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ABSTRACT

Organic solar cells (OSCs) have attracted much research attention due to their advantages such as low cost, easy processing,
light weight, flexible and suitable for large-scale production. ZnO has shown to be an effective electron transport layer
(ETL) in OSCs. However, it also suffers from various defects on its surface and improperly matched work function with the
photoactive layer which then hinders electron extraction and conduction in OSCs. Hence, in this work, due to its favorable
attributes such as high electron mobility, wide bandgap as well as deep conduction and valence band, SnO, was chosen
in this study as cathode interfacial layer placed in stacked structure with ZnO. This study intends to improve the power
conversion efficiency (PCE) of poly(3-hexylthiophene-2,5-diyl) (P3HT): (6,6)-phenyl-C61-butyric-acid-methyl-ester
(PCBM) based inverted OSCs by exploiting the properties of SnO, and ZnO as bilayer ETL. The ETL was inserted between
transparent fluorine-doped tin oxide (FTO) and P3HT:PCBM photoactive layer. Experimental analysis of the different
configurations of ETL (ZnO only, SnO,/Zn0O, and ZnO/Sn0,) toward the PCE of inverted type OSCs was presented. The
SnO, layer was synthesized via sol-gel spin coating method. Under both 1-Sun and white LED illumination, the devices
with SnO,/ZnO ETL demonstrated the highest PCE of 1.01% and 1.62%, respectively, with 63% and 30% enhancement
compared to the control device with ZnO only ETL. Our results suggest that by depositing the SnO, layer before the ZnO
layer, it can enhance the optical transmission, decrease the surface roughness and provide a well-matched energy level.
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ABSTRAK

Sel suria organik (OSC) dilihat semakin menarik perhatian dalam bidang penyelidikan disebabkan oleh kelebihannya
seperti ringan, fleksibel, memerlukan fabrikasi yang mudah serta murah dan amat sesuai dalam penyediaan berskala besar.
Kajian terdahulu membuktikan bahawa ZnO adalah bahan yang baik dan berkesan sebagai lapisan pengangkut elekton
(ETL) dalam OSC. Namun begitu, masih terdapat banyak kelemahan pada lapisan ZnO yang perlu diatasi seperti kecacatan
pada permukaan serta fungsi tenaga yang tidak sesuai dengan lapisan fotoaktif yang membantutkan pengekstrakan dan
pemindahan elektron di dalam OSC. Dalam kajian ini, SnO, telah dipilih untuk digunakan sebagai lapisan tambahan untuk
membentuk ETL dwilapisan disebabkan kadar konduktiviti elektronnya yang tinggi, jurang tenaga yang besar serta jalur
valensi dan konduksi yang lebih dalam. Kajian ini bertujuan untuk meningkatkan kecekapan penukaran kuasa (PCE)
peranti OSC songsang berasaskan poli (3-heksilthiofena-2,5-dil) (P3HT):(6,6)-fenil-C,, asid butrik metal ester (PCBM)
dengan menggabungkan kelebihan ZnO dan SnO,. ETL dimendapkan di antara lapisan oksida timah terdop fluorin (FTO)
dan lapisan fotoaktif P3HT:PCBM. Penyelidikan uji kaji untuk konfigurasi ETL yang berbeza (ZnO, SnO,/ZnO dan
Zn0/Sn0,) terhadap PCE OSC songsang dibentangkan. Lapisan SnO, disediakan dengan menggunakan kaedah sol-gel
dan salutan putaran. Hasil keputusan menunjukkan peranti dengan ETL SnO,/ZnO menghasilkan PCE tertinggi di bawah
kedua-dua keadaan pencahayaan 1-matahari (1.01%) serta pencahayaan LED putih (1.62%). Keputusan ini mencatatkan
peningkatan prestasi masing-masing sebanyak 63% dan 30% berbanding peranti kawalan dengan ETL lapisan tunggal
Zn0. Hasil kajian ini menunjukkan apabila lapisan SnO, dimendapkan sebelum lapisan ZnO, ia membantu meningkatkan
penghantaran optik, mengurangkan kekasaran permukaan dan menyediakan aras tenaga yang berpadanan.

Kata kunci: Dalam bangunan; fotovoltaik organik; fungsi tenaga; pemindahan elektron; penghantaran optik
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INTRODUCTION

Although organic solar cells (OSCs) are still struggling to
achieve high power conversion efficiency (PCE) compared
to inorganic photovoltaics, much research carried out
has shown that OSCs are reliable and have a remarkable
potential as an effective indoor energy harvester. In doing
so, due to the substantially different indoor and outdoor
light conditions, particularly their intensities and irradiance
spectra, modifications need to be carried out. Under indoor
light conditions, number of incident photons is drastically
reduced. Hence, in making modifications, it is crucial to
ensure light absorption is maximized and leakage current
is minimized in order to produce efficient indoor OSCs
(Mohamed Nafeer Wajidh et al. 2024). In modifying the
indoor OSCs, it is crucial for the electron transport layers
(ETLs) to possess a sufficiently low work function to
avoid surface recombination and minimize potential loss.
The interfaces between the inorganic ETL and organic
photoactive layer are also crucial in providing stability
and efficiency, thereby contributing to an improvement in
the overall indoor performance for the OSCs (Shim et al.
2012; Zhou et al. 2012). Metal oxides have shown to be an
efficient electrode modifier to improve open-circuit voltage
(V..), short circuit current density (J ), and fill factor (FF).
Numerous n-type metal oxides have been explored as
ETLs in inverted OSCs such as SnO, (Suo et al. 2023), ZnO
(Tarique et al. 2024), WO, (Mahajan et al. 2022), In O,
(Omarbekova et al. 2022), TiO, (Wang & Tan 2022) and
Bi,S, (Nurul Nadhirah & Chi Chin 2022). Among them,
TiO, and ZnO are the most used ETLs as they have been
shown to produce high efficiency OSCs. However, these
low work function metal oxides suffer from photocatalytic
effects (Giinther et al. 2023; Jiang et al. 2019; Nam et al.
2018), which contributes to decomposition of organic
photoactive materials. They also have relatively low
charge carrier mobility (Mussabekova et al. 2023). Besides
that, ZnO experiences photoinduced shunts that increase
carrier recombination losses when exposed to ultraviolet
light (Yang et al. 2020), and thus negatively affecting
device lifetime (Gao et al. 2022; Yao et al. 2020; Yu et
al. 2022b). Besides that, sol-gel processed ZnO ETL
also possess surface and inside defects such as oxygen
vacancies and free surface hydroxyl group which act as
recombination centers of the photogenerated charge and
sensitive to oxygen and moisture in air (Yang & Yu 2023).
These defects and improperly matched work function in
ZnO ETL also hinders the ability of charge transport in
OSCs, resulting in poor photovoltaic performance.
Among the ways identified to resolve problems
with inorganic metal oxide ETLs in inverted OSCs is
through interfacial modification and surface treatment.
A recent study (Li, Yu & Yu 2024) had shown that when
ZnO ETL was modified with 2D ZrSe,, the PCEs of
PBDB-T:ITIC, PM6:Y6 and PM6:L8-BO based devices
have been improved by enhancing the conductivity of ZnO.
The oxygen vacancy density on the ZnO surface has been

reduced through interfacial modification. In addition, when
ZnO nanoparticles were integrated with a ZnO layer to
produce a bilayer ETL in PTB7-Th:IEICO-4F and PM6:Y6
based devices, the ability of ZnO films to extract and
carry charges has been enhanced due to the formation of
a better crystallinity and smoother film surface compared
to single layer ZnO ETL. This had contributed to a better
interfacial connection between the photoactive layer and
the ETL which then improved the PCE of the devices
(Tarique et al. 2024).

In this work, an in-depth study was carried out on
ETLs comprising of a combination of SnO, and ZnO ETLs.
The bilayer ETL was employed to combine the advantage
of both ZnO and SnO,. The ZnO serves as the efficient ETL
with its low toxicity, high conductivity and good electron
extraction capability while the SnO, layer can reduce
the surface defects of FTO and block holes effectively,
leading to an elevated electron collection and suppressed
carrier recombination at the interface. In comparison to
the control device with ZnO only ETL, the devices with
SnO,/ZnO ETL showcased a PCE increment of 63%
and 30%, respectively, under both 1-Sun and white LED
illumination.

MATERIALS AND METHODS

The fluorine-doped tin oxide (FTO) glasses with a
sheet resistance of 8 €/sq were provided by Greatcell
Solar, while the zinc acetate dihydrate (> 99.0%) and
diethanolamine (DEA; > 99.0%) were provided by Sigma
Aldrich. Regioregular poly(3-hexylthiophene-2,5-diyl),
commonly known as P3HT was purchased from Rieke
Metals and (6,6)-phenyl-C61-butyric-acid-methyl-ester
(PCBM) that served as the electron acceptor was purchased
from Lumtec (>99.5%). The precursor tin(II) chloride
dihydrate (SnCl,.2H,0) was purchased from Sigma
Aldrich. All materials were used directly without further
purification.

In this study, inverted type OSCs were prepared. The
samples were built on 1.5 % 2.0 cm glasses pre-coated with
FTO. The FTO substrates were cleaned successively with
deionised water, acetone and isopropanol, each for 15 min
and dried (Sabri et al. 2017). The ZnO sol-gel was prepared
from a mixture of 0.2 M zinc acetate dehydrate and
0.2 M DEA in absolute ethanol. The solution was stirred
at 60 °C for 30 min and left to age. The SnO, solution was
prepared by dissolving 0.2 M SnCl,.2H,0O in ethanol. The
precursor solution was then stirred at 400 rpm at 80 °C for
2 h. The devices were prepared with different configurations
of ETL. In the case of SnO,/ZnO ETL, the SnO, layer was
first deposited via spin coating at 3000 rpm for 30 s on
the FTO substrate. The samples were then pre-annealed for
5 min before going through annealing in the furnace at
300 °C for 1 h. The ZnO layer was then deposited on top
of the SnO, layer at 3000 rpm for 30 s. The spin coating
process was repeated three times before the samples were
annealed in the furnace at 300 °C for 1 h to form a dense



ZnO layer. For Zn0O/SnO, ETL samples, the same method
of deposition was used to deposit three layers of ZnO on the
FTO substrate. The samples were then annealed at 300 °C
for 1 h. When the samples have reached room temperature,
the SnO, layer was then deposited on top of the ZnO layer
via spin coating. The samples were pre-annealed for 5 min
before being put into the furnace and annealed at 300 °C
for 1 h. For the preparation of the photoactive layer, the
PCBM and P3HT with a weight ratio of 1: 1.5 were added
to the chlorobenzene solvent at a total concentration of
25 mg/mL and then stirred at 60 °C at 850 rpm overnight.
The photoactive layer was then deposited at 900 rpm for
1 min on the ETL and the samples were annealed at 130 °C
for 30 min. After the deposition of the photoactive layer,
the Ag electrode was deposited by thermal evaporation in
a vacuum of 5 x 10 mbar. The active area of the samples
was 0.07 cm?. For comparison, a control device with ZnO
only ETL was also fabricated. The device configuration is
presented in Figure 1.

The ETL thin films characteristics were investigated
by a series of measurements. The morphology and
cross-sectional images of the samples were observed
using a Zeiss Merlin Compact field emission scanning
electron microscope (FESEM) at an accelerating voltage
of 3 kV. The transmission spectra of the samples were
analysed using a PerkinElmer Lambda 900 UV—Vis—NIR
spectrophotometer in the wavelength range of 300 — 800
nm. Steady-state photoluminescence (PL) characteristics
of the photoactive layer deposited on top of various ETLs
in the wavelength range of 550 to 800 nm were obtained
using an Edinburg FLS920 fluorescence spectrometer at an
excitation wavelength of 515 nm. Park NX-10 atomic force
microscope (AFM) was used to determine the roughness
and work function of ETLs. The current density-voltage
(J-V) measurements of the devices were measured using
a Keithley 2401 source measurement unit under the
illumination of a Newport 66902 AM1.5G solar simulator
at 100 mW cm™ and a white LED light at 1000 Ix. The
parameters obtained from this measurement were V., J ,
FF and PCE.
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RESULTS AND DISCUSSION

Figure 2(a)-2(d) shows the cross-sectional while
Figure 2(e)-2(h) shows the top surface images of the various
ETL obtained from FESEM. Figure 2(a) and 2(e) shows the
surface of the sample after a layer of SnO, was deposited
and annealed on the FTO. The packed FTO underneath
could still be clearly seen, indicating the SnO, layer was
not properly formed. Due to the low coverage of the SnO,,
the layer was unable to cover the surface of FTO thoroughly
and hence the rough and irregular-sized particles on the
FTO surface could still be seen. However, when the ZnO
(Figure 2(b) and 2(f)) was deposited and annealed on the
FTO, the stony and rough structure of the FTO started to
reduce and the particles started to expand and spread out
better. The FTO at the bottom was also no longer visible.
When the samples were prepared with bilayer where the
SnO, layer was placed in between the FTO and ZnO layer
(Figure 2(c) and 2(g)), the thin film became smoother and
the ZnO particles were more regular. The improvement of
the surface could be due to the filling of SnO, particles in
the space in between the FTO particles. With the addition
of the ZnO layer above the SnO, layer, the thickness of
the thin film increased and some of the interfacial defects
could be filled. With a more uniform and smoother FTO
surface, it provides a better platform to produce a better
foundation and better quality ZnO and photoactive layer.
Figure 2(d) and 2(h) shows the sample prepared with
Zn0/SnO, bilayer. The visible rough and irregular structure
of the thin film implies that the configuration enhances the
formation of SnO, aggregation.

Figure 3 displays the AFM images of various ETLs
deposited on FTO substrates. The corresponding surface
roughness values of the samples are shown in Table 1.
The AFM results are in good agreement with FESEM
results shown earlier. When the SnO,/ZnO bilayer was
deposited on FTO, the surface roughness reduced to
25+1 nm, significantly lower than that of ZnO thin film
(36+1 nm). However, when the ZnO/SnO, bilayer was
deposited on the FTO, it demonstrated the highest surface
roughness of 5143 nm. Figure 3(c) shows that the particles

Zn0O

—> Sn02/Zn0O

\ Zn0O/Sn0;

FTO

Glass

FIGURE 1. Device configuration
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FIGURE 2. Cross sectional FESEM images of (a) SnO,, (b) ZnO,
(c) SnO,/ZnO, and (d) ZnO/Sn0O, thin films and top surface
FESEM images of (e) SnO,, (f) ZnO, (g) SnO,/Zn0O, and
(h) Zn0O/SnO, thin films
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FIGURE 3. AFM images of samples with (a) ZnO (b) SnO,/ZnO and (c)
Zn0/Sn0, thin films

TABLE 1. RMS roughness of thin films

Thin films

RMS roughness, Rq (nm)

FTO/ZnO
FTO/SnO,/ZnO
FTO/ZnO/Sn0O,

36+1
25+1
51+3

on the ZnO/SnO, surface are much sharper and farther
from one another compared to ZnO thin film (Figure 3(a)).
This configuration had increased the aggregation of SnO,
particles, forming larger structures and leading to higher
surface roughness.

The current density-voltage (J-V) characteristics of the
devices under 1-sun illumination are shown in Figure 4 and
the photovoltaic properties are tabulated in Table 2. The
reported photovoltaic parameters are the average values
for at least six devices prepared for each variation. Under

1-sun illumination, the control device with only ZnO thin
film as ETL obtained a PCE of 0.62 witha V of 0.42 V
and a ] of 4.54 mAcm™. When the devices were prepared
with SnO,/ZnO bilayer ETL, a simultaneous enhancement
inthe V_,J , FF, and PCE were obtained. This contributes
to an increase of 63% in the PCE of the device. However,
the devices with ZnO/SnO, ETL had shown a decrease in
Voc, Jsc as well as PCE with respect to the control device.
To get a better understanding of the effects of different
configurations of ETLs on the photovoltaic performance,
various characterizations were conducted.
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One of the requirements of a good ETL includes
good light transmittance in the visible range in order
to reduce energy loss. Figure 5 shows the optical
transmission spectra of various ETLs. The sample with
FTO/SnO,/ZnO configuration demonstrated the highest
optical transmittance compared to those of single ZnO as
well as ZnO/SnO, layers. By adding SnO, layer in between
FTO and ZnO, the antireflective characteristic of SnO,
nanoparticles had enabled a greater number of photons
to reach the photoactive layer, thus generating more
electron-hole pairs (Chandralekha et al. 2024). However,
as shown by the AFM characterization, the rough surface
of ZnO/SnO, layer reduced the light transmission
probably due to scattering effect (Harada et al. 2013). The
aggregation of SnO, might scatter the light and decrease
the light from reaching the photoactive layer. The trend of
], is consistent with the optical transmission, indicating
the improvement of J_  is partly due to increased number
of photons reaching photoactive layer. Due to the much
lower intensity of indoor light, high optical transmission
is important to ensure the generation of photocurrent is
maximised (Yu et al. 2022a).

PL was carried out to determine the dissociation of
excitons in the photoactive layer. The reduction in the
recombination of the excitons can be seen through the PL
spectra as shown in Figure 6. In addition to the interface
between P3HT and PCBM, the excitons can also be
dissociated at the P3HT/ETL interfaces. The lowest PL
intensity of SnO,/ZnO ETL samples indicates the most
efficient separation of photogenerated charge carriers.
In consistence with the FESEM and AFM results, the
low surface roughness of SnO/ZnO ETL leads to an
improved interfacial quality between P3HT and ETL.
Due to the rough surface structure of ZnO/SnO, ETL, the
charge carriers transfer between the photoactive layer and
ETL is not efficient compared to the control sample with

ZnO ETL, probably due to incomplete coverage and uneven
formation of the photoactive layer (Dahal et al. 2022).
Figure 7 shows the energy level diagram of the
devices with ZnO and SnO,/ZnO bilayer ETLs. The
work functions of ZnO and SnO,/ZnO bilayer ETLs were
obtained from Kelvin Probe Force Microscopy (KPFM)
characterization. KPFM characterization conducted on
Zn0/Sn0, bilayer ETL failed to provide acceptable work
function value, which is likely due to poor film formation
and large aggregation of SnO,. A proper energy-level
alignment between the conduction band of the ETL and the
photoactive layer is crucial to minimize energy loss during
charge carrier transfer and facilitate electron extraction. A
good energy-level alignment at the interfaces also reduces
the energy barrier at the interface to avoid undesirable
recombination of electrons and holes. With the addition
of the SnO, layer, the work function of ETL increased
slightly from 4.2 to 4.3 eV. The energy difference between
the lowest unoccupied molecular orbital (LUMO) of PCBM
and work function of ETL became larger. The larger energy
offset creates a driving force that enhances the electron
transfer from PCBM to ETL, which then contributes to the
enhancement of the electrons extraction as well as allowing
electrons to flow smoothly from photoactive layer toward
FTO cathode (Davis et al. 2011). In addition to energy level
alignment, with a reduced surface roughness, the SnO,/ZnO
ETL also made a good contact with the photoactive layer,
resulting in efficient electron extraction and minimized
interface recombination. This finding is further supported
by the lowest series resistance (R ) and the highest shunt
resistance (R ) obtained for SnO,/ZnO ETL device. As a
result, the optimum FF, V_, J as well as the PCE have
been achieved for SnO,/ZnO ETL device. As for the
Zn0/Sn0O, device, the poor photovoltaic performance could
be attributed to the increase in the resistance to the flow of
electrons from photoactive layer to the cathode because
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FIGURE 4. J-V characteristics of the devices with different ETLs
under AM 1.5G 100 mWcm? illumination
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TABLE 2. Photovoltaic parameters of the devices with different ETLs under AM 1.5G 100 mWem™ illumination

ETL V. [V] J [mAcm?] FF[%] PCE[%)] R [Qcm?] R [Qcm’]
ZnO only 0.42+0.03 4.54+0.27 33+2 0.62+0.02 44 327
SnO,/ZnO 0.50+0.03 5.51+£0.27 37£2 1.01+0.05 35 344
ZnO/ SnO, 0.34+0.03 3.79+0.34 29+2 0.38+0.04 46 265
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FIGURE 6. Photoluminescence spectra of the samples with various
ETLs
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FIGURE 8. J-V characteristics of the devices with different ETLs under
white LED illumination

TABLE 3. Photovoltaic parameters of the devices under white LED illumination (1000 Ix = 0.28 mWecm?)

Cathode interlayer V. [V] J [MAcm?] FF[%] PCE[%]

ZnO only 0.32+0.02 41.242.1 26+1 1.25+0.09
SnO,/ZnO 0.36+0.02 44.842.2 2842 1.62+0.13
Zn0O/SnO, 0.26+0.02 27.1£1.9 21+1 0.54+0.08




of the rough and irregular structure of the ZnO/Sn0O,. This
then reduced the collection of electrons at the cathode due
to the recombination of the photogenerated charge carriers
at the interface.

The J-V characteristics of the devices under white LED
illumination are shown in Figure 8 and the photovoltaic
properties are summarized in Table 3. There is a significant
improvement in the PCEs of the samples under white LED
illumination compared to those under 1-sun illumination.
This is due to a better spectral match between white LED
spectrum and the absorbance of the photoactive layer
(Wajidh et al. 2023). A similar behaviour of photovoltaic
performance was observed under the illumination of
solar simulator and white LED. The SnO,/ZnO ETL
device demonstrated the highest V. of 0.36 V and J  of
44.8 pAcm?. Since low-powered electronic devices
consume electric power in the range of 1 to 100 uW under
idle or standby state (Alkhalayfeh et al. 2022; Khairulaman,
Yap & Hj Jumali 2021), based on the P__ obtained from the
devices, it can be concluded that the devices fabricated in
this work are suitable for indoor applications.

CONCLUSION

This study provides an efficient approach to enhance
the performance of P3HT:PCBM-based inverted OSCs
through modification of the ETL. A bilayer ETL composed
of SnO, layer at the bottom and ZnO thin film at the top
improved the photovoltaic parameters by enhancing the
optical transmission, decreasing the surface roughness and
providing a well-matched energy level. It is interesting to
find that under both 1-sun and white LED illumination, the
devices with SnO,/ZnO ETL demonstrated the highest PCE
of 1.01% and 1.62%, an enhancement of 63% and 30%
with respect to the control device that consisted of ZnO
only ETL.
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