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Abstract: A solution-grown subwavelength antireflection coating has been
investigated for enhancing the photovoltaic efficiency of thin film solar
cells. The 100-nm-height ZnO nanorods coating benefited the photocurrent
of Cu(In,Ga)Se, solar cells from 31.7 to 34.5 mA/cm? via the decrease of
surface light reflectance from 14.5% to 7.0%, contributed by the gradual
refractive index profile between air and AZO window layer. The further
reduction of surface reflectance to 2.3% in the case of 540-nm-height
nanorods, yet, lowered the photocurrent to 29.5 mA/cm’, attributed to the
decrease in transmittance. The absorption effect of hydrothermal grown
ZnO nanorods was explored to optimize the antireflection function in
enhancing photovoltaic performances.
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1. Introduction

Thin film solar cells are one of the attractive technologies for generating electrical energy by
absorbing photons from sunlight. Among all technologies, polycrystalline Cu(In,Ga)Se,
(CIGSe) thin films are considered to be a highly promising candidate for its high absorption
coefficient, stability, and suitable band gap [1-3]. To realize a mass-producible energy
application, the selenization process is a cost-effective and large-scale method to fabricate
CIGSe thin films [4,5]. Aluminum-doped ZnO (AZO) is a promising transparent conductive
oxide (TCO) material for the window layer of CIGSe devices due to its environmental
friendly and low cost [6]. However, before being excited in the absorber, photons experience
an optical loss due to the refractive index difference at the interface between air (refractive
index, n = 1) and the AZO window layer (n > 1) of the device. This optical loss, induced by
surface reflection, is one of the loss factors in energy conversion [7,8]. Efficiency-boosting
techniques such as antireflection coatings to increase incident photons are highly desired. The
MgF, thin film is a typical antireflection coating to suppress interference and surface light
reflection in a certain wavelength range, but requires time-consuming and high-vacuum
deposition [9]. Nevertheless, the subwavelength structure is another approach to enhance light
trapping via gradient refractive index profiles between air and the window layer (AZO, in this
case). ZnO nanostructure as an antireflection coating is attractive for CIGSe solar cells due to
its appropriate refractive index (n = 2) and substantially transparent for photons with energy
lower than ZnO band edge of 3.2 eV at room temperature [10].

The hydrothermal bottom-up growth is a non-vacuum and low cost technique to prepare
ZnO nanorods (NR) [8,11,12]. Recently, several research groups have demonstrated the
antireflection coating performance of ZnO NR for improving solar cell efficiency [8,11].
However, the growth time of ZnO NR to efficiently enhance the cell efficiency is currently
ranged from 60 to 180 minutes, and more effective fabrication methods must be considered.
In addition, it should be noticed that the incident photons would be partially absorbed with the
increase of thickness of ZnO NR. The optical transmittance, representing the photon
excitation in the absorber, shall be investigated for contributing the photovoltaic
performances.

In this study, we demonstrated an efficiency enhancement of CIGSe solar cells by
employing ZnO NR structures, fabricated by an efficient non-vacuum solution process in 8
minutes. The optical, morphological, and electrical properties of the CIGSe devices with ZnO
NR structures were characterized. The absorption effect of ZnO NR on the photovoltaic
efficiency was investigated.

2. Experimental details

The CIGSe thin film solar cells, introduced to the ZnO NR investigation, contained AZO/i-
ZnO/CdS/CIGSe/Mo multilayers on a soda-lime glass (SLG) substrate, as shown in Fig. 1(a).
A bi-layered Mo electrode of 0.9-um-thick was deposited by a DC magnetron sputtering
system. CIGSe thin films were prepared from the selenization of sputtered metallic
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precursors. To enhance the crystallization of chalcopyrite CIGSe thin films, bi-layered
metallic precursors were employed using two CulnGa alloy targets for the sputtering system.
A conventional precursor layer of the compositional ratio of Ga/(In + Ga) ~0.28 was
deposited on the Mo-coated SLG substrate, and subsequently covered by an ultra-thin
precursor layer of Ga/(In + Ga) ~0.60. The selenization was performed in an evaporation
system to supply selenium vapors for the precursor-coated substrates, and the substrates were
heated to over 540°C at a ramping rate of 20°C/min to form CIGSe thin films. An additional
etching step was performed in a KCN-containing aqueous solution (10% KCN) to remove
segregated Cu,Se on the surface. The elemental composition ratio of the CIGSe thin film was
confirmed at the ratios of Cu/(In + Ga) ~0.90 and Ga/(In + Ga) ~0.32, and the thickness was
about 1.9 um. The 60-nm-thick CdS layer was grown by chemical bath deposition (CBD) at
65°C, and the i-ZnO layer with a thickness of 80 nm was deposited by a radio frequency (RF)
magnetron sputtering. To enhance optical and electrical properties of AZO thin film, the
deposition was performed by a DC magnetron sputtering system with a substrate heater. The
AZ0 window layer of 420-nm-thick was deposited at the substrate temperature of 80°C.

Incident light
Reflectance

Mo Mo

Transmittance

SLG substrate SLG substrate

(a) (b) (c)

Fig. 1. Schematic of reflectance and transmittance analyses for (a) CIGSe solar cells and (b)
AZO-coated SLG substrates covered with ZnO nanorods, respectively. (c) The structure of
CIGSe device with Al contact and ZnO NR used for J-V characteristics.

The growth of ZnO NR was to prepare a subwavelength structure on the top of the CIGSe
devices, and AZO window layer served as a seed layer for the hydrothermal growth of ZnO
NR (AZO/NR). CIGSe devices were immersed in the aqueous solution of zinc nitrate
hexahydrate (Zn(NOj3),*6H,0) and hexamethylenetetramine (C¢H;;N4, HMT) mixture of the
concentration of 0.04 and 0.01 M, respectively. The solution was heated to 95°C for the
preparation of ZnO NR, and the growth time was ranged from 8§ to 25 minutes to evaluate its
effect on CIGSe solar cell performances. After completing the NR growth, all devices were
cleaned with deionized water to remove residual salt. On the other hand, to investigate the
absorption effect, bare AZO-coated SLG substrates were also immersed in the solution for 8
to 25 minutes to prepare the same ZnO NR for optical analyses, as shown in Fig. 1(b). For J-V
measurement, individual cells with the area of 0.4 cm” were defined by mechanical scribing.
To efficiently collect photocurrent of CIGSe devices, Al front contact grid structures (1 pm in
thickness) were evaporated on the top of conductive AZO layer before the growth of ZnO
NR, as shown in Fig. 1(c).

The transmittance and reflectance for AZO/NR thin films and the CIGSe devices covered
with ZnO NR were respectively measured by UV/VIS spectrophotometer, as shown in Fig. 1.
Morphologies were observed by field emission scanning electron microscopy (FESEM, JSM-
6500F, JEOL), and the crystallization was analyzed by high resolution X-ray diffractometer
(XRD, Bede D1). Effective refractive index was carried out by a spectroscopic ellipsometer
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(M-2000, J. A. Woollam Co.). J-V characteristics of the CIGSe solar cells were measured
using a solar simulator at one sun illumination of 100 mW/cm® with AM 1.5G spectrum
(Oriel class A, 91160A, Newport Co.).

3. Results and discussion
3.1 Morphologies and crystalline features

SEM micrographs revealed the morphologies of the CIGSe devices with ZnO NR structures
with respect to various growth times, shown in Fig. 2. The as-fabricated device showed dense
and smooth surface morphology of bare AZO layer; the surface, however, exhibited
anisotropic column-like structures on the top of devices after hydrothermal growth. It was
observed that the diameter of the NR structure ranged from 70 to 120 nm in all samples, and
the height enlarged with the increase of immersion time of the hydrothermal process. The end
of the NR structure was clearly confirmed as a cone-like shape, which could effectively
reduce surface reflectance and improve the cell efficiency [8]. The height of NR structures,
observed from cross-sectional SEM images, was estimated to 100, 210, 290, and 540 nm for
the samples after hydrothermal growth for 8, 11, 14, and 25 minutes, respectively.

nanorods for (b) 8, (¢) 11, (d) 14, and (e) 25 minutes.
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Fig. 3. X-ray diffraction patterns of (a) CIGSe absorber, and (b) bare AZO thin film covered
with ZnO nanorods. Inset in Fig. 3(a) shows Raman scans of CIGSe absorber.

To identify the crystalline characteristics of CIGSe devices and NR coatings, the CIGSe
absorber, bare AZO, and AZO/NR thin films were measured by X-ray diffraction. XRD
pattern of 1.9-um-thick absorber revealed the growth of chalcopyrite CIGSe phase with strong
(112) and (220/204) preferred orientation, as shown in Fig. 3(a). The dominant peaks of (112)
at 26.9° and (220/204) at 44.6° represented the elemental composition ratio of Ga/(In + Ga)
~0.3. Moreover, the Raman scans, shown in the inset of Fig. 3(a), revealed no segregated

Cu,Se phase on the surface of CIGSe absorbers due to the absence of the peak at 260 cm™
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[13]. Figure 3(b) shows the XRD patterns for bare AZO and AZO/NR thin films. The blue
curve revealed aluminum-doped ZnO phase with a strong peak at 34.5° in the bare AZO thin
film. In comparison to intrinsic ZnO phase, a small shift in a diffraction angle was observed,
attributed to the substitution of AI’* ions for Zn®" ions in the ZnO lattice during deposition
[11]. In addition, AZO/NR thin film exhibited the peaks at 31.7°, 36.2°, 47.5°, and 67.9° (see
red curve), representing (100), (101), (102), and (112) oriented wurtzite ZnO phase,
respectively, confirmed the growth of ZnO NR.

3.2 Optical analyses for ZnO nanorods structures

The gradient refractive index profiles, contributed by the subwavelength structure, have been
numerically simulated [7,14]. Nevertheless, the refractive index varied through the ZnO NR
can be further explored. To further identify the effective refraction index profiles
experimentally, the AZO/NR thin film was examined by spectroscopic ellipsometer. It should
be mentioned that the diffusive reflection was considered for the sample covered with ZnO
NR; nevertheless, a dominant specular reflection was still expected to ensure the accuracy of
ellipsometer measurement [15]. After automatic fitting, the analytic results for ZnO NR were
divided into two effective areas: Top-NR and Bottom-NR. The wavelength-dependent in-
depth variation of refractive index was plotted in Fig. 4. The refractive index of bulk AZO
thin film varied from 2.01 to 1.65 in the wavelength range between 400 and 1000 nm. For the
ZnO NR, refractive index profiles varied from 1.70 to 1.53 for the Bottom-NR area, and from
1.51 to 1.41 for the Top-NR. The in-depth gradient of refractive index was achieved by
covering the ZnO NR structure on the top of AZO seed layer.

SIIRISINRIN () Top-NR (30nm)
) \ \\ ) \\ ) \ |1 (b) Bottom-NR (70nm)
11

(a) AZO (420nm)
2.0

18k (a) AZO
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.\ (c) Top-NR

400 600 800 1000

Refractive index (n)

Wavelength (nm)

Fig. 4. Wavelength-dependent refractive index profiles of (a) AZO, (b) Bottom-NR, and (c)
Top-NR areas for the AZO film covered with ZnO nanorods.

The effect of ZnO NR on the antireflection coating performance was carried out by optical
reflectance and transmittance analyses. An optimized NR structure to effectively reduce
surface reflectance of incident light must fulfill following conditions [7,8,16,17]:

(1) The height (h) must not be smaller than 40% of the longest operational wavelength
(A):h=0.4

(2) The center-to-center spacing (A) of the NR structure must be smaller than the shortest
operational wavelength (1) divided by material refractive index (n): A < A/n.

It was concluded that the height of ZnO NR structure be higher than 400 nm to effectively
reduce the surface reflectance at the operational wavelengths from 400 to 1000 nm. Therefore,
except for the bare CIGSe device, the interference fringes and relatively high light reflectance
were noticeably observed in the samples with 100 and 210-nm-height ZnO NR due to
inadequate heights, as shown in Fig. 5(a). Moreover, the obvious reduction of surface light
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reflectance was observed in the shorter operational wavelength range in comparison with that
in the range of longer one, which can be explained by the factor from antireflection coating
according to the ratio of NR height to operational wavelength. The bare CIGSe device
exhibited obvious surface light reflection, and the average reflectance was calculated to be
14.5% in the wavelength range between 400 and 1000 nm. On the other hand, the average
reflectance was reduced to 7.0%, 4.6%, 3.4%, and 2.3% after employing ZnO NR for the
height of about 100, 210, 290, and 540 nm, respectively. It was expected that the lower the
surface reflection of incident light, the higher the efficiency of CIGSe solar cells was
achieved. However, ZnO dielectric material exhibits partially absorption over the visible
spectrum (400 to 700 nm) with the increase of thickness, and the absorbance from ZnO NR is
shown in the inset of Fig. 5(b) [18]. ZnO semiconductor material with direct band gap of 3.2
eV possesses high UV absorption at wavelengths lower than 400 nm, and reveals a step
decrease of absorbance around the absorption edge. This absorption effect, thus, is considered
to reduce the transmittance of incident photons in the visible light spectrum.

(a) (b)
T T
8- Bare CIGSe device
30| ~8- with NR (100nm)
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Fig. 5. (a) Surface reflectance of the as-fabricated CIGSe solar cell and covered with ZnO
nanorods, and (b) transmittance analyses of AZO/NR thin films. The absorbance of ZnO
nanorods is shown in the inset of Fig. 5(b).

To investigate the absorption effect of the ZnO NR, the optical transmittance of the bare
AZO and AZO/NR thin films was examined and illustrated in Fig. 5(b). The average
transmittance of bare AZO thin film was calculated to be 89.2% at the wavelengths from 400
to 1000 nm, and improved to 92.4% after covered with 100-nm-height ZnO NR. This
improvement, contributed by employing the NR structure on the top of AZO thin film, was
concluded to increase the photocurrent of the CIGSe device. However, the transmittance of
the AZO/NR thin films of 210, 290, 540 nm in NR height decreased to 91.5%, 87.2% and
79.0%, respectively. Even the surface light reflectance could be further reduced via the
increase of height of ZnO NR, as shown in Fig. 5(a); the transmittance was hardly improved
accordingly, and reduced to as low as 79.0% for the sample with 540-nm-height ZnO NR.
From the transmittance decrease in the range of visible light spectrum, the evidence of
absorption effect from ZnO NR was observed [see the inset in Fig. 5(b)]. In summary, the
540-nm-height ZnO NR exhibited the best antireflection function for the lowest surface
reflectance among all samples; the 100-nm-height ZnO NR, however, provided the highest
transmittance of incident photons to enhance solar cell efficiency.

3.3 J-V characteristics for CIGSe solar cells

J-V characteristic was examined to evaluate the effect of ZnO NR antireflection coating on
CIGSe devices, as plotted in Fig. 6. The results indicated that no significant difference of
open circuit voltage (Voc) but a variation of short-circuit current density (Jsc) was observed,
contributed by the increase of incident photons. Table 1 lists the electrical parameters for all
CIGS devices with and without ZnO NR coating. Five as-fabricated CIGSe solar cells
prepared from the same batch presented the conversion efficiency and Jsc of approximate
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9.4% and 31.7 mA/cm?, respectively. After covered with 100-nm-height ZnO NR on the top
of devices, efficiency and Jsc were improved to 10.1% and 34.5 mA/cm’, respectively. This
photocurrent increase, related to the increase of photon excitation in the CIGSe absorber,
enhanced photovoltaic efficiency after introducing ZnO NR antireflection coatings. However,
the performances of CIGSe solar cells were not further enhanced according to further
reflectance reduction in other samples. The efficiency and Jsc respectively decreased to 8.8%
and 29.5 mA/cm? in the device covered with ZnO NR of 540 nm in height, attributed to the
optical absorption from ZnO NR.

40
=& Bare CIGSe device
-e- with NR (100nm)
-+~ with NR (210nm)
= —& with NR (290nm)
E 30E -~ with NR (540nm)
<
E
2
‘w 20
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Fig. 6. J-V characteristics of the bare CIGSe device and the devices with ZnO nanorods.

Table 1. The photovoltaic performances of the CIGSe solar cells with different conditions
of ZnO nanorods antireflection coatings

ZnO NR structure Electrical properties
Device
D Growth time Height Voc Fill Factor Jse n Improvement
(min) (nm) (mV) (%) (mA/cm?) (%) m) (%)
1 - - 490 60.6 31.7 9.4 -
2 8 100 491 59.4 345 10.1 +7.4
3 11 210 490 60.1 33.0 9.7 +3.2
4 14 290 491 61.2 30.8 9.3 -1.1
5 25 540 490 60.6 29.5 8.8 -6.4

5. Conclusion

A ZnO NR subwavelength structure, prepared by an efficient non-vacuum solution process in
8 minutes, yielded the in-depth gradient of refractive index profile to increase incident
photons and photocurrent of CIGSe solar cells. The surface reflectance of CIGSe devices
could be effectively reduced via increasing the height of ZnO NR. However, the transmittance
of incident light decreased according to the increase of NR height due to its absorption loss,
resulting in low Jgc and conversion efficiency. The highest efficiency enhancement of CIGSe
solar cells by 7.4% referred to Jsc increase by 8.8% was achieved by introducing 100-nm-
height ZnO NR structure, even if its antireflection function was not the highest among all
samples. However, the decrease of Jsc by 6.9% was observed to decrease solar cell efficiency
by 6.4% in the device with 540-nm-height ZnO NR. The advantages of ZnO NR antireflection
coating for improving photovoltaic efficiency of CIGSe solar cells are significant. This
antireflection technology is expected to benefit light collecting for improving energy
conversion in not only CIGSe solar cells but also other photovoltaic devices with ZnO-based
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window layers. Moreover, by optimizing growth conditions and the geometry of the ZnO NR

with low absorption effect, further improvement of photovoltaic performances can be
expected.
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