:PCBM polymer sample surfaces. The results
indicate the formation of the surfaces with roughness of 9.11 nm, 13.75 nm and
5.60 nm for TiO,, ZnO and P3HT:PCBM thin film samples, respectively. The depo-
sition technique, parameters and conditions of sample have profound effect on the
surface morphology of the fabricated thin films. As observed in XRD results, dur-
ing the growth of TiO, and ZnO thin film layers via sputtering, the deposited layers
were pre-heated at 250 °C for 1 h to enhance the crystallization of elecron sellective
layers of the films. Additionally, P3HT:PCBM photoactive layer was pre-heated at
150 °C for 5 min to improve the quality of the photoactive layer and evaporate the
solvent and remaining species in the photo absorber layer.

In order to build IPSC devices, two different types of selective layer (TiO, and
Zn0O) were deposited on the FTO-coated glasses by using sputtering technique to
collect the electrons and blocking the holes. Figure 4 illustrates the structure and
band gap positions of IPSC device and the main aim of this study. As clearly
described in schematic representations, P3HT:PCBM BHJ polymer photoactive
layer is inserted in between electron selective layer (TiO, or ZnO) and hole trans-
port layer (MoOs) to collect the photons from solar spectrum. In IPSC device struc-
ture, photons come from glass side and arrive at photoactive polymer layer and elec-
tron—hole pairs (excitons) are produced in the layer of blended photoactive polymer.
The excitons can be divided into electrons and holes at the P3HT:PCBM interfaces
and the negative and positive charge carriers are carried from polymer layer to the
metal oxide (TiO, or ZnO) and MoO; layers, respectively. The incorporation of the
metal oxide provides paths for the electrons while MoO; provides paths for the holes
to pass from polymer to FTO and Ag contacts as seen from Fig. 4.
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(@

(b)

Fig.3 AFM images of the three-dimensional (3-D) configuration of (a) TiO,, (b) ZnO and (c)
P3HT:PCBM thin films deposited onto the surface of FTO substrate

To compare the effects of metal oxide in the IPSC devices, current density—volt-
age (J-V) curves were studied under AM 1.5 G solar simulators. The performance of
the IPSC without ESL and with sputtered TiO, and ZnO layers are shown in Fig. 5
and measured solar cell parameters of short-circuit current (Jg.), open-circuit volt-
age (V) fill factor (FF), and power conversion efficiency (PCE) () of cells with
two different electron selective layers are compared in Table 1.

The forward and reverse applied DC bias voltages varying in between -1.5 and
+1.5 V under AM 1.5 G illumination were applied to carry out the characteristics of
current density—voltage (/-V) of manufactured IPSC samples without ESL and with
metal oxides of TiO, and ZnO, and results were showed in Fig. 5. The semi-logarith-
mic graph of J-V characteristics with sputtered TiO, and ZnO electron sellective lay-
ers is given as an inset of Fig. 5. As seen from the figure, the semi-logarithmic plot of
forward bias current showed one order of magnitude for solar cell without ESL and two
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O (eV)

Fig.4 Schematic representations of IPSC device (a) with TiO, thin film layer containing glass/FTO/
TiO,/P3HT:PCBM/Mo0O5/Ag layers and band gap position diagram and b with ZnO thin film layer con-
taining glass/FTO/TiO,/P3HT:PCBM/MoO;/Ag layers and band position diagram of IPSC. (The band
positions of the materials have been plotted by using Refs. [20, 26and 34].)

orders of magnitude for both IPSC with ESL confugurations. The PCE value of cell
without ESL was calculated as 0.13% as given in Table 1. Due to the direct coating of
the photoactive layer on the FTO, the ohmic property in the structure increased and the
energy conversion efficiency of the sample remained low. The electron selective layer
acts as a filter and minimizes the ohmic behavior and also improves the properties of
interface in between electrode and photoactive layer [28, 29, 36]. On the other hand,
IPSC with sputtered TiO, demonstrates a PCE value around 2.88%. However, PCE was
significantly increased up to 3.49% after the alteration of TiO, layer with sputtered ZnO
layer in the device structure. This result indicated that using ZnO instead of TiO, thin
film layer as an electron selective layer in the IPSC device geometry enhanced the per-
formance relatively to 21%. As seen from Table 1, the device with sputtered TiO, layer
demonstrated a Jg. of 9.4 mA/cm?, Vg of 0.87 V and FF of 35%, while the device
with sputtered ZnO indicated a Jg- of 11.3 mA/ecm?, V. 0.81 V and FF of 39%. As
mentioned in the introduction section, since ZnO thin film has higher electrical conduc-
tivity and can make the appropriate band alignment between P3HT:PCBM and FTO
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Fig.5 The current density (J)-voltage (V) characteristics of the IPSC devices without ESL and with
TiO, and ZnO thin film layers as ESL under illumination of AM 1.5 G. Inset is demonstrating semi-
logarithmic current density—voltage characteristics of devices without ESL and with sputtered TiO, and
ZnO metal oxide layers

Table 1 Summary of the

Sampl Jsc (mA/cm? Voc (V FF (% %
photovoltaic performance amp'e sc (mAfem™) oc V) *® neo

parameters of the IPSC without  yyip ¢ ESL 0.7 0.94 18 0.13
ESL and with sputtered TiO, .

and ZnO electron sellective TiOy/polymer 9.4 0.87 35 2.88
layers ZnO/polymer 11.3 0.81 39 3.49

layers, the PCE value of device with ZnO layer is expected to be higher than the PCE
value of device with TiO, layer [37-40]. Moreover, the optical transmittance measure-
ment indicates that the average transmittance value of the ZnO thin film is considerably
higher than the average transmittance value of the TiO, thin film in the wavelength
range of 400-900 nm as given in Fig. 2a. Since ZnO thin film has a higher optical
transmission value than TiO, thin film, more photons can reach the photoactive area
of the cells in which the ZnO thin film layer used as ESL. High transmittance indicates
that more photons are reaching the photoactive layer from the sun in the devices, result-
ing in high PCE of the solar cells [59]. Based on these reasons and the J-V results, the
incorporation of sputtered ZnO layer enables IPSC devices to operate more efficient
than incorporation of sputtered TiO, layer.
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Conclusions

In summary, metal oxides of TiO, and ZnO thin films in between FTO-coated glass
substrates and P3HT:PCBM polymer active layer as an electron selective layer in
the IPSC were deposited by using sputtering method. The blended of P3HT:PCBM
polymer was fabricated onto FTO/Glass, TiO,/FTO/Glass and ZnO/FTO/Glass sub-
strates by using spin coater technique. The X-ray diffraction pattern showed that pro-
duced metal oxides of TiO, and ZnO thin films were polycrystalline structure with
the most intense peak positions at 26.7° and 36.6°, respectively. Both films have
(101) preferred orientation. The confocal Raman spectrum of P3HT:PCBM polymer
photoactive layer demonstrated that the major Raman peak is at 1448 cm™! which
is related with C=C symmetric stretching mode. AFM measurements of TiO,, ZnO
and P3HT:PCBM thin film indicated that the prepared samples have average rough-
ness of 9.11 nm, 13.75 nm and 5.60 nm, respectively. The J-V characteristics of
the IPSC device samples under the illumination without ESL and with sputtered
TiO, and ZnO electron sellective layers demonstrated a PCE value of 0.13, 2.88 and
3.49% for TiO, and ZnO layers, respectively.

The characterization of the crystalline structures, optical properties and the sur-
face morphologies of sputtered TiO, and ZnO thin film samples proved that both
films are suitable for using as the electron selective layer to insert in between FTO
and photoactive polymer layers in IPSCs. However, the photovoltaic performances
of cells showed that sputtered ZnO thin film has higher PCE value than sputtered
TiO, thin film.
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