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Abstract

In this work, textured, well-faceted ZnO materials grown on planar Si(100), planar Si(111), and textured Si(100) substrates by low-
pressure chemical vapor deposition (LPCVD) were analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM),
atomic force microscopy (AFM), and cathode luminescence (CL) measurements. The results show that ZnO grown on planar
Si(100), planar Si(111), and textured Si(100) substrates favor the growth of ZnO(110) ridge-like, ZnO(002) pyramid-like, and
ZnO(101) pyramidal-tip structures, respectively. This could be attributed to the constraints of the lattice mismatch between the ZnO
and Si unit cells. The average grain size of ZnO on the planar Si(100) substrate is slightly larger than that on the planar Si(111) sub-
strate, while both of them are much larger than that on the textured Si(100) substrate. The average grain sizes (about 10-50 nm) of
the ZnO grown on the different silicon substrates decreases with the increase of their strains. These results are shown to strongly
correlate with the results from the SEM, AFM, and CL as well. The reflectance spectra of these three samples show that the antire-
flection function provided by theses samples mostly results from the nanometer-scaled texture of the ZnO films, while the microm-
eter-scaled texture of the Si substrate has a limited contribution. The results of this work provide important information for opti-
mized growth of textured and well-faceted ZnO grown on wafer-based silicon solar cells and can be utilized for efficiency enhance-

ment and optimization of device materials and structures, such as heterojunction with intrinsic thin layer (HIT) solar cells.

1939


http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:swfeng@nuk.edu.tw
https://doi.org/10.3762%2Fbjnano.8.194

Introduction

Transparent conductive oxides (TCOs), with both high elec-
trical conductivity and optical transparency, could be used as a
replacement for the metal contact in semiconductor devices.
When applied to solar cells, it can eliminate the optical shading
effect induced by the conventional metal contact thereby effec-
tively increasing solar cell photocurrent and efficiency. Gran-
ular ZnO thin films grown by low pressure chemical vapor
deposition (LPCVD) can act as good TCOs for thin film silicon
solar cells [1-10]. This is mainly due to its high transparency
over the visible and near-infrared (NIR) wavelength range,
lower electrical resistivity (down to 1 x 1073 Q-cm), and the
light-trapping capability due to its granular structure [3]. Simi-
larly, ZnO grown on bulk silicon substrates and their applica-
tion to wafer-based silicon solar cells is an interesting issue and
an important subject [3]. In such a case, these materials poten-
tially not only act as metal contacts to eliminate the blocking of
the incident sunlight from the metals, but they can also serve the
function of antireflection coating (ARC) films, given proper
design of the film thickness. A ZnO thin film with appropriate
doping could potentially act as the emitter with a Si substrate
base to form a heterostructure solar cell. Therefore, in the most
optimal case, a single ZnO film can simultaneously act as a con-
tact, ARC, and emitter for a wafer-based silicon solar cell. Such
a device would dramatically reduce the manufacture process
and associated cost of solar cell production. This example
simply illustrates the importance and great potential regarding
the subject of granular ZnO thin films grown on crystalline
silicon substrates.

It is known that due to the formation of nanometer ZnO grains,
granular ZnO could increase the light-scattering capability (i.e.,
the haze) of the film and thus function as a light-trapping struc-
ture by enhancing the optical path and the photon absorption
probability of the incident light, thus increasing the photocur-
rent of the solar cells [3]. As a result, for thin film solar cells,
ZnO not only serve as a TCO, but also a light-trapping struc-
ture. In addition, the exposed planes in the crystal growth
process depend on both kinetic and thermodynamic factors,
leading to a variety of surface morphologies [11,12]. It was re-
ported that three types of textured ZnO thin film, the columnar/
polygonal, pyramid-like, and crater-like/pyramidal-tip textured
structures, were grown as a front electrode in wafer-based
silicon solar cells and had different influence on the perfor-
mance of solar cells [11]. The ZnO(101) pyramidal-tip textured
structure has been shown to perform the best with improved
light-trapping and electrical properties [11]. It was shown that
the formation of a pyramidal structure is mainly from the
ZnO(101) plane in the hexagonal lattice [12]. Furthermore, hex-
agonal and pyramidal ZnO composed of the (101) and (001)
planes has been synthesized in ionic liquids or obtained on
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Si(111) substrates by RF magnetron sputtering [13,14]. Never-
theless, the growth of well-faceted pyramidal-like ZnO on
silicon substrates is still an interesting and technically chal-
lenging subject and the characterization of the physical proper-
ties of these structures has yet to be fully investigated.

In this study, textured and well-faceted ZnO thin films are
grown on planar Si(100), planar Si(111), and textured Si(100)
substrates by LPCVD. These three samples are characterized
and analyzed by X-ray diffraction (XRD), scanning electron
microscopy (SEM), atomic force microscopy (AFM), and
cathode luminescence (CL) measurements. The grain structure,
average grain size, and associated strains are shown to agree
well with the results of the SEM, AFM, and CL measurements.
Moreover, theoretical explanations for these results are given
and the implications for the applications of textured and well-
faceted ZnO to wafer-based silicon solar cells are discussed.

Results and Discussion
Structural characterization
The XRD peaks of the ZnO thin film samples grown on planar
Si(100), planar Si(111), and textured Si(100) substrates, re-
ferred to hereafter as ZnOy(100), ZnOp(111), and ZnOy(jgp), Te-
spectively, are shown in the Figure la. There are four main
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Figure 1: (a) XRD and (b) grain percentages obtained from integra-
tion of the intensity of the XRD peaks of the samples ZnOp100),
ZnOp(1 11) and ZnO,(mO).
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diffraction peaks from the crystalline ZnO: the (100), (002),
(101), and (110) peaks, while the (102) diffraction peak is not
very significant and will be ignored in the following discussion.
If the volume percent of the different grains are assumed to be
proportional to their correspondent XRD integrated intensity
[15], then the grain percentages can be estimated. The percent-
ages of different grains for the three samples are shown in
Figure 1b. The dominant XRD peaks correspond to ZnO(110),
Zn0(002), and ZnO(101) for the samples ZnOp100), ZnOp(111)
and ZnOy(10), respectively.

The exposed planes in the crystal growth process depend on
both kinetic and thermodynamic factors, leading to a variety of
structural morphologies [12]. The relationship between micro-
structure and crystal growth orientation of ZnO grown on
silicon substrates is schematically illustrated in Figure 2 [12].
Here, the ZnO grains reveal a polygon structure for the c-axis
parallel to the substrate, ridge-like structure, pyramid-like
structure (hexagonal cylinder with or without the pyramidal
tip), and pyramidal-tip without the hexagonal cylinder for
Zn0(100), ZnO(110), Zn0O(002), and ZnO(101) crystal planes,
respectively.

(a) ZnO(100); (b) ZnO(110); (c) ZnO(002); (d) ZnO(101)

Y TY

Silicon substrate

Figure 2: Microstructure and crystal growth orientation of ZnO grown
on silicon substrates. (a) ZnO(100) on the Si(111) substrate, a polygon
structure with the c-axis growth parallel to the substrate; (b) ZnO(110)
on the Si(100) substrate, a ZnO grain with a ridge-like structure;

(c) ZnO(002) on the Si(111) substrate, a ZnO grain with a pyramid-like
structure (hexagonal cylinder with or without a pyramidal tip);

(d) ZnO(101) on the textured Si substrate, a ZnO grain with the pyra-
midal tip without a hexagonal cylinder.

The surface morphologies shown in the SEM and AFM images
for the three samples, shown in Figure 3 and Figure 4, respec-
tively, can be explained by the above descriptions. The SEM
images show that the ZnOyp(199) sample has more ridge-like
structures, while the ZnOy111) sample has more pyramid-like
structures. This result is consistent with the AFM images
showing that the surface roughness of the ZnOp(100) sample is
sharper than that of the ZnOp1 11y sample. In addition, as shown
in Table 1, the results of XRD, SEM, and AFM certainly indi-
cate that, for the ZnOy(100) sample, the dominant ZnO(110)
grains show ridge-like structures on the surface; for the
ZnOp(111) sample, the dominant ZnO(002) grains show
pyramid-like structures on the surface. For the ZnOy(1 g9y sam-
ple, the dominant ZnO(101) grains show pyramidal tips with-
out the hexagonal cylinder on the surface.
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Figure 3: SEM images of the samples (a) ZnOp100), (P) ZNOp(111),
and (C) Znot(100).

The microstructure and crystal growth orientation of ZnO
grown on different silicon substrates can be explained by the
lattice mismatch between the ZnO and silicon unit cells [16]. As
schematically illustrated in Figure Sa, the surface of a Si(100)
cubic unit cell is a square of 5.43 A by 5.43A which closely
matches the rectangular surface of a ZnO(110) unit cell of
5.63 A (4/3x lattice constant a) by 5.20 A (lattice constant ¢). In
Figure 5b, the surface of a Si(111) unit cell is a triangle of
3.84 A. Six of these triangles form a hexagonal with sides of
3.84 A, which closely matches the hexagonal surface of a
ZnO(002) unit cell with 3.25 A sides. It should be noted that the
textured Si(100) substrate will in fact expose the Si(111) sur-
face to form pyramid structures. However, the additional strain
constraints from these Si surface textures will normally limit the
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Figure 4: AFM images (5 x 5 um) of the samples (a) ZnOp(100) (Rq: 48.488 nm), (b) ZnOp(111) (Rq: 48.284 nm), and (c) ZnOy100). Surface roughness

of each sample, Ry, is given in parentheses when available.

Table 1: Main grain, surface morphology, surface roughness (Rq) from AFM, average grain size (D), strain (), and cathode luminescence (CL) inten-

sity of the samples Znop(100), ZnOp(111), and Znot(mo).

Sample Main grain Surface morphology Rq (nm) D (nm) € CL intensity
ZnOp(100) Zn0O(110) ridge-like structure 48.488 28.15 0.256 stronger
ZnOp(111) Zn0O(002) pyramid-like structure 48.284 26.51 0.260 medium
ZnOy100) Zn0O(101) pyramid-tip structure - 21.56 0.32 weaker

growth of the ZnO(002) hexagonal cylinder and therefore favor
the growth of the ZnO(101) pyramidal tips, with the same size
of a surface unit cell as the ZnO(002), which closely match the
textured silicon surface as well.

As a result, the planar Si(100) substrate will favor ZnO(110)
crystallization, while the planar Si(111) substrate will favor
Zn(002). The surface morphology of the ZnO film on planar

Si(100) substrate will have more ridge-like structures from the
ZnO(110) grains, while the ZnO film on planar Si(111) sub-
strate will have more pyramid-like structures from the
Zn0(002) grains.

Average grain size and strain

In addition, the ZnO average grain size (D) can be calculated
from the following equation [17]:
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Figure 5: (a) The lattice mismatch between a ZnO(110) unit cell of
5.63 A (/3 x lattice constant a) by 5.20 A (lattice constant ¢) and a
Si(100) cubic unit cell of 5.43 A by 5.43 A; (b) the lattice mismatch be-
tween a hexagonal surface of a ZnO(002) unit cell with 3.25 A sides
and a hexagonal surface of six Si(111) triangular unit cells with 3.84 A
sides.
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where Bpkl, K, A, and 0 are full width at half maximum
(FWHM), shape factor (0.9), X-ray wavelength, and XRD
angle, respectively. The results are shown in Figure 6a, which
show that the D of the ZnOy1¢¢y sample is slightly larger than
that of the ZnOy(111) sample, while both of them are much
larger than that of the ZnOy(j¢g) sample. These results can also
be consistently verified by the SEM images, which show that
the surface granular textures on the ZnOp(100) sample are

30 — . -— 0.32
[ (a) —B— grain size 1
Eosl m —@— Strain ]
£ 28} \ 10.30 9
(] I 4
3 26 [ = z
£ | {028 2
e £
2o I’ 1026 2
S e— 17 e
< | ]
20 L— ' 0.24
30 — : :
— [ —B— grain size 18000
\%28 & —A— CL intensity
i) r B\ —» i
5 :
o 24 [ |
1] + «
s | 440002
G) B .
> | 1 [
Z227 £
20 L ' 2000
Zn0O Zn0O Zn0O

p(L00) p(1l) 1(100)
Figure 6: (a) Average grain size versus strain and (b) average grain
size versus cathode luminescence (CL) intensity of the samples

Znop(mo), ZnOp(111), and Znot“oo).
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slightly larger than those on the ZnOp1 11y sample, while both of

them are much larger than those on the ZnOy1g) sample.

The XRD data can be analyzed to obtain not only the percent-
ages of different grain crystal orientations but also the associat-
ed strain. The strain (¢) associated with the XRD peaks can be
calculated by the following equation [17]:

Bhki
=— 2
¢ 4tan© @

where By and 6 are the FWHM and XRD angle, respectively.
As shown in Figure 6a, the € in the ZnOp100) sample is slightly
smaller than that in the ZnOp(111) sample, while both are much
smaller than that in the ZnOyjo0) sample. The average ZnO
grain sizes grown on different silicon substrates decrease with

increasing strains.

Cathode luminescence spectra

In addition, the average ZnO grain size can be indirectly veri-
fied from the results of the CL measurements of the three sam-
ples at room temperature (RT), as shown in Figure 7. The ZnO
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Figure 7: Cathode luminescence spectra of the samples (a) ZnOp100),
(b) ZnOp(111), and (c) ZnOy(100) With the excitations of 5, 7, 9, and
11 kV electron voltages at room temperature.
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films are grown to be roughly the same thickness of 1.7 um for
the three different substrates. As a result, the measured CL in-
tensity should be proportional to the degree of crystallization of
ZnO grains. An emission peak around 378 nm (3.28 eV) is
related to a band-to-band transition [4,5]. The CL intensity of
the sample ZnOy (190 is stronger than that of the sample
ZnOp(111), while both of them are much stronger than that of
the sample ZnOy(jo0). Since a larger grain size corresponds to
more crystalline structures and thus less defects, and this
implies therefore stronger CL peak intensity, it can be expected
that CL intensity is linearly proportional to the associated
average grain size. As shown in Figure 6b, the average ZnO
grain size estimated from XRD almost fully agrees with the CL

intensity.

Reflectance spectra

The reflectance spectra of the three samples were measured, as
shown in Figure 8. It shows that the difference in the reflec-
tance spectra between the ZnOp(100) and ZnOp(111) samples is
insignificant. The ZnOy(1og) sample has smaller reflectance due
to the additional texture provided by the micrometer-sized
pyramid structure of the texture Si(100) substrate. Therefore, it
could be concluded that the antireflection function provided by
theses samples mostly results from the nanometer-sized texture
of the ZnO films while the micrometer-sized texture of the Si

substrate has a limited contribution.
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Figure 8: Reflectance spectra of the samples (a) ZnOp(100),
(b) ZnOp(111), and (c) ZnOy(100) at room temperature.

Discussion

The main grain orientation, surface morphology, AFM surface
roughness (Ry) from AFM, average grain size (D), strain (g),
and CL intensity of samples ZnOp(100), ZnOp(111), and
ZnOy(100) are shown in Table 1. The results clearly demon-
strated that these results strongly agree the measurements from
the SEM, AFM, and CL as well.
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The results of this work show that the ZnO grown on the three
different Si substrates all have stable granular structures with
average grain size of 10-50 nm. Of course, in order to apply the
ZnO thin films for applications in silicon solar cells, the defects
resulting from the ZnO grains must be as minimal as possible.
These results certainly imply that in order to minimize the
defects of ZnO grains, the ZnO grain size should be as high as
possible. It is worth noting that the ZnO samples grown on
silicon substrates presented in this work have the potential to be
a cost-effective alternative material for the substitution of the
indium tin oxide (ITO) thin layer in heterojunction with
intrinsic thin layer (HIT) solar cells [18]. Nevertheless, the
optimization of the LPCVD growth conditions and parameters
to increase the ZnO grain size and minimize their associated
defects is an interesting issue for further studies and

investigations.

Conclusion

In this work, textured and well-faceted ZnO samples are grown
on planar Si(100), planar Si(111), and textured Si(100) sub-
strates by the LPCVD method. Due to the constraints of the
lattice mismatch between the ZnO and Si crystal structures, the
ZnOp(100), ZnOp(111), and ZnOy(190) samples favor the growth
of ZnO(110) ridge-like, ZnO(002) pyramid-like, and ZnO(101)
pyramidal-tip structures, respectively. The average ZnO grain
size on the planar Si(100) substrate is slightly larger than that
on the planar Si(111) substrate, while both of them are much
larger than that on the textured Si(100) substrate. It has been
shown that the average grain sizes of ZnO grown on the differ-
ent silicon substrates decrease due to the increases in the corre-
sponding strain. Although this particular research result is not
new, this work indeed provides useful information for opti-
mized growth of textured and well-faceted ZnO grown on
wafer-based silicon solar cells. These results can be utilized for
efficiency enhancement by optimizing device structures, such as
HIT solar cells, where the ZnO could be a cost-effective alter-
native material for ITO.

Experimental
Synthesis of ZnO on silicon substrates by

LPCVD

Three different Si substrates, planar (100), planar (111), and
textured (100), were prepared. These Si substrates were dipped
in 5% HF solution to remove the native oxide layer and then
rinsed in deionized water in 3 min. The ZnO films with the
thickness of 1.7 um were deposited on planar (100), planar
(111), and textured (100) Si substrates (simply denoted as sam-
ples ZnOp(100), ZnOp(111), and ZnOy(j¢p), respectively) at a tem-
perature of 170 °C by a LPCVD process. Diethylzinc (DEZ)
and water (H,O) vapors carried by argon gas were used as pre-

cursors, and their flow rates were set to 500 and 550 sccm, re-
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spectively. The textured Si(100) substrate was prepared from a
monocrystalline Si(100) wafer anisotropically etched in NaOH/
IPA solution at 85 °C to form pyramidal structures at the wafer
surface. The surface roughness of these pyramidal structures
was measured as 0.226 pm using AFM. Therefore, the average
size of the pyramidal structures was taken to be approximately
this value. The pyramidal structures will expose their (111)
facets to the wafer surface. However, their physical properties
for the LPCVD growth the ZnO films will be different from the
(111) facets of the planar Si(111) substrate due to their differ-
ent surface morphologies, especially, the additional strain intro-
duced for ZnO films at the peaks and valleys of the pyramidal

structures.

Characterization

The structures of the samples ZnOp(190), ZnOp(111), and
ZnOy(100) were investigated with a high-resolution XRD (Bede
D1). The surface morphology was revealed by atomic force
microscopy (Park Systems, XE-70) operating in non-contact
mode using a silicon tip of curvature less than 10 nm. Scanning
electron microscope and cathode luminescence results were
acquired by the use of a Gatan monoCL3 spectrometer in a
JEOL JSM 7000F SEM system.
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