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A B S T R A C T   

In this report, the synthesis and characterization of ZnO and carbon nanotube (CNT) embedded ZnO composite 
thin films are presented. The obtained ZnO and CNT composite ZnO thin films are used as an electron transport 
layer (ETL) for bulk heterojunction (BHJ) inverted organic solar cell (IOSC) with the architecture of ITO/ZnO: 
CNT/PTB7:PC71BM/MoO3/Ag. Both ZnO and CNT composite ZnO thin films exhibited a highly preferred c-axis 
oriented (002) diffraction peak and the peak position is shifted toward a lower angle after embedding CNT into 
the ZnO matrix. The transmittance slightly decreases after CNT is embedded into the ZnO matrix. Completely 
wrapped CNT with the ZnO was confirmed by Scanning electron microscope (SEM) measurement. The resistivity 
of ZnO decreased from 2.02 × 10− 2 to 5.61 × 10− 3 Ω-cm and mobility increased from 4.30 to 15.24 cm2/V-s after 
adding CNT into the ZnO matrix. CNT composite ZnO thin film surface is found to be hydrophobic, providing 
good interfacial contact with the BHJ layer resulting to improve fill factor (FF) of IOSC. The performance of IOSC 
with CNT composite ZnO ETL layer was significantly improved with a power conversion efficiency of 6.76%, 
open circuit voltage (VOC) of 700 mV, short circuit current density (JSC) of 20.05 mA/cm2 and FF of 48.17%, 
respectively.   

1. Introduction 

Solution-processed organic photovoltaic (OPV) devices based on 
donor-acceptor (D-A) blended BHJ photoactive layers possess very 
attractive features such as light weight, flexibility, stretchability, low- 
cost, and compatibility with large-area and high throughput coating 
technologies, making it a leading emerging photovoltaic material [1–6]. 
The power conversion efficiency (PCE) of single junction OPVs has been 
enhanced by the spin coating process showing a bright future for the 
application of OPVs to portable and/or wearable consumer goods and 
building or automotive integration [7]. The current research and 
fundamental knowledge forged in recent years in the synthesis of 

efficient donor and acceptor materials for organic solar cells (OSCs) is 
casting new perspectives in the field. Among a variety of donor poly-
mers, wide band gap region regular polythiophene derivatives and 
narrow band gap polymers based benzodithiophene (BDI) and thieno 
thiophene (TT) quinoidal structure have important significance in the 
course of the development of OSCs [8–11]. Two of the most represen-
tative donor polymers are poly (3-hexyl thiophene) (P3HT) and poly [4, 
8-bis(5-(2-ethylhexyl) thiophene-2-yl)benzo [1,2-b:4,5-b’]dithiophe-
ne-co-3-fluorothieno [3,4-b]thiophene-2-carboxylate] (PTB7-Th, also 
called PCE10, PBDTTT-EF-T, PBDTT-FTTE, etc.) [9]. 

The current trend of research in solar cells is encouraging and pro-
vides the impetus for further focused work not only limited to the 
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photoactive layer but also on other key device components where 
additional losses can occur affecting the performance [12]. The charge 
transport interlayer(s) is one of such components used to improve the 
extraction of photo-generated carriers from the BHJ [13]. An ideal 
interlayer (n-type or p-type) should reduce the recombination losses and 
also provide considerable processing versatility to ensure layer unifor-
mity while avoiding pinhole formation. 

Polymer solar cells with an inverted structure have been proposed to 
match the vertical component gradient in the active layer and improve 
its stability compared to conventional device structures based on 
PEDOT:PSS [11]. It is highly desirable to develop more efficient ETL 
materials which is one of the most important topics for 
high-performance devices. To date, there are numerous ETL such as 
TiO2, ZnO, SnO2, etc. are explored that have shown good performance in 
OSCs due to their excellent processability and semiconductor properties 
[12–15]. Xiao et al. have studied single-junction solar cells by using a 
combination of ITO/ZnO and MoO3/Ag [16]. However, the obstacles 
have remained to realize scalability and reproducibility based on the 
solution procession method. Numerous structural defects are generated, 
and they create a charge recombination path. The ZnO films deposited 
using a low-temperature solution process formed many intragap states 
which can trap electrons, resulting the charge transport and interfacial 
recombination losses [17–19]. 

By considering this fact, the CNT could be a good choice to solve the 
problem in order to enhance charge carrier transport and collection 
phenomena [20–22]. One-dimensional CNTs provide an ideal path for 
electron transport and guide the charge carriers to be collected by the 
respected electrodes [23,24]. The interaction between CNTs and ZnO 
which stuffed the grain boundaries has been utilized to inhibit carrier 
recombination and improve the device performance [25]. Some of the 
previous studies using CNT and ZnO in solar cells are listed in Table I. 

In the present study, the synthesis and characterization of ZnO and 
CNT composite ZnO thin films are demonstrated. Inverted organic solar 
cell using CNT composite ZnO ETL is also presented which exhibited 
enhanced performance in comparison to ZnO ETL. 

2. Experimental details 

ZnO and CNT composite ZnO thin films were deposited by using the 
solution process method on a patterned ITO-coated glass substrate. The 
patterned ITO substrates were first cleaned in soap solution and then 
rinsed with de-ionized (DI) water and ultra-sonicated for 15 min in 
acetone and propanol, respectively. Before deposition, the patterned 
ITO substrates were put under an ozone lamp to clean the organic and 
other impurities. The ZnO and CNT incorporated ZnO thin films were 
deposited on cleaned patterned ITO-coated glass substrates by using the 
spray pyrolysis method. A precursor solution of 0.3 M zinc acetate with 
fix amount of CNT 0.05 wt% in methanol was sprayed onto an ITO- 
coated glass substrate. A Schematic diagram of spray setup is shown 
in Fig. 1 (a) and also described in detail elsewhere [33]. The ITO-coated 
glass substrate temperature was maintained at 500 ◦C during spray 
deposition and nitrogen gas was used as the carrier gas at a pressure of 
1.8 kg/cm2 and the spray rate was maintained at 1 mL/min. 

ZnO and CNT composite ZnO thin films deposited on patterned ITO 
glass substrate were transferred into nitrogen-filled glove box where the 
active layer of PTB7:PC71BM was spin-coated at 1000 rpm for 20 s from 
a solution of concentration 25 mg/mL (1:1.5 wt ratio) prepared in a 
mixture of a solvent of Di-chlorobenzene and 1, 8 di-iodo-octane (DIO), 
mixed in a ratio of 97:3 [13]. The active layer coated substrates were left 
in the glove box environment for the next 1 h to get self-dried. After the 
drying process, the coated substrates were moved to a thermal evapo-
rator chamber attached to the glove box. Subsequently, MoO3 and Ag 
electrodes of 2 and 100 nm thickness were deposited through a shadow 
mask, respectively. The inverted organic solar cell devices of pixel area 
0.09 cm2 were taken out atan ambient temperature and encapsulated by 
epoxy under an ozone lamp. The schematic diagram of IOSC is depicted 
in Fig. 1 (b). 

The obtained films were investigated by studying their composition, 
structural, optical, and electrical properties. X-ray diffraction (Phillips 
X’PERT PRO) with Cu-Kα radiation was employed to study the crystal-
lographic orientation of the films. Spectral transmittance was recorded 
in the wavelength range of 300–800 nm by using PerkinElmer Lambda 
1050 UV-VIS-NIR spectrophotometer. The surface morphology was 
observed using a Zeiss EVO-50 SEM. The electrical resistivity of the films 
was determined by the Van der Pauw Hall effect measurement. 

The IOSCs with a pixel area of 0.09 cm2 were tested under AM 1.5G 
by Newport solar simulator to measure current density and voltage (J-V) 
characteristics. 

3. Results and discussions 

The electrical properties of ZnO and CNT composite ZnO thin films 
were measured by using the Hall Effect measurement. The electrical 
resistivity of ZnO and CNT composite ZnO thin films was obtained at 

Table 1 
Device performance for solar cells based on ZnO:CNT as an ETL.  

Material JSC (mA/cm2) VOC (mV) FF (%) PCE (%) Ref. 

ZnO:CNT 9.62 0.56 45.00 2.5 [26] 
14.40 0.75 43.00 4.6 [27] 
14.40 0.53 55.00 4.1 [28] 
16.81 0.72 64.70 7.9 [29] 
18.37 0.79 71.50 10.49 [30] 
17.72 0.80 66.19 9.45 [31] 
21.8 1.03 69.00 15.19 [32]  

Fig. 1. Schematic diagram of a) Spray setup, b) Inverted organic BHJ solar cell.  
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2.02 × 10− 2 and 5.61 × 10− 3 Ω-cm, respectively and mobility was 
observed to be 4.30–15.24 cm2/V-s, respectively as is listed in Table II. It 
is found that resistivity decreases and mobility increases drastically after 
embedding CNT into the ZnO matrix. The cause behind the changed 
electrical properties of CNT composite ZnO may be due to the grain 
boundaries stuffed by the CNT, resulting in the boundary potential 
decreasing and the electron can move easily through the material ma-
trix. Ji Sun Park et al. [34] have suggested that the content of the CNT 
increases in the composite film and the conductivity is increased due to 
the CNT providing the proper path to the electrons in the structure. The 
migration of the electrons from the conduction band of ZnO to the ITO 
through CNT plays a bridge role. Moreover, CNT is the perfect con-
ductorat room temperature and hence the conductivity of the ZnO ma-
trix increased. 

Fig. 2 shows the transmission spectra of ZnO and CNT composite ZnO 
thin films. It is revealed from the figure that the transmission of the film 
slightly decreased in the range of 750–600 nm and <500 nm after 
embedding CNT content into the ZnO matrix. The decrease in the optical 
transmittance of the film might bedue to the change in absorbance of the 

CNT composite ZnO thin film which is resulting a change in internal 
reflectance, absorbance, or surface morphology. 

The surface morphology of ZnO and CNT composite ZnO thin films is 
shown in Fig. 3. 

As deposited ZnO film exhibited a smooth and compact structure 
(Fig. 3a). It is evident from the figure that CNT mixing into the ZnO 
matrix is observed and is uniformly dispersed in the ZnO matrix (Fig. 3 
b). The obtained image revealed that CNTs are completely wrapped with 
ZnO. It is suggested that CNT enters the matrix of ZnO and affects the 
optoelectronics properties of ZnO films which further helps in efficient 
charge transfer while using ZnO as an ETL in IOSC. 

An XRD analysis is carried out to study the crystal structure of the 
fabricated ZnO and CNT-embedded ZnO thin films. The XRD spectrum in 
Fig. 4 shows only (002) and (004) diffraction peaks at corresponding 2θ 
angles of 34.99◦ and 73.29◦, respectively (Inset shows XRD pattern of 

Table 2 
Electrical properties of ZnO and CNT composite ZnO thin films.  

ETL Resistivity 
(Ω-cm) 

Carrier concentration 
(cm− 3) 

Mobility (cm2/V- 
s) 

ZnO 2.02 × 10− 2 7.2 × 1019 4.30 
ZnO: 

CNT 
5.61 × 10− 3 7.31 × 1019 15.24  

Fig. 2. Transmission spectra of ZnO and CNT composite ZnO thin films.  

Fig. 3. SEM micrograph for (a) ZnO and (b) CNT composite ZnO thin films.  

Fig. 4. XRD pattern of ZnO, and CNT composite ZnO thin films.  

Table 3 
Calculated XRD parameters of spray-deposited ZnO and CNT-embedded ZnO 
thin films.  

Films (002) 
peak 2θ 
(◦) 

Intensity 
(CPS) 

FWHM 
(◦) 

d-spacing 
(Å) 

Crystal 
size (nm) 

ZnO 34.99 44,877 0.31 2.56 28.3 
CNT 

composite 
ZnO 

34.95 76,085 0.28 2.56 30.6  
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CNT embedded ZnO thin film). The obtained pattern is classified wuritze 
phase of the ZnO and CNT composite ZnO thin films, which is in good 
agreement with the standard JCPD card. Thus, the resultant planes 
demonstrated that the hexagonal wuritze ZnO structure was fabricated 
along with a highly preferred c-axis orientation. The observed crystal 
structural parameters calculated from the (002) peakare given in 
Table III. 

It is found that the (002) diffraction peak slightly shifts towards a 
lower angle after adding the CNT in the ZnO matrix indicating that the 
dopant size is larger than the base material. The grain size was calcu-
lated by using Scherr’s formula D = 0.89 λ

β cos θ. The crystal size of the CNT 
composite ZnO film increased from 28.3 to 30.6 nm, suggesting the 
expansion of unit cell volume. As per reported in the literature, CNT 
enhances the charge transport phenomena in ZnO film in two ways 1) 
CNT acts as a bridge in the ZnO matrix during the charge transportation 
and 2) the crystal size increases after adding the CNT into the ZnO 
matrix as a result a number of grain boundaries suppressed lead to 
reduce electron scattering during the transportation. 

Contact angle measurement was carried out with water to further 
elucidate the improvement in the performance of CNT-based OSCs. The 
lower contact angle of 98.12◦ was observed for ZnO film, indicating its 
hydrophilic nature, however, the higher contact angle of 112◦ was 
detected for CNT composite ZnO thin film shows the hydrophobic nature 
of the surface (Fig. 5). The hydrophobic surface is beneficial for the 
intimate contact between ETL and the photoactive layer which leads to 
enhanced the device performance [35]. 

Spray-deposited ZnO and CNT-embedded ZnO thin films are used as 
the electron transport layer in inverted organic solar cells. The J-V 

performance of inverted organic solar cells (ITO/ZnO/PTB7:PC71BM/ 
MoO3/Ag) fabricated using ZnO and CNT composite ZnO composite thin 
films as an ETL is shown in Fig. 6. 

The IOSC performance in terms of open circuit voltage (VOC), short 
circuit current density (JSC), fill factor (FF), and power conversion effi-
ciency (PCE) are presented in Table IV. It is clearly revealed from the 
obtained results that there is an improvement in the photovoltaic per-
formance after embedding CNT into the ZnO matrix. The observed 
improvement in the photovoltaic parameters is mainly due to the change 
in structural morphology, and electrical properties of the ETL after 
embedding CNT into ZnO thin films. 

4. Conclusions 

In summary, solution-processed spray deposited bulk heterojunction 
(BHJ) inverted organic solar cell (IOSC) with the architecture of ITO/ 
ZnO:CNT/PTB7:PC71BM/MoO3/Ag was successfully developed by uti-
lizing ZnO and CNT composite ZnO thin films as an ETL. Both ETL ZnO 
and CNT embedded ZnO exhibited highly preferred c-axis orientation 
(002) diffraction peak. Completely wrapped CNT with the ZnO was 
confirmed with SEM. The electrical properties were found to be 
increased after embedding CNT into the ZnO matrix. The hydrophobic 
nature of CNT composite ZnO ETL improved the interfacial contact for 
efficient charge transfer. CNT embedded into the ZnO matrix ETL 
drastically enhanced the device’s performance. Such nanocomposite 
could be useful for the electron transport layer for photovoltaic devices 
including light emitting devices. 
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Fig. 5. Contact angle measurement for spray deposited (a) ZnO thin film (b) CNT composite ZnO thin film.  

Fig. 6. J-V graph of inverted organic solar cells using ZnO and CNT composite 
ZnO thin films as ETLs. 

Table 4 
Photovoltaic properties of spray deposited ZnO and CNT composite ZnO ETL- 
based inverted organic solar cells.  

ETL JSC (mA/cm2) VOC (mV) FF (%) PCE (%) 

ZnO 19.51 680 45.58 6.05 
CNT composite ZnO 20.05 700 48.17 6.76  
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M. García-Hernández, H. Elhouichet, A.F. Braña, F.B. Naranjo, Tailored amorphous 
ITAZO transparent conductive electrodes, Mater. Sci. Semicond. Process. 90 (2019) 
252–258, https://doi.org/10.1016/J.MSSP.2018.10.027. 

A. Kumar et al.                                                                                                                                                                                                                                  

https://doi.org/10.1002/ADMA.200601093
https://doi.org/10.1002/ADMA.200802854
https://doi.org/10.1002/ADMA.200802854
https://doi.org/10.1002/ADMA.201203440
https://doi.org/10.1002/ADMA.201203440
https://doi.org/10.1038/nphoton.2010.160
https://doi.org/10.1038/nphoton.2009.69
https://doi.org/10.1038/nphoton.2009.69
https://doi.org/10.1038/nmat3807
https://doi.org/10.1002/ADMA.202102420
https://doi.org/10.1038/srep36554
https://doi.org/10.1002/ADMA.201301476
https://doi.org/10.1038/nphoton.2012.190
https://doi.org/10.1002/ADFM.202009996
https://doi.org/10.1002/ADFM.202009996
https://doi.org/10.1021/JP305206D/SUPPL_FILE/JP305206D_SI_001.PDF
https://doi.org/10.1021/JP305206D/SUPPL_FILE/JP305206D_SI_001.PDF
https://doi.org/10.1016/J.SOLENER.2021.12.002
https://doi.org/10.1016/J.SOLENER.2021.12.002
https://doi.org/10.1039/C5EE02510A
https://doi.org/10.1039/C5EE02510A
https://doi.org/10.1039/C2CP42448G
https://doi.org/10.1039/C2CP42448G
https://doi.org/10.1016/J.SCIB.2017.11.003
https://doi.org/10.1016/J.SCIB.2017.11.003
https://doi.org/10.1002/ADFM.200500087
https://doi.org/10.1002/ADFM.200500087
https://doi.org/10.1021/JACS.5B02168/SUPPL_FILE/JA5B02168_SI_001.PDF
https://doi.org/10.1021/JACS.5B02168/SUPPL_FILE/JA5B02168_SI_001.PDF
https://doi.org/10.1021/ACSAMI.5B07759/ASSET/IMAGES/LARGE/AM-2015-07759F_0004.JPEG
https://doi.org/10.1021/ACSAMI.5B07759/ASSET/IMAGES/LARGE/AM-2015-07759F_0004.JPEG
https://doi.org/10.1021/NL501982B/SUPPL_FILE/NL501982B_SI_001.PDF
https://doi.org/10.1021/NL501982B/SUPPL_FILE/NL501982B_SI_001.PDF
https://doi.org/10.1002/ADMA.201204256
https://doi.org/10.1002/ADMA.201204256
https://doi.org/10.1186/1556-276X-7-688/FIGURES/7
https://doi.org/10.1186/1556-276X-7-688/FIGURES/7
https://doi.org/10.1063/1.2132065
https://doi.org/10.1002/ADMA.201003296
https://doi.org/10.1002/ADMA.201003296
https://doi.org/10.1002/ADMA.200602773
https://doi.org/10.1002/adma.201003083
https://doi.org/10.1016/j.jallcom.2018.03.141
https://doi.org/10.1016/j.jallcom.2017.02.249
https://doi.org/10.1016/j.orgel.2016.09.015
https://doi.org/10.1016/j.orgel.2016.09.015
https://doi.org/10.1039/C8TC05653F
https://doi.org/10.1021/acsami.9b22933
https://doi.org/10.1021/acsami.9b22933
https://doi.org/10.1039/D0NJ04656F
https://doi.org/10.1039/D0NJ04656F
https://doi.org/10.1016/J.ELECTACTA.2018.01.030
https://doi.org/10.1039/C2JM30710C
https://doi.org/10.1016/J.MSSP.2018.10.027

	Spray deposited carbon nanotube embedded ZnO as an electrons transport layer in inverted organic solar cells
	1 Introduction
	2 Experimental details
	3 Results and discussions
	4 Conclusions
	Declaration of competing interest
	Acknowledgment
	References


