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performance of polycrystalline Si solar cells by
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Abstract: The performance enhancement of polycrystalline Si solar cells
by using an optimized discrete multilayer anti-reflection (AR) coating with
broadband and omni-directional characteristics is presented. Discrete
multilayer AR coatings are optimized by a genetic algorithm, and
experimentally demonstrated by refractive-index tunable SiO, nano-helix
arrays and co-sputtered (SiO,),(TiO,);., thin film layers. The optimized
multilayer AR coating shows a reduced total reflection, leading to the high
incident-photon-to-electron conversion efficiency over a correspondingly
wide range of wavelengths and incident angles, offering a very promising
way to harvest more solar energy by virtually any type of solar cells for a
longer time of a day.
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1. Introduction

Anti-reflection (AR) coatings are widely used in many optoelectronic devices and systems to
reduce unwanted optical reflections. In particular, AR coatings for solar cells are very
beneficial to minimize the reflection loss, thus, to increase the power conversion efficiency of
solar cells [1, 2]. For conventional single- and double-layer AR coatings, the thickness and
the refractive index are chosen to insure that as the normal incident light wave with a specific
wavelength strikes the solar cell, the reflected light wave destructively interferes with the
incident light wave. However, there is a fundamental limitation of such conventional AR
coatings - although the reflection loss is minimal near the wavelength and the angle of
incidence where they are optimized, it increases drastically for other wavelengths and angles
of incidence. Since the solar irradiance is inherently broadband and its angle of incidence is
wide due to the diffuse light scattered by the atmosphere and the positional variation of the
sun during the course of a day and during the course of the seasons. AR coatings having low
reflection over a wide range of wavelengths and angles of incidence, i.e., broadband and
omni-directional characteristics, are highly desirable to harvest more solar energy for a longer
time of the day.
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More than 130 years ago, it was theoretically demonstrated that an optical medium with a
continuously graded refractive-index profile can effectively reduce the reflection for wide
range of wavelengths and incident angles [3]. In order to realize such continuous refractive-
index-graded coatings, various bottom-up and top-down approaches have been developed [4—
10]. As top-down approaches, moth-eye structures fabricated by wet [4, 5], dry etching [6-8]
or electron-beam lithography patterned dielectrics [9, 10] were reported to have broadband
and omni-directional characteristics due to the continuously-graded refractive-index profile
enabled by the array of needle-like individual nanostructures. However, such top-down
etching approaches require thicker (up to several micrometers) starting material to be etched,
thus wasted, than needed for the active region of solar cells, and additional process steps such
as lithography and/or protection layer deposition for etching process. Moreover, such
approaches could be implemented only for a specific solar cell material through an proper
etching process suitable for the material. On the other hand, a number of bottom-up
approaches, including ZnO nanowire arrays grown by chemical vapor deposition or
hydrothermal process have been reported to show favorable AR characteristics [11-13].

Recently, it was reported that appropriately designed discrete multilayer AR coatings can
outperform any continuously-graded AR coatings by taking advantage of the interference
effect [14]. Due to the oblique-angle deposition (OAD) technique, with which the refractive
index of thin film can be precisely tuned to a desired value (down to about 1.1) [15], such
discrete multilayer coatings were recently demonstrated on various semiconductor substrates
including AIN [15], GaN [16], GaAs [17] and Si [18-20]. The OAD is a very promising
method for producing ordered nanostructure arrays of a variety of materials with excellent
refractive-index tunability, position/shape-controllability, reproducibility, and compatibility
with conventional micro-electronics processes at a low cost [18]. Despite the great potential
of discrete multilayer AR coatings for broadband and omni-directional AR coatings, no report
demonstrating an enhancement of the efficiency in commercial solar cells with such AR
coatings has been reported.

In this study, we present an enhanced performance of commercial polycrystalline Si solar
cells by using discrete multilayer AR coatings. By taking advantage of tunable- and low-
refractive index materials offered by co-sputtering and OAD methods, an optimized 4-layer
AR coating was designed by a genetic algorithm (GA) and fabricated on a polycrystalline Si
solar cell. The excellent broadband and omni-directional characteristics of the GA-optimized
AR coatings are demonstrated, which directly lead to an enhanced power conversion
efficiency of polycrystalline Si solar cells.

2. Optimization of AR coatings

Discrete multilayer AR coatings optimized by using GA have been reported in the literature
[19, 21]. Starting from a given number of layers, the optimization algorithm creates a random
population of potential AR structures of various layer thicknesses and indices of refraction,
and then determines the fitness of each structure against a figure of merit (FOM). A fraction
of the worst performing structures is discarded and replaced with the genetic “offspring” of
two randomly chosen remaining “parents” (‘fit’ structures), which is repeated until good
convergence on the design parameters of the population is achieved. One of the advantages of
this optimization scheme is the great flexibility of the user defined conditions - for example,
ranges of wavelengths and angles of incidence, the absorption characteristic of any solar cell
material, and weighting factors concerning the relative importance of specific conditions, etc.
- for an optimal structure.

In this study, we set air as the ambient surrounding the Si solar cell, thus, boundary
conditions for the GA optimization include the highest and the lowest refractive indices of 2.4
and 1.1 at A = 550nm, experimentally acquired from bulk TiO, and nanoporous SiO,
fabricated by OAD, respectively. Note that in practical situation where solar cells are
encapsulated by EVA and cover glass, boundary conditions in the GA optimization should be
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modified accordingly and the reflection loss at the air-cover glass interface can be reduced by
another optimized multilayer AR coating on top of the cover glass [22].

The optimized AR coating structures were designed to emphasize the wavelength-
dependent distribution of solar irradiation by taking into account the normalized air mass of
1.5, and to have omni-directional characteristics by defining the FOM as the average
reflectance over the wavelength and incident angle range, R,,,, given by,

2 TIR (4, 6)+RTM (4.0)
" - /71 6,-6 35
where Rrg and Rry represent the transverse electric (TE) and transverse magnetic (TM)

reflectance. With the cos@ weighting term in the integration, the incident-angle-dependency
of solar irradiation is taken into consideration in the FOM.
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Fig. 1. Wavelength- and angle-dependent reflectance of (a) single-layer, (b) double-layer and
(c) 4-layer AR coatings. The structure of each AR coating was optimized by the genetic
algorithm to minimize average reflectance over 400 to 1100nm wavelength range and 0° to 80°
incident angle range. (d) Averaged reflectance of discrete multilayer AR coatings as a function
of the number of layers.
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Table 1. The thickness, material, and refractive index at A, = 550nm of each layer
constituting 1-layer, 2-layer and 4-layer AR coatings optimized by the GA.

1-layer 2-layer 4-layer

Thickness Material n Thickness Material n Thickness Material n

244 nm SiO, nanohelix 1.11
72 nm SiO, nanohelix 1.20
134 nm SiO; nanohelix  1.36 93 nm (Si10,)09(Ti02)o.1 1.57
74 nm SizN, 1.95 63 nm TiO, 2.4 63 nm TiO, 2.4

Substrate, Thickness = 500um, n» = 3.4

Figures 1 (a)-1(c) show reflectance contour maps of optimized single-, double-, and 4-
layer AR coatings with wavelength and incident angle, together with reflectance curves at
normal irradiance. The thickness and the refractive index of each AR coating optimized by
GA are listed in Table 1. For the optimized single-layer AR coating, the reflectance reaches
its minimum at around 600nm, but it increases substantially for other, especially shorter,
wavelengths. For the optimized double-layer AR coating, the reflection minimum shifts
towards a shorter wavelength, around 530nm, and an additional low reflection band appears
near 900nm, resulting in a reduced reflectance at long wavelengths. Compared to the single-
and double-layer coatings, the optimized 4-layer AR coatings yields substantially reduced
reflection particularly at short wavelengths and the new reflection minimum near 8§50nm
becomes apparent. Furthermore, a low reflection band with respect to the angle of incidence
expands up to ~80°, showing an excellent omni-directional characteristic. The change in the
low reflection bands with increasing number of layers originates from the FOM with certain
weighting factors used during the GA optimization process. Figure 1(d) shows the changes of
average reflectance as a function of the number of layers. The average reflectance initially
decreases rapidly, and then saturates as more layers are added. Compared to the single-layer
AR coating with average reflectance of 15%, the double- and 4-layer AR coatings show
significantly reduced average reflectance values of 6.4% and 3.8%, respectively. Since further
increase of the number of layers does not yield a remarkable reduction of average reflectance,
the 4-layer AR coating structure was chosen for our experimental demonstration.

3. Fabrication of AR coatings

Although the optimized 4-layer AR coating is expected to show broadband and omni-
directional AR characteristics as shown in Fig. 1, a significant obstacle in the implementation
still remains: Available transparent thin film materials with designed refractive indices of 2.4
and 1.57, even down to 1.2 and 1.1 are very limited. Among the solutions for the lack of
available materials with desired refractive indices [23, 24], two methods, co-sputtering and
OAD are used, based on the following concept: a mixture of two materials can have an
intermediate refractive index between the bulk refractive indices of the two pure unmixed
materials. In the co-sputtering of SiO, and TiO, targets, for example, (Si0,),(TiO,);., thin
films with any refractive index between 1.46 (refractive index of SiO,) and 2.4 (refractive
index of TiO,) can be achieved by adjusting the relative electrical power applied to each
sputtering target. Figure 2(a) shows the refractive-index profile of co-sputtered
(Si0,),(Ti0O,),., thin films deposited by radio frequency (RF)-magnetron sputter as a function
of relative RF plasma power applied to the TiO, target. When the RF power to the TiO, target
is zero, SiO; is solely deposited. The relative fraction of TiO, in the (SiO,)(TiO,),., film
increases as the TiO, target power increases, and thus the refractive index of the film
approaches the bulk value of TiO,.

Thin films with low refractive indices can be achieved by using the OAD method. Using
OAD, nanoporous thin films are produced by surface diffusion and the self-shadowing effect
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[25] so that the porosity can be precisely controlled by adjusting the deposition angle. Based
on the effective media approximation, nanoporous thin films can have an intermediate
refractive index, i.e. between the refractive index of the deposited dense material and that of
air, ~1 [26-28]. Figure 2(b) shows the porosity and the refractive index of porous SiO, thin
films deposited by electron-beam evaporation as a function of deposition angle. The
refractive index of SiO, film decreases as the deposition angle increases due to increased
porosity. Note that the refractive index of a SiO, thin film can be precisely tuned from 1.46 (€

=0°to 1.1 (8= 83°) at 550nm.
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Fig. 2. (a) Measured refractive index of co-sputtered (SiO,)(TiO,);., thin films as a function of
relative RF plasma power applied to the TiO, target. (b) Measured refractive index and
calculated porosity of SiO, thin films deposited by OAD as a function of deposition angle, 6.
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Fig. 3. (a) Cross-section SEM image and refractive index profile of the 4-layer AR coating on
Si substrate. (b) Designed and measured values of thickness and refractive index of each layer
for the optimized 4-layer AR coating.

Table 2. Designed and measured thickness and refractive index of the individual layers of
the 4-layer AR coating. The first and second layer, and the third and fourth layer were

deposited by co-sputtering and OAD, respectively. Deposition conditions of co-sputtering

and OAD are chosen to acquire desired refractive index.

Deposition Thickness (nm) Refractive index (n)
Layer Method condition Designed Measured Designed Measured
Layer 4 OAD 83 243.8 233 1.11 1.13
Layer 3 75° 71.5 52 1.20 1.26
Si0,: 100W
Layer 2 Co-sputtering TiO,: 40W 92.9 86.3 1.57 1.62
Layer 1 TiO,: 200W 63.4 62 2.4 2.37
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By taking advantage of the refractive-index tunability and the availability of low-
refractive-index materials enabled by co-sputtering and OAD methods, the optimized 4-layer
AR coating was fabricated on 6 inch X 6 inch commercial polycrystalline Si solar cells.
Figure 3(a) shows the cross-sectional scanning-electron microscopy (SEM) image of the 4-
layer AR coating. Table 2 summarizes deposition conditions. The first layer, dense TiO, thin
film, was deposited by room-temperature RF sputtering with RF power of 200W, operation
pressure of 4.4mTorr under 20 sccm of Ar, 1 sccm of O,. The second layer, (SiO,),(TiO,);.,,
was deposited by RF co-sputtering with RF power to TiO, and SiO, targets of 40W and
100W, respectively, under the same conditions described above. The third (» = 1.20) and
forth layer (n = 1.11), nanoporous SiO,, were deposited by OAD using electron-beam
evaporation with a deposition angle of 8= 75° and 83°, respectively. In order to avoid the
variation in thickness of each layer over the 6-inch solar cell, the cell was rotated with 1rpm
during the OAD, which results in the formation of an array of SiO, helical nanorods
(nanohelix) rather than the formation of slanted nanorods. Figure 3(b) and Table 2 compare
optimized (designed) values of thickness and refractive index of each layer in the 4-layer AR
coating with measured ones, confirming that there is a negligible difference between them,
thus, the 4-layer AR coating was fabricated well as designed.

4. Result and Discussion

Figure 4(a) shows the measured wavelength- and angle-dependent reflectance contour map of
the optimized 4-layer AR coating, which is in excellent agreement with the calculated one
shown in Fig. 1(c). At the incident angle of 10°, the measured reflectance is below 5% for
most of the wavelength range, showing a broadband characteristic. In addition, the average
reflectance at 10°, 40°, and 70° is 3.95%, 4.15%, and 4.89%, respectively, virtually
independent of the angle of incidence, showing the omni-directional characteristic. The
average reflectance measured over the wavelength range 400nm ~1100nm and incident angle
range 10° ~70° is 4.21%, in good agreement with the calculated value, 3.82%. Figure 4(b)
shows the difference between the measured reflectance, shown in Fig. 4(a) and the calculated
one shown in Fig. 1(c). The overall difference is very small, —2% to 5%, confirming that the
AR coating was fabricated as designed with negligible absorption and scattering effects.
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Fig. 4. (a) Measured wavelength- and angle-dependent reflectance of the 4-layer AR coating.
(b) The difference between the measured reflectance [Fig. 4(a)] and calculated reflectance
[Fig. 1(c)].

In order to estimate the relative contribution of the specular and the diffuse reflection on
reducing the overall reflection, we measured the reflection of bare silicon, Si;N4 AR coating,
and the optimized 4-layer AR coating with varying the angle of detector (AOD) at 550nm and
850nm, and the angle of incidence (AOI) of 7°, 30°, and 60°, as shown in Fig. 5. The peak
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reflectance values are consistent with the calculated and the measured ones shown in Figs. 1
and 4, respectively. For example, the specular reflectance of four-layer AR coating at 7° AOI
and 550nm is 2.98% in Fig. 4 and it is comparable to 2.73%, which is a peak reflectance
where AOD = AOI. After the gap between AOD and AOI becomes larger than 10°, the
reflectance rapidly decreases to ~0.01% regardless of wavelength we measured. Since this
specular characteristic is observed in optically flat surfaces, it is possible to conclude that the
nanoposous SiO, layer in four-layer AR coating behaves as an effective thin film with very
low refractive index. The diffuse reflection of 4-layer structure is comparable to Si and SizN,4
AR coating. Therefore, reduction of reflection in the 4-layer AR coating is mainly due to the
suppression of specular reflection, not diffuse reflection.
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Fig. 5. Measured reflectance of bare silicon, Si;Ny, 4-layer AR coating measured at 550nm ((a)
~(c)) and 850nm ((d) ~(f)). Reflectance of each sample is plotted as a function of the
difference between the angle of detector (AOD) and the angle of incidence (AOI)on a log scale
with varying AOI — 7° ((a), (d)), 30° ((b), (e)), and 60° ((c), ()).
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Fig. 6. (a) The total reflectance measured from bare and AR coated (Si;N4 and 4-layer AR
coatings) polycrystalline Si solar cells as a function of wavelength. (b) Photograph of
polycrystalline Si solar cell with the Si;Ny(bluish color, left) and the 4-layer AR coatings(black
color, right).

Figure 6(a) shows the total reflectance of bare Si solar cell and AR coated solar cells
measured at the incident angle of 7° using an integrating sphere. Compared to the bare Si
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solar cell, the solar cell coated with the Si;N, and the 4-layer AR coating shows a
significantly reduced total reflection. The reflectance of the Si;N4 AR coating has a minimum
around 650nm and rapidly increases for other, especially shorter, wavelengths, whereas the
reflectance of the optimized 4-layer AR coating shows a low reflectance over a wide range of
wavelengths, confirming the broadband characteristic. Figure 6(b) shows pieces of the poly-
silicon solar cells with a Si;N4 and the 4-layer AR coating. The solar cell with the Si;N4; AR
coating looks bluish due to the high reflectance in the short-wavelength region. However, the
solar cell with the 4-layer AR coating looks black due to the wide low reflection band
covering most of the visible wavelength range. This broadband characteristic of the 4-layer
AR coating is expected to cause high incident-photon-to-electron conversion efficiency
(IPCE) values over wide range of wavelengths.
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Fig. 7. (a) Measured IPCE of polycrystalline Si solar cells with the Si;N4 and the4-layer AR
coatings at normal incidence as a function of wavelength, together with the total reflectance.
(b) Measured short circuit current density of polycrystalline Si solar cells with the Si;N; and
the 4-layer AR coatings as a function of incident angle. The short circuit current density is
calculated by integrating the IPCE values.

IPCE is defined by the ratio of the number of charge carriers collected by the solar cell to
the number of photons of a given energy shining on the solar cell, measured under the short-
circuit condition. Thus the overlap integral of IPCE value with the air mass 1.5 of solar
irradiance spectrum (incident light flux, F(4)) for the whole wavelength range is the short
circuit photocurrent density (Jsc¢), given by:

e = [aF (AQE (A)d A @)

where ¢ is the elementary charge and QE(A) is the quantum efficiency. Figure 7(a) shows the
measured IPCE, together with the measured total reflectance of solar cells with conventional
Si3N,4 single layer and the optimized 4-layer AR coatings at normal irradiance. The IPCE
curves look like mirror images of the measured reflectance curves, i.e., the lower the
reflectance at a specific wavelength, the higher the IPCE becomes for the wavelength, and
indicating that reduction of the reflection loss directly causes the enhancement of the IPCE.
The reflectance of Siz;N; AR coating is slightly lower than that of the 4-layer AR coating
around 620nm ~750nm, leading to the higher IPCE at the same wavelength range. However,
the broadband 4-layer AR coating shows lower reflectance than the Si;N; AR coating in
extended wavelength ranges, < 620nm and > 750nm, which directly result in higher IPCE for
broader wavelength range. The wavelength ranges with reflectance lower than 5% are
590~760nm and 500~1000nm for the SizN, and the 4-layer AR coating, respectively.
Accordingly, the wavelength range with IPCE values higher than 95% is 500~950nm for the
solar cell with the 4-layer AR coating, much wider than that of the Si;Ny4 solar cell. This
enhanced IPCE of the solar cell with the 4-layer AR coating for the wide range of wavelength
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is attributed to the reduced broadband reflection at the surface of the solar cell, leading to an
increased transmission of incident photons with wide range of energies into the active region
of the Si solar cell.

In order to investigate the angle-dependent reflection characteristic of AR coating, IPCE
with varying incident angle from 0° to 50 ° was measured. Figure 7(b) shows the short circuit
current density, Jyc, calculated from the measured IPCE using Eq. (2). Note that the exposed
area by light source changes with incident angle, but the effect of enlarged area is not
normalized. As expected from Fig. 7(a), the Js¢ of solar cell with the 4-layer AR coating is
higher than that with the Si;N, AR coating, not only for normal irradiance but also for the
wide range of incident angle. We believe that this omni-directional characteristic of the 4-
layer AR coating is very beneficial for harvesting more energy for a longer time during the
day.

5. Conclusions

We have demonstrated an enhanced performance of polycrystalline Si solar cells by using
nanostructured discrete 4-layer AR coatings with broadband and omni-directional
characteristics. The GA-optimized 4-layer AR coating composed of nanohelix SiO, arrays
and co-sputtered (Si0,),(TiO,),., thin film layers significantly outperforms the conventional
Si3N4 AR coating over a wide range of wavelengths and angles of incidence, which directly
causes a corresponding enhancement of IPCE of polycrystalline Si solar cells. The IPCE of
the Si solar cell larger than 95% over a broad range of wavelengths, 500nm to 950nm, up to
the incident angle of 50° is achieved. We attribute the performance enhancement of the
discrete multilayer AR coatings to the interference effect optimized by the GA as well as a
better refractive-index matching to the air enabled by nanohelix SiO, arrays. Since the
structure of discrete multilayer AR coatings can be optimized for application-specific
requirements, thus they can be used for virtually any type of solar cells. Furthermore,
optimized multilayer AR coatings can be readily implemented for various solar cells by
conventional micro-electronics processes. Therefore, the optimized 4-layer AR coating, as an
example of the potential multiple-discrete-layer tailored- and low-refractive index AR coating
technology, is viable, readily applicable and highly promising for future generations of AR
coating technology on various solar cell devices.
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