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We present a new and practical approach for preparing submicro-textured silver and aluminum (Ag/Al) double-
structured layers at low substrate temperatures. The surface texturing of silver and aluminum double-structured layers was
performed by increasing the deposition temperature of the Al layers to 270 °C. The highly submicro-textured silver and alu-
minum double-structured layers were prepared by thermal evaporation on quartz glasses and their surface microstructure,
light scattering properties, and thermal stability were investigated. Results showed that the highly submicro-textured Ag/Al
composite films prepared at low substrate temperatures used as back reflectors not only can enhance the light scattering and
have good thermal stability, but also have good adhesion properties. In addition, their fabrication is low cost and readily

carried out.
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1. Introduction

Thin-film silicon solar cells have been the focus of a great
number of studies due to the considerable decrease in silicon
consumption in their fabrication, leading to the reduction in
their manufacturing cost. Nevertheless, thin film silicon solar
cells display a major disadvantage in comparison with their
bulk counterpart. The complete absorption of the incident
sun-light, particularly in the wavelength range from 600 nm
to 1100 nm, can not be achieved due to the limited thickness
of the silicon film layer, which is typically 1-4 um. There-
fore, how to trap light efficiently, which will lead to the en-
hancement in the short-circuit current Js., becomes the focus
of this research area and has been studied extensively in recent
decades. A light trapping technique utilizing a textured back
reflector (BR), which can achieve a high Js. without requiring
a significant increase in the thickness of the Si layer, plays a
critical role in improving the efficiency of thin-film silicon so-
lar cells.!!! The absorption enhancement thus achieved is due
to light scatterings and has been discussed.?! The thin-film
solar cells using a textured back reflector increase the optical
path length of the incident light, because the light is scattered
by the textured surface to different directions instead of specu-
lar reflection, which enhances the total internal reflection at the
interfaces within the cells. Theoretically, by ideal light trap-
ping, which can be achieved through a perfect random texture,
the optical path length in a material with a refractive index
of n is enhanced by a factor of 4n2.13 So far, various ran-
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domly textured back reflectors/substrates have been realized
using Sn0», 31 ZnO, 10111 glags, [1213] plastic films,!'! and
Ag.['#16] Tn addition, a unique periodically textured back sur-
face reflector (BSR) fabricated by using the anodic oxidation
of Al has been studied.!!”! From the above authors’ studies, we
can conclude that the efficiency of thin film silicon solar cells
is improved by replacing the flat back reflectors with various
optimal textured ones.

Aluminum (Al) and silver (Ag) are the most widely used
materials in the back reflectors of solar cells. The former
is adopted due to its low price, good adhesion properties,
and ease of handling. It allows us to prepare textured sur-
faces at low substrate temperatures owing to its low melting
point.[!81°1 The major drawbacks of using Al films as back
reflectors reside in their low total reflectance in the wave-
length region over which solar cells operate and the occur-
rence of interband absorption at an undesirable wavelength
(~ 800 nm).2% The latter is adopted due to its excellent total
reflectance in the desired wavelength region and good electri-
cal conductivity. The major drawbacks of using Ag films as
back reflectors reside in its high cost and the high substrate
temperature required for preparing textured surfaces.!!®?! In
this contribution, a new and practical approach for prepar-
ing submicro-textured silver and aluminum double-structured
layers at low substrate temperatures is proposed. Submicro-
textured Ag/Al composite films are fabricated on thick quartz
glass substrates by thermal evaporation deposition. By con-
trolling the substrate temperature for depositing the Al layer,
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the changes in the surface characteristics of Ag/Al composite
films are investigated systematically. Light-scattering prop-
erties, the correlation between the surface morphology of the
composite films and the haze, and the thermal stability of the
highly submicro-textured composite films are investigated and
discussed.

2. Experiment

The Ag (99.99%) and Al (99.9%) were used as the evap-
oration materials. Al layers were deposited on 2-mm thick
quartz glass substrates by thermal evaporation under a base
pressure of 5x107% Pa. The deposition rate was 1.2 nm/s.
The substrate temperature for depositing the Al layers was var-
ied from room temperature to 270 °C to induce the changes
in surface morphology. The film thickness of the Al layers
was 400 nm. Next Ag layers of thickness 140 nm were de-
posited on the prepared Al layers at room temperature by ther-
mal evaporation under a base pressure of 9x10~* Pa. The
deposition rate was 0.2 nm/s. Thus, Ag/Al composite films
with different random textures were acquired. The microstruc-
ture and surface roughness of the deposited Ag/Al compos-
ite films were examined by atomic force microscopy (AFM)
analysis. The total reflectance Ry, is the sum of the specu-
lar and diffuse reflectance for a rough interface. The border
angle Oi,r between the specular light and the diffuse light is
equal to the aperture angle of the specular opening in the in-
tegrating sphere, which is used to measure the total and dif-
fuse reflectance. In our case, Oiy = /36 = 5°. The to-
tal reflectance using integrating sphere and the specular re-
flectance (Rspecular) of the Ag/Al composite films were mea-
sured in the spectral range from 300 nm to 1100 nm by using
a UV-Vis—NIR spectrophotometer (Cary 5000). The diffuse
reflectance (Rgiruse) Of the Ag/Al composite films in the spec-
tral range from 300 nm to 1100 nm was obtained by Ryifuse =
Riotal — Rspecutar- The angular resolved scattering (ARS) inten-
sity of the optimal composite films was measured by scattering
measurement systems (Light TEC Reflect 180). The thermal
stability of the prepared random submicro-textured composite
films was investigated by heat treatment. The heat-treatment
process is as follow. The Ag/Al composite films of which the
Al layers were deposited at 270 °C were put into a vacuum
chamber. When the vacuum chamber was evacuated to a base
pressure of 5x 10~* Pa, the temperature of the sample was in-
creased to 50 °C by iodine tungsten light radiation and kept
at that temperature for 1 h. After that, the temperature of the
sample was raised to 100 °C, 150 °C, 200 °C, and 220 °C and
kept for 1 h at each temperature. Finally, natural cooling in
the vacuum chamber was performed. The above process was

carried out at a pressure below 2x 1073 Pa.

3. Results and discussion
3.1. Surface texture of the Ag/Al composite films

A variety of textures of the films were obtained by chang-
ing the deposition temperature of the substrate layer, as pro-
posed in the structure zone model (SZM).[18:19.22-24] Ty the
growth processes of pure metal (basis SZM) and multiphase
or impurity containing metal films (real SZM), the structural
evolutions of the films are commonly controlled by changing
the parameter Ty/T;,, where T is the substrate temperature and
T, is the melting point of the film material. In our studies,
different surface microstructures were obtained when the Al
layer of the Ag/Al composite films was deposited at the sub-
strate temperatures of room temperature, 200 °C, and 270 °C.
The temperatures were chosen in the range consistent with the
structure zones T and II in the SZM. The accompanying 75 /T,
values were 0.30, 0.47, and 0.55, respectively, as the melting
point of Al is 993.04 K.

Figure 1 shows the changes in the surface microstruc-
ture of Ag/Al composite films induced by increasing the sub-
strate temperature for depositing the Al layers. As shown in
Fig. 1, the surface morphology of the Ag/Al composite films
with the Al layer deposited at room temperature (sample (a))
is composed of columns of 200-300 nm, and the size distribu-
tion is uniform. The microstructure is a pronounced elongated
columnar structure. The root-mean-square (RMS) roughness
is 6 nm. When the substrate temperature for depositing the Al
layer of Ag/Al composite films is increased to 200 °C (sample
(b)), the sizes of the columns are increased to 500—800 nm in
some partial directions, and the size distribution is no longer
uniform. The heights of the columns are very unevenly dis-
tributed in the whole area. The RMS roughness obtained is
42.3 nm. When the substrate temperature for depositing the
Al layer of Ag/Al composite films is increased to 270 °C
(sample (c)), the surface feature becomes coarse. Columns
of size 1000-1500 nm are found in the whole area. The sur-
face microstructure is a modulated texture which consists of
small pyramids on the top of larger columnar crystals. The
RMS roughness obtained reaches 47.1 nm. In this case, the
crystallites are nearly random or only weakly textured and the
columnar structure is elongated for the film whose Al layer is
deposited at the room temperature, which corresponds to the
highest part of zone T (7y/Ty, ~0.3). By increasing the sub-
strate temperature for depositing the Al layer to 200 °C, cor-
responding to zone I (T /Ty, ~ 0.4-0.5), the surface becomes
rough and the microstructure grows in some partial directions
due to the pronounced orientation selection to decrease in the
total grain boundary area as well as the minimization of the
interface and surface energy and large grains with low surface
and interface energy growth at the expense of smaller or un-
favorably oriented grains. With the substrate temperature for
depositing the Al layer increased up to 270 °C, corresponding
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to the higher temperature region of zone II (7y /T, ~ 0.5-0.6)
in which the orientation selection is completed during coa-
lescence and secondary recrystallization, also called abnormal
grain growth, followed, a state is reached where it is energet-
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ically more favorable to grow only in the lateral dimensions
of the grains due to significant surface and bulk diffusion and
abnormal grain growth resulting in the height of the columnar

reducing.
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Fig. 1. (color online) Three-dimensional AFM images and cross sections along one AFM scan line on 10 pmx 10 pm area of Ag/Al
composite films prepared at different substrate temperatures for depositing the Al layers: (a) room temperature, (b) 200 °C, (c) 270 °C.

3.2. Haze parameters of the Ag/Al composite films

In order to investigate the light scattering properties of the
Ag/Al composite films, the haze parameter Hr = Ryigtuse / Riotal
is examined, and the results are shown in Fig. 2. The ab-
sorption peak at wavelength ~ 320 nm is attributed to the
bulk plasmon (BP) of Ag,!?°! while the absorption peak with
its tail at wavelength ~ 350 nm is associated with the sur-
face plasmon (SP) of Ag.[”>) The wavelength of SP shifts
towards shorter ones as the refractive index n of the embed-
ding medium increases.?®! The absorption peak and its ab-
sorption tail are quite sensitive to the surface morphology of
the Ag/Al composite films. For the incident light wavelengths
from 350 nm to 600 nm, the Ry, of samples (b) and (c) are
smaller than that of sample (a) due to the spread of the SP
peak, which can be influenced by the surface morphology and
the parasitic absorption caused by rough surface and oxida-
tion of Ag. For the incident light wavelengths from 350 nm
to 600 nm, Ry, can be optimized by varying the deposition
rate, film thickness, and the chamber pressure of Ag layer due
to the adjustments of the SP absorption peak and its absorp-
tion tail.[>”] Therefore, it is expected that the Ry of sample
(c) can be improved by optimizing the deposition rate, film
thickness, and the chamber pressure of Ag layer. Besides,
for wavelengths from 350 nm to 600 nm, the incident light
is mostly absorbed before reaching the rear surface in the so-
lar cells. Therefore, the total and diffuse reflectances of the
Ag/Al composite films for the incident light between 600 nm

and 1100 nm are the focus of our study.
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Fig. 2. Total reflectance Ry, and diffuse reflectance Rgifruse Of the
Ag/Al composite films with the Al layer deposited at room temperature
(solid line), 200 °C (dash dot), and 270 °C (dash).

As shown in Fig. 2, in the wavelength range between
600 nm and 1100 nm, the average Ry, of sample (a) is over
95%, its average Rgifruse has not reached 5%; for sample (b),
the average Ryo is over 90%, the average Rgiffuse 1S only 40%;
the average Ry, of sample (c) is about 90%, and its aver-
age Ryifruse 1S over 60%. For sample (¢), Rgifruse 1 remarkably
increased as compared with that of the other samples with the
Al layer prepared at lower deposition temperatures. Compared
with the highly textured Ag back reflector,!'®!] which is ob-
tained at the high deposition temperature of 500 °C and has a
large film thickness above 500 nm, sample (c) possesses better
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Ruifruse in the wavelength range between 800 nm and 1100 nm,
lower deposition temperature, and less Ag consumption. For
rough interfaces (the surface characteristics are defined by sta-
tistical parameters: RMS o and correlation length /), when the
RMS of the interfaces is comparable to or smaller than the ef-
fective wavelength of the medium at normal incidence and the
correlation length is larger than the wavelength of light, the
scale scattering theory can be applied to determine the haze
factor Hg,“?®) and the haze factor is related to RMS o, wave-
length A, and the refractive index of the medium of incidence

(no) by
Hg = Ro(1 —exp[—(4mongh)?]), (1)

where Ry is the total reflectance of the rough interfaces.

The Hg of the Ag/Al composite films with the Al films
deposited at different temperatures are plotted in Fig. 3, where
the total reflectance is equal to that measured and shown in
Fig. 2 and ny is equal to 1 for the wavelength between 400 nm
and 1100 nm. As shown in Fig. 3, for the wavelength between
400 nm and 600 nm, the calculated haze, which increases
when the RMS values become larger, is in good agreement
with that in the measurement. The calculated haze, which in-
creases with increasing RMS roughness and decreases with
increasing wavelength for the wavelength between 600 nm
and 1100 nm, is also in good agreement with that in the mea-
surement. However, noticeable quantitative disagreement be-
tween calculated and measured Hp is also found. Equation (1)
presents a good approximation of haze parameters only if the
roughness of the interface is completely random and has a
normal (Gaussian) height distribution. Besides, as mentioned
above, the theory requires the correlation length of the inter-
face to be much larger than the wavelength of light to ne-
glect shadowing and multiple-scattering effects at the rough
interface. For the analyzed samples and the wavelengths stud-
ied, the disagreement may be due to that the height distribu-
tion deviates from the normal distribution, which is proposed
in the film growth at the higher temperature region zone II
(Ty) T ~ 0.5-0.6),21 and [ > A is violated, which can be
found and estimated from Fig. 1. For sample (c) and the wave-
lengths studied, the noticeable quantitative disagreement may
be negatively correlated with the different geometrical features
integrated in a modulated surface texture?>”! which consists of
small pyramids on the top of larger columnar crystals shown
in Fig. 1. For the wavelength between 400 nm and 500 nm, the
reason for disagreement between the calculation with Eq. (1)
and the measurement of Hr may be that the incident light is in
the region of SP’s absorption tail, which is quite sensitive to
the surface morphology of the Ag/Al back reflectors and the
deposition rate, film thickness, and the chamber pressure of
the Ag layer.
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Fig. 3. Calculated and measured haze factors in the reflection of the
Ag/Al composite films with different RMS values.

From the above results and discussion, it is expected that
the enhanced light scattering properties of the textured sur-
faces of sample (c) are favorable for increasing the optical path
length in thin pc-Si:H layers as well as a-Si:H layers to im-
prove the light trapping.

3.3. Angular resolved scattering intensity distribution of
the Ag/Al composite films

In Fig. 4, the angular resolved scattering (ARS) intensity
distribution of the reflected light of sample (c) in the atmo-
sphere, measured in the plane normal to the scattering inter-
face, is shown. The direction of the outgoing radiation is de-
scribed by the spherical angles 6 and ¢, where 0 is the eleva-
tion angle and ¢ is the azimuthal angle of the outgoing radi-
ation. The reflected light intensity at & from —3° to 3° is not
meaningful,?%! because the light lamp prevents the reflected
light from entering into the detector for the incident light from
400 nm to 1000 nm. The solid, dashed, and dash-dot lines
show angular resolved scattering intensities with ¢; = 30°,
¢ = 90°, and ¢3 = 200°, respectively. We can get the an-
gular resolved scattering intensity distribution Dars (¢, 6) "
= constant, where 6 is a fixed value in the range from —90°
to 90° and ¢ is a variable. This implies that, up to noise due to
the limited sampling size of the interface, the angular resolved
scattering intensity is independent of ¢. In general, a thin-
film solar cell consists of a front transparent conducting oxide
(TCO) layer, a doped Si layer, and a rear TCO/Ag layer. The
aluminum-doped zinc oxide (ZnO:Al) film is commonly used
as the TCO layer between the silicon and the metallic contact
as a part of the back reflector to improve the optical properties
and to act as a diffusion barrier.3!! In preparing a thin film so-
lar cell, an approximately 80-nm thick aluminum-doped zinc
oxide (ZnO:Al) film is deposited on the back reflector. Thus,
in this case, the critical (escaping) angle 6. is defined as

0. = arcsin(ny; /nsi:p) =~ 16°. 2)

Such a thin layer does not affect the total internal reflection.
For the back reflector, the total scattering intensity of the total
internal reflection at the interface within the cells is obtained
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30,32

by integrating **-3%] (without writing explicitly the dependence

on the wavelength)

I= / Dars(9,0)dQ. 3)

For random textures and the perpendicular incidence, the an-
gular resolved scattering intensity is independent of ¢. There-
fore Dars(¢,0) can be simplified to Dars(6) by integrating
out the azimuthal angle ¢. The ARS is obtained from Fig. 3,
so we can get the expression of the total scattering intensity
for elevation angles 0 between 6; and 0,

21 0,
Ic:/ 46 | Dars(6)sin0d6. @)
0

1
Therefore the scattering intensity of the total internal reflection
at the interface within the cells is
2 w/2
1,3:/ do [ Dars(8)sin6de. )
0 4w /45

From Ref. [33], we find that the angular resolved scattering in-
tensity distribution of ZnO:Al-Ag/Al interface is independent
of ¢ and 0 and equals N times that of the air-Ag/Al interface,
so the calculation indicates

1)1 ~55%,

where [ is the total intensity of the outgoing radiation. Mean-
while, we find in Fig. 2 that the intensity of the specular re-
flectance is about 30% of the incident light from 400 nm to
1000 nm.

In Subsection 3.2, the Rgifruse Of sample (c) is about 70%
for the incident light from 600 nm to 1100 nm in the air. The
scattering intensity of the total internal reflection at the inter-
face within the cells in the large angle region (15° < 6 < 90°)
is about 55%, and the scattering intensity is about 34% in the
larger angle region (30° < 6 < 90°) for the incident light from
400 nm to 1000 nm. Therefore, it is expected that the Ag/Al
composite films with the Al layer deposited at 270 °C as a
back reflector in thin-film silicon solar cells can enhance the
light trapping and improve the efficiency of the thin-film sili-
con solar cells.
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0/(°)
Fig. 4. Angular resolved scattering intensity distribution of the Ag/Al
composite films with the Al layer prepared at 270 °C, the solid, dashed,
and dash-dot lines show angular resolved scattering intensities of dif-
ferent directions.

3.4. Thermal stability of the Ag/Al composite films

Generally, the TCO and the Si absorption layers are fab-
ricated on the back reflectors at a certain temperature (200—
250 °C)1%17] to improve the efficiency of solar cells. There-
fore, the thermal stability of sample (c) should be investigated
through annealing at different temperatures in vacuum. The
surface microstructure and the scattering properties of sample
(c) after heat treatment are shown in Fig. 5. The surface mi-
crostructure and the scattering properties of sample (c) after
heat treatment are similar to those before treatment. The RMS
of sample (c) after heat treatment increases slightly, and the
absorption peak which is caused by the SP of Ag has a slight
blue-shift. The reason for the results may be that the temper-
ature of heat treatment is too low, so the atoms of the Al film
do not have enough energy to break the texture with which the
Ag/Al composite films have a minimized overall surface and
interface energy and the Ag film has a good thermal stabil-
ity below 300 °C. From above, sample (c) has a good thermal
stability, which is very useful for fabricating film solar cells.
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Fig. 5. (color online) (a) AFM image and (b) the total and diffuse re-
flectance of sample (c) after heat treatment.

4. Conclusions

In this work, thermal evaporated Ag/Al composite films
with highly submicro-textured surfaces were successfully pre-

pared on 2-mm thick quartz glass substrates by changing the
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substrate temperature for depositing the Al layers. The sur-
face microstructure, light scattering properties, and thermal
stability of the submicro-textured composite films fabricated
at low substrate temperatures were investigated. By increasing
the substrate temperature for depositing the Al layers, the sur-
face of the Ag/Al composite films was texturized, resulting in
the increase of the diffuse reflectance of the Ag/Al composite
films for the wavelength between 600 nm and 1100 nm. Using
sample (c) as the back reflector, the scattering intensity of to-
tal internal reflection at the interface within the cells was about
55% for the incident light with wavelengths from 400 nm to
1000 nm and the diffuse reflectance was about 70% for the
incident light with wavelengths from 600 nm to 1100 nm.
The prepared submicro-textured Ag/Al composite films pos-
sessed the following properties: (i) low cost of preparation,
easy preparation; (ii) better adhesion properties compared with
the pure Ag random texture back reflector; (iii) lower despo-
sition temperatures (below 270 °C) at which the highly tex-
tured surface was obtained due to the low melting point of Al
compared with the highly textured Ag back reflector, 6! which
was desiposed at 500 °C; (iv) perfect scattering properties in
the wavelength range where the solar cells are operating; (v)
good thermal stability.
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