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Abstract: One of the most promising techniques for manufacturing low-cost solar cells is a solution
processing method. In this study, it is proposed that solution-grown ZnO nanorods (NRs) are used as
antireflection coatings on metal-insulator-semiconductor (MIS) solar cells with sol-gel SiO;. Except Al
electrodes prepared by thermal evaporation, no other vacuum process was utilized during fabrication.
The ZnO NRs were produced with a hydrothermal method and suppressed Fresnel reflection. With
the solution-grown ZnO NRs, it was observed the average reflectance of the MIS solar cell decreased
from 38.7% to 15.8%, and the short circuit density (Jsc) increased from 5.22 mA/ cm? to 6.71 mA /cm?
(28.4% enhancement). Meanwhile, the open circuit voltage (Voc) was improved from 0.39 V to 0.47 V
owing to a passivation effect. The MIS solar cell with the ZnO NRs exhibited a 35.5% efficiency
enhancement compared to that without ZnO NRs. The performance improvement in MIS solar
cells with ZnO NRs could be due to multiple reflections of an incident light between the vertically
arranged NRs, and then light coupling into the cell. The results show a potential application of ZnO
NRs for the performance enhancement of MIS solar cells.

Keywords: ZnO nanorods; antireflection coatings; solution processing; metal-insulator-semiconductor
solar cells

1. Introduction

Considerable light reflection exists at interface because of a refractive index mismatch
between two substances. Such reflection leads to light loss so that optoelectronic devices,
for instance solar cells, light-emitting devices and photodetectors, have an impact in
performance. Hence, antireflective (AR) technologies are important aspects to eliminate
reflection and improve performance in optical and optoelectronic applications. In general,
antireflective coatings (ARCs) are composed of single-layer, multilayer or micro/nano
structures. Single-layer ARCs are easy to produce but cannot decrease reflection in a
broadband solar spectrum. In contrast, multilayer ARCs are complicated to prepare owing
to the requirement of the refractive index and the precision of layer thickness. In addition,
micro/nanostructured ARCs are fabricated by various techniques which are: imprinting [1],
photolithography [2], molding [3], etching [4] or vacuum processing [5]. Unfortunately,
these techniques are rather complex or not cheap for large areas and mass production.

On the other hand, zinc oxide (ZnO) is an attractive optoelectronic substance owing
to its wide band-gap energy (3.3 eV), appropriate refractive index (n ~ 2), large exciton-
binding energy (60 meV), larger absorption coefficient, anisotropic growth and down-
shifting effect. Especially, ZnO nanostructures, such as nanoparticles, nanorods (NRs),
nanowires, nanowhisker and nanowalls, have attracted considerable research interest for
optoelectronic applications [6-16]. Many methods have been used for the formation of
ZnO NRs, such as pulsed laser deposition [17], chemical vapor deposition (CVD) [15,18],
molecular beam epitaxy (MBE) [19] and aqueous solution methods [20,21]. Among these
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techniques, a hydrothermal method is a facile, fast, low-temperature, large-scale, substrate-
independent and low-cost technique which can produce ZnO NRs on many kind of sub-
strates via a ZnO seed layer. Furthermore, the surface is not textured during hydrothermal
processing and thus is not damaged. Accordingly, ZnO NRs have been used in many kinds
of solar cells, for example crystalline-Si, polycrystalline-Si, Cu(In,Ga)Se,, and organic solar
cells, of which the short circuit density (Jsc) is enhanced by 3.64 to 20% [22-26]. Though
such, there are few reports on metal-insulator-semiconductor (MIS) solar cells with ZnO
NR ARCs. In addition, a diffusion process used to produce a p-n junction structure in
Si-based solar cells is a high-temperature and long-term technology, whereas MIS structure
solar cell manufactured by low-temperature and short-term fabrication processes possess
an inherent cost benefit compared with p-n junction solar cells. Therefore, accomplishing
a study of the relationship between optical properties of ZnO NRs and the performance
of the MIS solar cells is necessary and helpful for a comprehensive understanding of the
relationship between ZnO nanorods and all kind of Si-based solar cells. In our previous
report, MIS solar cells with the sol-gel derived SiO; were successfully fabricated [27]. In
this study; it is proposed that solution-grown ZnO NRs are used as ARCs on MIS solar cells
with sol-gel spin-coated SiO; layers. Except Al electrodes produced by thermal evaporation,
MIS solar cells with ZnO NRs ARCs were manufactured by all-solution processing and
thus exhibit a low-cost advantage in this study. The reflectance spectra implied that the
ZnO NRs structure can efficiently minimize light reflection in a wide range of wavelengths
from 300 nm to 1200 nm. Additionally, down-shifting processes in ZnO NRs permits the
conversion of high-energy (UV) photons into many lower-energy (Green-Red) ones so that
the additional electron-hole pairs are generated in the active layer and thus increase in
the efficiency of the solar cell. Under these circumstances, it was reported that ZnO NRs
structures exhibit both broadband, omnidirectional AR and down-shifting properties so
that solar cells with ZnO NRs exhibit excellently photovoltaic performance [15,28]. As a
result, the short circuit density (Jsc) and power conversion efficiency (PCE) were increased
to 6.71 mA /cm? (28.4% enhancement) and 1.26% (35.5% enhancement), respectively, which
were due to the enhanced light absorption. Meanwhile, the open circuit voltage (Voc)
was raised from 0.39 V to 0.47 V, which could be attributed to a passivation effect of ZnO
NRs [29]. These results indicate the ZnO NRs structure could be a promising candidate to
enhance the performance of the MIS solar cell.

2. Materials and Methods

A MIS solar cell was produced on a (100) p-type Si substrate according to the method
reported in literature [27]. A sol-gel solution was prepared by the acid catalyzed hydrolysis
of tetraethylorthosilicate (TEOS) in alcohol solution. The solution was diluted by de-ionized
(DI) water and then aged. Wet SiO, thin films were spin-coated on Si substrates, and then
dried at 60 °C. Sol-gel SiO, layers were heated at 450 °C for 1 h. After these treatments,
aluminum (Al) front electrode was deposited by thermal evaporation. Al was also used as
the back contact.

A ZnO seed layer was grown on the surface of the MIS solar cell by a sol-gel method.
Firstly, equivalent molar zinc acetate dehydrate (Zn(C,H3z0,),-2H,0) and monoethanolamine
(MEA) were dissolved in ethylalcohol, and then stirred for 2 h at room temperature.
Subsequently, a wet ZnO seed layer was spin-coated on the surface of the MIS solar cell for
20 s with 1000 rpm. Then the cell was dried at 90 °C for 10 min. Finally, the gel-coated cell
was annealed at 300 °C for 1 h. A ZnO seed layer was obtained on the surface of the MIS
solar cell.

ZnO NRs were hydrothermally synthesized on as-manufactured cells. A hydrothermal
solution made up of equivalent molar zinc nitrate hexahydrate (Zn(NOj3),-6H,O) and
hexamethylene tetramine (CgHj2N4) in 100 mL of DI water was stirred for 20 min. The
concentration of the aqueous solution was determined to be 10, 20, 30 and 40 mM. Each
solution was stirred for 2 h, and then kept at room temperature for one day. Four samples
were immersed into the different solutions (10, 20, 30 and 40 mM) at 95 °C for 30 min.
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Moreover, another four samples were immersed into the solution with the concentration of
30 mM at 95 °C for 15, 30, 60 and 120 min, respectively. After these treatments, all samples
were rinsed with DI water and dried at room temperature. The schematic cross-sectional
diagram of the MIS solar cell with ZnO NRs is shown in Figure 1. Furthermore, it is
emphasized that MIS solar cells are without back surface fields in this study.

ZnQ nanorods

Figure 1. The schematic diagram of the MIS solar cell with ZnO NRs.

The crystalline structure of the ZnO NRs was examined by X-ray diffraction (XRD)
(X'Pert Pro MPD, Panalytical, Almelo, The Netherlands) with CuKo radiation (40 kV and
30 mA) for 26 values of over 20° to 80°. The surface and cross-sectional microstructures of
the ZnO NRs were characterized by field-emission scanning electron microscope (FESEM)
(5-4800, Hitachi, Tokyo, Japan) operating at 15 kV. The surface reflectance spectra were
conducted by using an UV/VIS/NIR spectrophotometer (UV-3150, Shimadzu, Tokyo,
Japan). The morphology of the ZnO NRs was analyzed by atomic force microscope (AFM)
(Dimension ICON, Bruker, Tucson, AZ, USA). The current-voltage curves of MIS solar cells
were measured by Keitheley 4200 semiconductor analyzer under AM 1.5G illumination
with the power density of 100 mW /cm? at 25 °C.

3. Results and Discussion

Figure 2 shows an XRD pattern of ZnO nanorods (NRs). XRD spectra of the ZnO NRs
exhibit three pronounced peaks at 31.7°, 34.4°, and 36.2°, which corresponds to ZnO (100),
(002), and (101) planes, respectively. Particularly, XRD spectra illustrates a stronger (002)
peak, which reveals that ZnO NRs possess a high orientation with the c-axis perpendicular
to the surface. Moreover, relatively small peaks observed at 47.5°, 56.5°, 62.8°, and 67.8°
are associated with the reflections from the (102), (110), (103), and (112) planes of ZnO NRs,
respectively. Based on the XRD result, the crystallographic phase of ZnO nanorods belongs
to the polycrystalline wurtzite structure [30], confirming the production of high-quality
ZnO NRs.

(002)

(101)

Intensity ( a. u.)

40 50 60 70 80
2 Theta (deg)

Figure 2. XRD pattern of ZnO NRs.
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Figure 3a reveals the top-view SEM image of ZnO NRs, in which ZnO NRs are
distributed with high density. Furthermore, all ZnO NRs are terminated with a hexagonal
flat top. The average diameter was about 80 nm. Moreover, Figure 3b illustrates the
cross-sectional SEM image of ZnO NRs. ZnO NRs with comparatively high density were
observed on the substrate and the average length was around 395 nm. As shown in
Figure 3b, the ZnO NRs are vertical to thesurface, which is ascribed to the underneath seed
layer. Consequently, the result in Figure 3b is consistent with that in Figure 2.

54800 5.0kV x70.0k SE(M)

(b)

Figure 3. (a) The top-view SEM image of ZnO NRs; (b) The cross-sectional SEM image of ZnO NRs.

Figure 4a demonstrates the reflectance spectra of ZnO NRs produced in the different
solutions (10 mM, 20 mM, 30 mM and 40 mM). For the uncoated cell, all reflectance
values were above 30% from 250 nm to 1200 nm wavelengths. As shown in Figure 4a, the
reflectance was decreased over the wide wavelength range by growing ZnO NRs on the
surface. The average reflectances of the ZnO NRs prepared in different solutions (uncoated,
10 mM, 20 mM, 30 mM and 40 mM) were calculated to be 38.66%, 35.11%, 31.79%, 15.84%
and 23.33%, respectively. The average reflectance initially decreased with the increase in
the solution concentration. However, for ZnO NRs grown in 40 mM solution, the average
reflectance increased, which indicated that there was an optimal solution concentration for
optimum decreasing in light reflection. In addition, the cell coated by using 30 mM solution
reached the lowest reflectance value at 660 nm, about 10%, which was 3.4 times lower than
that on the uncoated cell, and exhibited superior AR characteristics in the visible region.
Such low reflectance was due to the textured surface. Besides, the reflectance below 390 nm
wavelength was obviously dropped because of the intrinsic absorption of ZnO NRs.

100
Uncoated Uncoated
— 10 mM 80 — 15 min
=20 mM 30 min
—30mM 60} ——60 min

2 hr

40 mM

Reflectance ( % )

40}
N\
| \/ 20 =
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Figure 4. (a) Reflectance spectra of ZnO NRs prepared at the different solutions (10, 20, 30 and
40 mM); (b) Reflectance spectra of ZnO NRs for the different growth times (15, 30, 60 and 120 min).
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Figure 4b depicts the reflectance spectra of ZnO NRs for the different growth times.
The average reflectances of ZnO NRs for the growth times of 0 (uncoated), 15, 30, 60 and
120 min were evaluated to be 38.66%, 19.35%, 15.84%, 19.32% and 23.94%, respectively. In
Figure 4b, the uncoated cell displayed a high average reflectance, 38.66%, as mentioned
above, whereas after coating the surface for the growth time of 15 min, the average re-
flectance was reduced to 19.35%, which was ascribed to the textured surface. As seen in
Figure 4b, a significant reduction in the average reflectance to 15.84% was achieved for
Zn0O NRs grown for 30 min. Nevertheless, the average reflectance of ZnO NRs contrariwise
increased as the growth time is more than 30 min. These results also indicate that an
optimal growth time for ZnO NRs is required for an effective reduction in light reflection
for MIS solar cells.

Figure 5 presents root mean square (RMS) values of ZnO NRs grown for the various
growth times (15, 30, 60 and 120 min) from AFM measurements. AFM images in Figure S1
shows that the roughness of ZnO NRs changes significantly as the growth time is varied.
RMS roughness was measured on an area of 30 x 30 um?. From AFM measurements, we
also found that RMS roughness values were 266, 399, 584, 362 and 341 nm for ZnO NRs
for the different growth times (uncoated, 15, 30, 60 and 120 min), respectively, as shown in
Figure 5. RMS roughness value initially increased with the growth time. However, as the
growth time was more than 30 min, RMS roughness gradually decreased. The length of
the ZnO NRs is generally influenced by growth time, solution concentration and growth
temperature. Furthermore, RMS roughness values of the ZnO layer rise with increasing the
solution concentration [31]. It is, therefore, proposed that the length of ZnO NR initially
increases with the growth time under almost constant concentration conditions so that the
surface becomes rougher. Nevertheless, after the optimal growth time (30 min), the growth
rate of ZnO NRs lowers because of the reduction in the amount of reactants (under lower
concentration condition). Accordingly, the deviation from the mean length of ZnO NRs
becomes smaller, and hence the surface roughness lowers. The result in Figure 5 is in good
agreement with that in Figure 4b.
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(7))
& O
GJE4oo- E
=5 ]
S 3 300+
o 0O E
x X '

200 L—

0 20 40 60 80 100 120
Growth Time ( min )

Figure 5. Root mean square values of ZnO NRs grown for various growth times (0, 15, 30, 60 and 120 min).

Figure 6a,b indicate the current density-voltage (J-V) curves of MIS solar cells with and
without ZnO NRs ARC under AM1.5G conditions and the energy band diagram of MIS
solar cells with ZnO NRs ARCs, respectively. The short circuit current density (Jsc) was
raised from 5.22 to 6.71 mA/cm? (28% enhancement) and the power conversion efficiency
(PCE) was enhanced from 0.93 to 1.26% (35% enhancement), which were attributed to the
enhancement of light absorption. Theoretically, if the spacing between nanostructures is
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less than light wavelength, then the textured surface of nanostructures can be regarded
as layers with a gradually changing refractive index so that the optical properties can
be estimated by effective medium approximation [32]. In other words, light experiences
multiple reflections between neighboring ZnO NRs, and thus is trapped and coupled into
the surface of the MIS solar cell. Therefore, the ZnO NRs arrays act as a light trap and
increase light absorption and hence improve Jsc and PCE. On the other hand, the open
circuit voltage (Voc) was increased from 0.39 to 0.47 V. The increment in Voc could be
due to the passivation effect of ZnO NRs [24]. Passivation decreases the recombination
current and increases the shunt resistance (Ry) and thus improves the Voc of the MIS solar
cell. Correspondingly, the fill factor (FF) was improved from 0.45 to 0.5. Table 1 shows
photovoltaic parameters of MIS solar cells with ZnO NRs and without ZnO NRs. In general,
fill factor (FF) is dependent on the series resistance (Rs) and the shunt resistance (Rqp,). In
this study, Rs was larger and almost fixed after coating ZnO NRs. Moreover, R; includes
ohmic loss in the front contacts, insulator-semiconductor interface, and bulk equivalent
resistance of the solar cell. Therefore, it is suggested that the more elaborate front contact
electrode patterns and the lower interface state density are required to improve V. and
FF in future. The PCE value for a MIS solar cell is not high in this study, which could
result from a higher interface state density because of the low growth temperature (450 °C),
but the results exhibit the effective use of hydrothermally synthesized ZnO NRs as ARCs
and sol-gel derived SiO; as insulators (all solution-processed techniques) in MIS solar
cells. In addition, it is expected that the morphology of the ZnO NRs could be altered by
the concentration of the aqueous solution and the growth time. With the decrease in the
solution concentration and the increase in the growth time, the top morphology of the ZnO
NRs could be changed from hexagonal flat to another type of nanostructure so that the
performance of the MIS solar cell is further improved in future.

o

— .

Current Density ( mA/cm’)
N
o

-1.0

5

Voltage (V)
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S 5102 Al Zn0

(@) (b)

Figure 6. (a) Current density-voltage (J-V) curves of MIS solar cells with and without ZnO NRs ARCs
under AM1.5G illumination; (b) The energy-band diagram of MIS solar cells with ZnO NRs ARCs.

Table 1. photovoltaic parameters of MIS solar cells with ZnO NRs and without ZnO NRs.

Voc ' (V) Jsc 2 (mA/cm?) FF 3 PCE 4 (%) Rs 5 () Rqp © ()
without ZnO NRs 0.39 5.22 0.45 0.93 87 1886
with ZnO NRs 0.47 6.71 05 1.26 84 5885

1 Voc: the open circuit voltage; 2 Jsc: the short circuit current density; 3 FF: the fill factor; * PCE: the power
conversion efficiency; 5 Rq: the series resistance; © Ry the shunt resistance.
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4. Conclusions

We manufactured ZnO NRs used as ARCs by hydrothermal method on MIS solar cells
with sol-gel spin-coated SiO,. Except Al electrodes deposited by thermal evaporation, no
other vacuum process was applied during fabrication. The MIS solar cells with ZnO NRs
exhibited superior AR performance. The Jsc and PCE were increased to 6.7 mA/cm? (28%
enhancement) and 1.26% (35% enhancement), respectively, which were attributed to the
enhanced light absorption. Meanwhile, Voc was improved from 0.39 to 0.46 V, which was
probably ascribed to the passivation effect. Besides, FF was enhanced from 45 to 50%. The
results indicate that the MIS solar cell with sol-gel spin-coated SiO; and solution-grown
Zn0O NRs have considerable potential for low-cost photovoltaic applications, and provide a
comprehensive understanding of the relationship between ZnO NRs and MIS Si solar cells.
Furthermore, it is believed that through optimizations of synthesis parameters, it could
further decrease reflectance and improve photovoltaic performance for highly efficient MIS
solar cells in the future.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ electronics11132068 /s1. Figure S1: The AFM images of
Zn0O nanorods for the different growth times: (a) 0 min (uncoated); (b) 15 min; (c) 30 min; (d) 60 min;
(e) 120 min. (Bruker, Dimension ICON, Tucson, AZ, USA).
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