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Investigations of the optical properties of Si surface with
microwires for solar cell applications™
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Combined with the rough textures which are usually used for fabricating the planar solar cells, textured-microwire
(MW) structures (there are MW textures on the tops of MWs) are fabricated. Both simulative and experimental investiga-
tions of the optical properties of Si surface with microwires are carried out and the results show that surfaces of textured-
MW structures exhibit lower reflectance in the short wavelength range, but higher reflectance in the long wavelength range
than the conventional textured surface. It is also shown, consequently, that the textured-MW structures could absorb more
photons in the short wavelength range, which could help improve the performance of the solar cells.
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1. Introduction

In order to achieve higher efficiency, many approaches
have been proposed. Using a low-reflection surface is one
of the most effective ways.!!®! Yablonovitch!®! used a sta-
tistical approach to study the optical properties of the me-
dia with complicated surfaces like random textured surfaces,
while Campbell and Green!'"! studied the light trapping prop-
erties of pyramidal textured surfaces. These two kinds of sur-
face structures have been widely used in today’s industry to
reduce the reflection of silicon solar cells. Recently, solar cells
with nano-structured surfaces have attracted a lot of attention,

11-13

like black silicon!'!=13] which exhibits an outstanding antire-

flection ability. Besides quite a low reflection, nanowire solar

cellst!4-18

I with radial pn junctions can relax the requirement
for the quality of materials by decoupling the direction of in-
cident light absorption and the direction of photon-generated
carriers’ collection. So high-efficiency solar cells can be fab-
ricated with low-quality materials by using this special radial
junction structure.

However, little improvement of performance has been ob-
served in experiments on these nano-structured solar cells, (191
and one of the main reasons is the poor quality of radial pn
junctions.['! So some groups studied solar cells with colum-
nar arrays on the order of micrometers.?°-23 This kind of
structure can also achieve the purpose of relaxing the require-
ment for material quality. As the conventional tube-furnace
diffusion method is applicable to the microwires (MWs) and

no dead layer problem occurs, it would be easy to fabricate
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MW solar cells with high-quality radial junctions in a low-cost
way compared with fabricating the nanowire solar cells.

It is worthwhile to study the optical properties of these
solar cells with radial junctions in order to improve their per-
formances. Many groups have reported the results about low
reflectivities of nanowires both experimentally and simula-
tively, which are mainly contributed by their special surface
structures on a sub-wavelength scale.[2425] Unlike nanowires,
wires of micron-scale radius are expected to exhibit different
optical properties on their different scales. Kosten et al.!*]
developed a ray optics model to investigate the light trapping
observed in silicon MWs. The calculated results showed that
with the Lambertian back reflector, MWs could exceed the er-
godic limit in the ray optics regime. Lee et al.'>”) compared
the experimental and simulative reflectance results of Si MW
solar cells, showing that the reflectance of MWs all exceeded
30% in the range of visible light, which is much higher than
that of nanowire solar cells. So it is important to reduce the
reflectivities of MWs in order to improve the performance of
cells. Based on the fact that wet-chemically textured surfaces
are widely used in the photovoltaic industry, presented here
is an investigation on the scenario of combining the struc-
ture of MWs and the textured surfaces for improving the op-
tical properties of cells. As have been observed in nano-scale
structures,?%2%! changing the radii of MWs would affect the

optical properties of structures.
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2. Experiment

Multi-crystalline silicon solar cells with conventional tex-
tured surfaces and textured-MW structured (with textures on
the tops of MWs) surfaces with different radii have been fab-
ricated. By comparing with the conventional textured surface
prepared by acid etching, textured-MW structured surfaces
were prepared with acid etching followed by inductive cou-
pled plasma etching. A PECVD coating procedure was used
to prepare the outmost SiN, layer to reduce the reflectivity of
the structure. Figure 1 shows the schematic of the textured-
MWs structures. Textured-MW solar cells with three different
radii (6 pm. 9 pum, and 12 pm) have been prepared. The
edge-to-edge distance (d) of the wires of all these three MW
samples were the same (4 um). The heights of the wires were
all about 10 um. The wires had a hexagonal two-dimensional
(2D) lattice.
S-3400N2) was used to study the morphologies of silicon

Scanning electron microscopy (SEM, Hitachi

surfaces. The reflectivity of the surface was measured by us-
ing an integrating sphere. The finite-difference time-domain

Fig. 1. (color online) Cross section image of textured-MWs.
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Fig. 2. (color online) Unit cell of simulation, and (b) schematic plot of
the calculated textured-MW structure.

(FDTD) Solutions were used to calculate the reflectance and
electric field magnitude distributions of the MW structures. In
order to simplify the calculation process, surface textures of
pyramid structures were used. Shown in Fig. 2(a) is the unit
cell of simulation, while figure 2(b) displays the schematic of
the calculated textured-MW structure. A periodic boundary
condition is used in the x and y directions, while a perfectly
matched layer (PML) boundary condition is used in the z di-
rection. The radii and the heights of the wires are set to be
the same values as those of the prepared samples, respectively.
For textured-MWs, the total height is 10 pm which is the sum
of the column height of 9 pm and the pyramid height of 1 pm.
The thickness of the outmost SiN, layer of columns and pyra-
mids is 80 nm, which is an empirical value used in the indus-
try. In order to understand the optical properties of silicon MW
structures more clearly, Lumerical FDTD Solutions, an FDTD
electromagnetic field simulation package, was used. The re-
flectance and electric field magnitude distributions of different
solar cells have been calculated.

3. Results and discussion

The SEM image of a textured-MW structure sample (r =
12 pum) is shown in Fig. 3. It can be seen that the shapes and
the sizes of the MWs are uniform. The textures prepared by
acid etching can be seen clearly on the tops of wires.

100KV 8. 3ram x50,

Fig. 3. The SEM image of a silicon surface with textured-MWs each with a
radius of 12 um.

Shown in Fig. 4 are the measured reflectivity results of
the conventional textured surface and textured-MW structured
surfaces. Compared with the conventional textured surface,
the textured-MW structured surface exhibits lower reflectance
in a short wavelength range and higher reflectance in a long
wavelength range. It can also be found that the radii of MWs
can affect the reflectivity obviously. From 400 nm to around
700 nm, MWs with smaller radii show lower reflectivities,

while from around 700 nm to 1000 nm, MWs with larger
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radii show lower reflectivities. The antireflection properties of
the MW structures are quite different from those of nanowire
structures. 2627301 A is well known, both the MWs them-
selves and the textures on the tops of the MWs could lead
to multi-reflections. The same edge-to-edge distance between
the MWs means that the samples with MWs of smaller radii
have higher wire densities, which could cause more multi-
reflections. This could explain the lower reflectivity of the
samples with MWs of smaller radii in the short wavelength
range. In the long wavelength range, on the other hand, it is
not difficult to understand. As is well known, the photons with
longer wavelength would have a longer penetration depth. The
incident light which is perpendicular to the surfaces of wires
would change the direction when it goes into the wires when
considering the textured surfaces. As a result, wires of longer
radii could absorb more photons of longer wavelength since
these photons could go a longer distance before they could es-
cape out of the sides of the wires. As a result, the MWs with
smaller radii show higher reflectivity in the long wavelength

range.
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Fig. 4. (color online) Measured reflectivity results of conventional tex-
tured surface and textured-MW structured surfaces with different radii
(6 um, 9 pm, and 12 pm).

Based on the reflectivity (R), wafer thickness (¢) and ab-
sorption coefficient (o), the absorbed photons n(1) at wave-
length A can be expressed as

n(A) =no(A)-(1-R)-(1—e"), ()

where ng(A) is the density of incident photons at wavelength
A and air mass 1.5.

From Eq. (1), the numbers of the absorbed photons in
the wavelength from 420 nm to 1000 nm can be calculated
for the structures with different radii of MWs and are shown
in Fig. 5(a). In the calculation, the wavelength dependence
of the absorption coefficient is considered, and 180 pum is as-
sumed for an average thickness of the Si wafers. It can be seen
that in the short wavelength range, textured-MW structures ab-
sorb more photons than the conventional textured surface. The
smaller the radius is, the more photons are absorbed. In the
long wavelength range, the results are just the opposite.
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Fig. 5. (color online) (a) Dependences of the absorbed photons on
wavelength, and (b) wavelength dependence of the total photons from
420 nm to 1000 nm, for different radii of textured-MW structured sur-
faces of 180-um-thick Si wafers.

To better understand the effects of MW structures on the
performance of solar cells, it is interesting to further analyze
the photon absorption in the short wavelength range. The total
photons absorbed in a wavelength range from Ay to A can be
expressed as

N(A) :/An(l)dl. @)

By taking the N(A) of the conventional textured sur-
face as the reference, the increase of N(A) for the textured-
MW structured surfaces in percentage can be obtained from
Fig. 5(a). Shown in Fig. 5(b) is the wavelength dependence
of the total photons absorbed from 420 nm to A for different
radii of MW structured surfaces with a Si wafer thickness of
180 um. It can be seen that the total numbers of photons ab-
sorbed from 420 nm to 1000 nm are quite close for different
structures. However, in a wavelength ranging from 420 nm
to about 850 nm, the total numbers of photons absorbed in
textured-MWs are more than those in the conventional tex-
ture surface. The smaller the radius is, the more photons the
textured-MWSs can absorb in the short wavelength range. This
is especially helpful for improving the blue response of the so-
lar cells. So it can be assumed that the reflectance and absorp-
tion performance may help textured-MW solar cells exhibit
better performance than solar cells of a conventional textured
surface.
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The simulated reflectance results of textured-MW struc- results, it is indicated that the electric field magnitude distri-
tured surfaces with different wire radii (6 um, 9 um, and  butions of textured-MW surfaces are quite different from those
12 um) are obtained with FDTD Solutions and shown in  of the conventional textured surface and the flat-MW surface.
Fig. 6. Compared with the experimental results shown in

Fig. 4, the simulated reflectivity results exhibit a similar trend 30
to those observed in the experiments, or in the short wave- 25 _ z g:j EE
length range, MWs with smaller radii show better antireflec- I a 12—4 um
tion effects, while in the long wavelength range, MWs with § 20}
larger radii exhibit lower reflections. E’ Fa
In order to understand the difference in light distribu- % 15 'Q:AAA
tion in Si wafers between conventional textured surface and = 10l
textured-MW structured surface, their electric field magnitude ::%

distributions are calculated. Shown in Fig. 7 are the normal- 51
ized cross-sectional electric field magnitude distributions (E
denotes the electric field magnitude in the structure, Ey repre-
sents the electric field magnitude of the incident plane wave) of
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. Fig. 6. (color online) Simulated reflectivity results of conventional tex-
without textures at the tops of MWs, and textured-MWs) at ture surface and textured-MW structured surfaces with wires of differ-
wavelengths of 500 nm, 700 nm, and 900 nm. From the ent radii (6 um, 9 um, and 12 pm).
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Fig. 7. (color online) Electric field magnitude distributions of three structures (conventional texture surface, flat-MW, and textured-MW) at wave-
lengths of 500 nm, 700 nm, and 900 nm.
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The electric field magnitude distributions in the textured-MW's
look like the combination of the electric field magnitude dis-
tribution in the conventional textured surface and that in a
flat-MW surface. In the flat-MWs, there exists a tendency of
higher light intensity distributed along the edges of the wires.
For long wavelength light, two higher intensity areas appear:
the edge and center in the wires, while almost all light is dis-
tributed along the edge area for short wavelength light. For the
textured-MW surfaces, the light distribution in central areas
in the wires becomes more uniform although the distribution
in the edge areas seems to be unchanged. As is well known,
the carriers generated in the MWs are collected in the radial
direction. So the electric field magnitude distribution in the
textured-MWs could help to improve the collection of carri-
ers compared with those in both the flat-MWs structure and
conventional textured surface due to the shorter distance to the

edge junction of some photon-generated carriers.

4. Conclusions

The reflectivities of conventional textured surface and
textured-MW structured surfaces are investigated. The ex-
perimental and simulated results are in good agreement with
each other. Compared with the conventional textured surface,
textured-MWs structures show a lower reflectivity in the short
wavelength range and higher reflectivity in the long wave-
length range. The surfaces of MWs with smaller radii exhibit
lower reflectivities in the short wavelength range, but higher
reflectivities in the long wavelength range. Further analy-
sis indicates that textured-MWs can absorb more photons in
the short wavelength range, which could help to improve the
collection efficiency of carriers. Moreover, simulations on
electric field magnitude distributions in the MWs show that
textured-MWs structures demonstrate a better effect on the im-

provement of the carrier collections.

References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
(11]
[12]
[13]
[14]
[15]

[16]
[17]

(18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

[26]
[27]

(28]
[29]

[30]

028401-5

Stirn R and Yeh Y M 1975 Appl. Phys. Lett. 27 95

Zhao J and Green M A 1991 IEEE Trans. Electron Dev. 38 1925
Chhajed S, Schubert M F, Kim J K and Fred Schubert E 2008 Appl.
Phys. Lett. 93 251108

Chen J and Sun K 2010 Sol. Energy Mater. Sol. Cells 94 629

Oh J, Yuan H C and Branz HM 2012 Nat. Nanotechnol. 7 743

Chen L, Wang Q K, Wangyang P H, Huang K and Shen X Q 2015
Chin. Phys. B 24 040202

Xiang C P, Jin Y, Liu J T, Xu B Z, Wang W M, Wei X, Song G F and
Xu'Y 2014 Chin. Phys. B 23 038803

Chen F X, Wang L S and Xu W Y 2013 Chin. Phys. B 22 045202
Yablonovitch E 1982 J. Opt. Soc. Am. 72 899

Campbell P and Green M A 1987 J. Appl. Phys. 62 243

Yuan H C, Yost V E, Page M R, Stradins P, Meier D L and Branz H M
2009 Appl. Phys. Lett. 95 123501

Stubenrauch M, Fischer M, Kremin C, Stoebenau S, Albrecht A and
Nagel O 2006 J. Micromech. Microeng. 16 S82

Koynov S, Brandt M S and Stutzmann M 2006 Appl. Phys. Lett. 88
203107

LiJ, Yu H, Wong S M, Zhang G, Lo G Q and Kwong D L 2010 J. Phys.
D: Appl. Phys. 43 255101

JungJ Y, Guo Z, Jee S W, Um H D, Park K T, Hyun M S, Yang J M
and Lee J H 2010 Nanotechnology 21 445303

Garnett E and Yang P 2008 J. Am. Chem. Soc. 130 9224

Tsakalakos L, Balch J, Fronheiser J, Korevaar B, Sulima O and Rand J
2007 Appl. Phys. Lett. 91 233117

Tian B, Zheng X, Kempa T J, Fang Y, Yu N, Yu G, Huang J and Lieber
C M 2007 Nature 449 885

Peng K Q and Lee S T 2011 Adv. Mater. 23 198

Putnam M C, Boettcher S W, Kelzenberg M D, Turner-Evans D B,
Spurgeon J M, Warren E L, Briggs R M, Lewis N S and Atwater H A
2010 Energy. Environ. Sci. 3 1037

Gharghi M, Fathi E, Kante B, Sivoththaman S and Zhang X 2012 Nano
Lett. 12 6278

Kim DR, Lee C H, Rao P M, Cho I S and Zheng X 2011 Nano Lett. 11
2704

Yang L, Xuan Y, Han Y and Tan J 2012 Energ. Convers. Manag. 54 30
Garnett E and Yang P 2010 Nano Lett. 10 1082

Zhu J, Yu Z F, Burkhard G F, Hsu C M, Connor ST, Xu Y Q, Wang Q,
McGehee M, Fan S H and Cui Y 2008 Nano Lett. 9 279

Kosten E D, Warren E L and Atwater H A 2011 Opt. Express 19 3316
Lee E, Kim Y, Gwon M, Kim D W, Baek S H and Kim J H 2012 Sol.
Energy Mater. Sol. Cells 103 93

Hu L and Chen G 2007 Nano Lett. 7 3249

JungJ Y, Um HD, Jee S W, Park K T, Bang J H and Lee J H 2013 Sol.
Energy Mater. Sol. Cells 112 84

Kelzenberg M, Putnam M, Turner-Evans D, Lewis N and Atwater
H 2009 in 34th IEEE Photovoltaic Specialists Conference (PVSC),
001948


http://dx.doi.org/10.1063/1.88375
http://dx.doi.org/10.1109/16.119035
http://dx.doi.org/10.1063/1.3050463
http://dx.doi.org/10.1063/1.3050463
http://dx.doi.org/10.1016/j.solmat.2009.11.028
http://dx.doi.org/10.1038/nnano.2012.166
http://dx.doi.org/10.1088/1674-1056/24/4/040202
http://dx.doi.org/10.1088/1674-1056/24/4/040202
http://dx.doi.org/10.1088/1674-1056/23/3/038803
http://dx.doi.org/10.1088/1674-1056/22/4/045202
http://dx.doi.org/10.1364/JOSA.72.000899
http://dx.doi.org/10.1063/1.339189
http://dx.doi.org/10.1063/1.3231438
http://dx.doi.org/10.1088/0960-1317/16/6/S13
http://dx.doi.org/10.1063/1.2204573
http://dx.doi.org/10.1063/1.2204573
http://dx.doi.org/10.1088/0022-3727/43/25/255101
http://dx.doi.org/10.1088/0022-3727/43/25/255101
http://dx.doi.org/10.1088/0957-4484/21/44/445303
http://dx.doi.org/10.1021/ja8032907
http://dx.doi.org/10.1063/1.2821113
http://dx.doi.org/10.1038/nature06181
http://dx.doi.org/10.1002/adma.v23.2
http://dx.doi.org/10.1039/c0ee00014k
http://dx.doi.org/10.1021/nl3033813
http://dx.doi.org/10.1021/nl3033813
http://dx.doi.org/10.1021/nl2009636
http://dx.doi.org/10.1021/nl2009636
http://dx.doi.org/10.1016/j.enconman.2011.09.017
http://dx.doi.org/10.1021/nl100161z
http://dx.doi.org/10.1021/nl802886y
http://dx.doi.org/10.1364/OE.19.003316
http://dx.doi.org/10.1016/j.solmat.2012.04.023
http://dx.doi.org/10.1016/j.solmat.2012.04.023
http://dx.doi.org/10.1021/nl071018b
http://dx.doi.org/10.1016/j.solmat.2012.12.046
http://dx.doi.org/10.1016/j.solmat.2012.12.046
http://dx.doi.org/10.1109/PVSC.2009.5411542
http://dx.doi.org/10.1109/PVSC.2009.5411542

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusions
	References

