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Abstract: Background: In QDs-based solar cell devices, the PbS QDs layer was mainly focused
to optimize. The ZnO electron acceptor layer attracts less attention whereas it shows the key
roles in extracting and transporting charge carriers in heterojunction. The utilization of 1-D ZnO
structures has been demonstrated to be large interface areas and good carrier pathways for effi-
cient carrier collection. However, the influences of the morphology of metal oxide nanostruc-
tures on the photovoltaic performance of QD-based solar cells have been few in-depth reports.

Objective: In this work, ZnO NRs/PbS QD based solar cells were fabricated. The influences of
the ZnO NRs array structures on characteristics of ZnO NRs/PbS QD based solar cells were in-
vestigated.

Method: ZnO NRs/PbS QD based solar cells were fabricated via spin coating method. XRD,
SEM, UV-VIS-NIR spectrophotometer, I-V and EQE measurement systems were utilized to in-
vestigate the fabricated samples.
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Results: We have found optimum combinations of the linked parameters of ZnO NRs, their
10.2174/1573413714666180201162746

length of (230 + 5) nm and density of (1.50 + 5)x10'® # of rods.cm™, that exhibit maximum effi-
ciency of ~2.5% for the ZnO NR/PbS QDs based solar cell.

Conclusion: The influences the ZnO NRs structures on the solar cell characteristics, including
the absorption, external quantum efficiency, and current density-voltage curves, were investiga-
ted. There seems to be an optimum between NR length and their density for resulting in maxi-
mum efficiency. This could be due the interplay of solar flux absorption and junction area con-
trolled by these two parameters of ZnO NR morphology.
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1. INTRODUCTION chemically stable crystal structure and high transparency
characteristics of zinc oxide (ZnO), it has been widely used

as an electron acceptor and conductor material [4, 5].

In QDs-based solar cell devices, the PbS QDs layer was
mainly focused to optimize. The ZnO electron acceptor layer

In recent years, quantum dots (QDs) have been widely
utilized for solar cell (SC) device fabrication because of their
size-dependent band-gap tenability [1-5]. A variety of QDs-
based solar cell structures have been designed [4-8]. The

most common QDs-based solar cell structure is formed
based on the combination of a low band-gap semiconductor
QDs and wide-band-gap metal oxide semiconductor [4, 6, 7].
In this structure, QDs work as light absorber layer and hole
conductor and metal oxide work as an electron acceptor and
conductor. For the absorption of infrared light in solar spec-
trum, PbS QDs have been widely utilized to fabricated QDs-
based solar cell devices [4, 7-9]. Based on the high electron
mobility, low cost of production, abundance in nature,
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attracts less attention whereas it shows the key roles in ex-
tracting and transporting charge carriers in heterojunction.
By optimizing the ZnO electron acceptor layer, a power con-
version efficiency rising up to 6.7% has been obtained with
an optimized thickness of 90 nm [9, 10]. Furthermore, dif-
ferent 1-D ZnO structures such as nanowires (NWs), nano-
rods (NRs), and nanotubes (NTs), have been fabricated for
organic, dye-sensitized [11] and thin film solar cells [6, 12-
17]. The utilization of 1-D ZnO structures has been demon-
strated to be large interface areas and good carrier pathways
for efficient carrier collection. However, the influences of
the morphology of metal oxide nanostructures on the photo-
voltaic performance of QD-based solar cells have been few
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in-depth reports. In this work, ZnO NRs/PbS QD based solar
cells were fabricated. The influences of the ZnO NRs array
structures on characteristics of ZnO NRs/PbS QD based so-
lar cells were investigated.

2. MATERIALS AND METHOD

ZnO NRs/PbS QD based solar cells were designed by
combining PbS QDs with ZnO NR arrays. The first absorp-
tion peak of PbS QD was at the wavelength of 1200 nm (PbS
QD size is about 5.5nm). ZnO NR arrays with different
structures were grown on ITO-coated glass substrates with a
ZnO seed layer by a hydrothermal method. The hydrother-
mal temperatures were varied from 70 to 90°C in order to
change the structures of ZnO NR arrays. During hydrother-
mal process, the growth time, concentration and volume of
solution were kept as constants. The PbS QD layer was de-
posited on the ZnO NR array from a PbS QD octane solution
(20mg.mL™") using the layer-by-layer spin-coating method.
The deposited PbS QD layers were treated with a 1,3-
benzenedithiol (BDT) solution in acetonitrile to replace the
native oleic acid capping ligands. After ligands exchange
process, the substrate was rinsed three times with acetonitrile
to remove excess ligands and spun dry. The PbS QD coating
process was repeated 3 times to get the total PbS QD layer
thickness of ~420 nm. Finally, a 100 nm Au back contact
layer was then thermally evaporated through a shadow mask.
The active device area of 1.5 cm? is defined by the overlap of
the Au anode with the ITO cathode.

X-ray diffraction pattern of the ZnO NR array was meas-
ured by an X-Ray Diffractometer (XRD) D5000 with CuKa
radiation (A = 1.5406 A) at room temperature. The morphol-
ogy of ZnO NRs arrays and ZnO NRs/PbS QD solar cells
were investigated using a Scanning Electron Microscope
(SEM). The density and length of ZnO NRs were determined
from SEM images. The optical spectra of ZnO NR arrays
and ZnO NRs/PbS QD solar cell were studied using a UV—
VIS-NIR (V670) spectrophotometer at room temperature.
The photovoltaic current density-voltage (J-V) characteris-
tics of ZnO NRs/PbS QD solar cell are determined by a solar
simulator under 1 sun air mass 1.5G at room temperature.
The photocurrent response of the fabricated cells was also
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investigated at room temperature using a quantum efficiency
measurement system.

3. RESULTS AND DISCUSSION

Top- and side-view SEM images of ZnO NR structures at
different growth temperature are shown in Fig. (1). The ZnO
NR structures are denoted as #1 (70°C), #2 (80°C), and #3
(90°C). The images show that ZnO NRs are of uniform size
and have a tendency to become oriented perpendicular to the
surface of the substrates. Moreover, the length and density of
ZnO NR structures strongly depend on the growth tempera-
ture. These dependences were extracted and depicted in Fig.
(2). This result indicated that density and length of the ZnO
NR increase with an increasing of the growth temperature.
The longest of rod length of (270+5) nm is obtained when
the growth temperature is 90°C. However, the density of the
ZnO NR can reach to a maximum value when the growth
temperature is 80°C.

Fig. (3a) shows the X-ray diffraction (XRD) pattern of
the ZnO NRs grown at 80°C. The XRD pattern indicates that
the structure of the ZnO NR is polycrystalline. The presence
of the (100), (002), (101), (102), (110), and (103) peaks in
the XRD pattern also indicates hexagonal wurtzite structure
of ZnO. Diffraction peaks related to no other phases are ob-
served in the XRD patterns. Furthermore, the high c-axis
oriented (002) of the ZnO NR may be good for enhancement
the mobility of charge carriers [18]. The influences of the
different ZnO NR structures on optical transmittance is
shown in Fig. (3b). The optical transmittance depends on
ZnO structure and to be strongly reduced in visible region
when the length of ZnO NR increases. Thus, higher ab-
sorption of visible light can be correlated with higher genera-
tion of charge carriers.

Fig. (4) shows the surface and cross-section (inset) SEM
images of the ZnO NRs/PbS QD after the PbS QDs coating
process. The PbS QDs layer was deposited via layer by layer
spin coating. Due to the spin coating method, it can be clear-
ly observed some small part incomplete QDs infiltration on
the surface and in the ZnO NR structure. Furthermore, based
on the rod length and rod density of the ZnO NR structures,

Fig. (1). Top- and side-view SEM images of ZnO NR structures at different growth temperature #1 (70°C), #2 (80°C), and #3 (90°C).
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the effective surface arcas were calculated from the total
surface areas of NRs. The calculated effective surface area of
#1, #2, and #3 ZnO NR structure is 2.1, 4.7, and 4.1 cm®,
respectively. This result indicated that the depletion area of
#1, #2, and #3 ZnO NR structure could be enhanced up to
2.1,4.7, and 4.1 times compared to that of a ZnO film.
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Fig. (2). The length, and density of ZnO NR structures with diffe-
rent growth temperature.
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Fig. (3). (a) X-ray diffraction (XRD) pattern of the ZnO NRs grown
at 80°C. (b) Optical transmittance of ZnO NR structures with diffe-
rent growth temperature.
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Fig. (4). The surface and cross-section (inset) SEM images of the
ZnO NRs/PbS QDs after the PbS QDs coating process.
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Fig. (5). The J-V characteristics of ZnO NR/PbS QD solar cells
depended on density and length of ZnO NRs.

The J-V characteristics of ZnO NR/PbS QD solar cells
depend on density and length of ZnO NRs as shown in Fig.
(5). The highest Voc of 0.51V and Jsc of 13.38 mA/cm” was
obtained with ZnO NR(#1)/PbS and ZnO NR(#3)/PbS, re-
spectively. For more detail analysis, the short-circuit current
density (Jsc), open-circuit voltage (Voc), fill factor (FF) and
power conversion efficiency (PCE) obtained for the solar
cells were extracted and replotted as a function of the length
and density of the ZnO NRs in Figs. (6a) and (6b), respecti-
vely. In Fig. (6a), the results show that the Jsc increases with
an increasing of the length of the ZnO NRs. This improve-
ment of the Jsc may be attributed to the enhanced photo-
carrier generation in case of longer ZnO NRs and their pro-
bable improved collection. The Voc and FF are slightly re-
duced when the length of ZnO NRs increases. These reduc-
tions could be attributed to inability of QDs to reach deeper
in the NR mesh during the spin coating process, and thus
reducing the effective junction area. This is also verified by
the value of the shunt resistance (Rsh) and series resistance
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(Rs). The samples #2 and #3 both showed near maximum
solar cell parameters in the present study, larger than the
sample #1. This could be attributed to higher absorption in
more dense NRs and due to larger effective junction area in
longer NRs.
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Fig. (6). Solar cell performances for ZnO NR/PbS QD solar cells
fabricated with different ZnO NR (a) lengths and (b) densities.
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Fig. (7). External quantum efficiency (EQE) of the ZnO NRs/PbS
QDs solar cells.
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The external quantum efficiency (EQE) of the three types
of the ZnO NRs/PbS QD based devices was measured and is
shown in Fig. (7). The solar cell with the ZnO NRs (#1) gave
an EQE of 7.8% at the low energy absorption peak observed
at 1.2 eV. The value of EQE was improved with the ZnO
NRs (#2 and #3) and reached to a maximum value of 18.5%
in the solar cell with the ZnO NRs (#3). Accordingly, Jsc
increased with longer ZnO NRs length and reached to a ma-
ximum value of 13.38 mAcm™ with the ZnO NRs (#3). This
maximum value is approximately twice the value obtained
for the ZnO NRs (#1) (7.62 mAcm™). This result demonstra-
tes that the longer ZnO NRs length could more efficiently
extract charge carriers from PbS QD layers [6].

CONCLUSION

In this work, the role of the ZnO NRs structure in ZnO
NR/PbS QDs based solar cells was demonstrated. The influ-
ences the ZnO NRs structures on the solar cell characteris-
tics, including the absorption, external quantum efficiency,
and current density-voltage curves, were investigated. There
seems to be an optimum between NR length and their densi-
ty for resulting in maximum efficiency. This could be due
the interplay of solar flux absorption and junction area con-
trolled by these two parameters of ZnO NR morphology
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