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Abstract: We introduce a new approach to systematically break the symmetry in periodic 
nanostructures on a crystalline silicon surface. Our focus is inverted nanopyramid arrays with 
a prescribed symmetry. The arrangement and symmetry of nanopyramids are determined by 
etch mask design and its rotation with respect to the [110] orientation of the Si(001) substrate. 
This approach eliminates the need for using expensive off-cut silicon wafers. We also make 
use of low-cost, manufacturable, wet etching steps to fabricate the nanopyramids. Our 
experiment and computational modeling demonstrate that the symmetry breaking can increase 
the photovoltaic efficiency in thin-film silicon solar cells. For a 10-micron-thick active layer, 
the efficiency improves from 27.0 to 27.9% by enhanced light trapping over the broad 
sunlight spectrum. Our computation further reveals that this improvement would increase 
from 28.1 to 30.0% in the case of a 20-micron-thick active layer, when the unetched area 
between nanopyramids is minimized with over-etching. In addition to the immediate benefit 
to solar photovoltaics, our method of symmetry breaking provides a useful experimental 
platform to broadly study the effect of symmetry breaking on spectrally tuned light absorption 
and emission. 
© 2016 Optical Society of America 
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1. Introduction 

The large market share (~85%) of crystalline silicon (c-Si) solar cells is expected to continue 
in the near future [1], and the industry is rapidly moving towards thin crystalline film 
technologies. The benefit of using thin films is two-fold. The 1st benefit is reduced material 
cost. The c-Si wafers used in commercial solar cells today are typically 100-300 μm thick and 
constitute approximately 30–40% of total module cost [2]. The module cost in turn accounts 
for more than half of overall photovoltaic (PV) system cost [2]. Therefore, using thin (∼10 
μm) c-Si films would provide a substantial cost advantage. The 2nd benefit is reduced weight 
and contourability. Thin c-Si films can be supported on a light-weight flexible platform and 
contoured around the underlying structure. The weight reduction would decrease 
transportation and installation costs, thus providing savings in the overall balance-of-system 
costs [3]. While the cost benefits are clear, the optical absorption is significantly lower in thin 
c-Si films compared to thick films, hence highly efficient light trapping is necessary for thin 
films to achieve similar PV efficiency to thick films. 

Various light-trapping schemes exist today to enhance light absorption. These schemes 
include light scattering by nanoparticles [4–7], random/quasi-random surface corrugation [8–
10], nanorod arrays [11–19], and diffraction gratings [20–28]. When metal/dielectric 
nanoparticles are placed on thin films, light is efficiently scattered into the underlying films at 
the resonance frequencies. However, the metal nanoparticles strongly absorb light, when 
placed on weakly absorbing photoactive films [4]. This optical loss limits the light-trapping 
efficiency. Random surface roughening is another cost-effective manufacturing method to 
efficiently scatter light into the films. However, the inherent non-uniformity of random 
structures makes it difficult to optimize and improve both electrical and optical characteristics 
in PV applications [29]. Compared to the random surface features, the PV characteristics can 
be controlled more systematically by introducing periodic nanostructures, such as nanorod 
arrays or diffraction gratings. While nanorod-based solar cells can have strong light 
absorption, the surface recombination of charge carriers becomes a significant challenge due 
to the large surface-to-volume ratio [15]. In comparison, diffraction gratings have a smaller 
surface area than nanorods, while efficiently trapping light. Based on the evaluation of 
various light-trapping schemes and to judiciously exploit their advantages, we have selected 
metal-free, periodic, light-trapping nanostructures with a relatively small surface area increase 
(1.7 times) over a flat surface as a practical solution to achieve a high efficiency in thin-film 
solar cells. 
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Han et al. recently reported that proper breaking of point group symmetry in periodic 
nanostructures enhances light trapping [20, 30]. Throughout this work, we use the term 
“symmetry” to denote only the point group symmetry, excluding the translational symmetry. 
Breaking symmetry in periodic nanostructures can create new resonant absorption peaks and 
split degenerate absorption peaks, improving the light absorption integrated over the broad 
solar spectrum [30–33]. This improvement is very close to the Lambertian light-trapping limit 
and can reduce the c-Si solar cell thickness by two orders of magnitude, while achieving the 
same efficiency as thick flat c-Si films with an antireflection coating [20]. We note that 
symmetry breaking in macroscopic structures etched on off-cut Si wafers can also enhance 
light absorption, as Green et al. have demonstrated [34, 35]. However, the physics of 
enhancement in this case is fundamentally different. These macroscopic structures do not 
support resonance absorption, and light trapping can be explained by ray-tracing 
approximation. In contrast to Green’s approach, our method eliminates the need for using 
expensive off-cut wafers in achieving symmetry-breaking surface corrugation. 

Periodic and random structures have been compared for their light-trapping performance 
[29, 36, 37]. While the performance of the two is found to be similar to each other for silicon 
PV, the conclusion should be limited to the specific structures used in the studies. The reason 
is that depending on the geometry and scale, periodic structures may provide greater light 
trapping than random structures, and vice versa. Additional complexity in this comparison is 
that controlling the spatial correlation in random structures has been found to improve the 
light-trapping efficiency over both periodic and random structures [9, 10, 38, 39]. However, 
the correlation control requires rather expensive fabrication techniques. Here, we demonstrate 
that symmetry-breaking nanopyramid arrays provide a greater light-trapping efficiency than 
the symmetric nanopyramid arrays. The latter has been shown to be similar to random 
nanopyramids in light-trapping performance [37]. Therefore, we contend that symmetry-
breaking periodic nanostructures offer a strong possibility to exceed the light-trapping 
efficiency of random nanostructures. In addition, our fabrication method is much less 
expensive than that of correlation control. 

Symmetry-breaking nanostructures can be fabricated by directional dry etching [40], 
glancing angle deposition [41], wet etching on off-cut Si surfaces [35, 42], and multiple 
exposures in interference lithography [43]. However, fabricating such structures in a scalable, 
cost-effective, manufacturable manner remains elusive. In this work, we introduce a new 
approach to systematically break the symmetry in inverted nanopyramid arrays. The 
fabrication of symmetry-breaking nanostructures relies on simple, low-cost, wet-etch 
processing steps, and does not rely on the use of expensive off-cut Si wafers [35, 42]. This 
method also provides a convenient platform to rapidly canvass through a large range of 
geometries and study the effect of symmetry breaking on light trapping. In addition, the total 
increase in surface area is either comparable to the microscale inverted pyramids or much less 
than that of nanorod arrays. These advantages make the symmetry-breaking nanostructures 
exceptionally suitable for high-efficiency thin-film solar cells. 

2. Results and discussion 

Figure 1 illustrates our approach to break the symmetry in inverted nanopyramid arrays with 
each symmetry group denoted by the Schönflies notation. The left column of Fig. 1 shows a 
variety of etch templates represented by yellow mask with perforation. The open windows in 
the template are defined by lithography and dry etching. Interference or nanoimprint 
lithography can be used to define the submicron windows. The exposed underlying c-Si is 
then etched in an alkaline solution to create the inverted nanopyramids shown in the right 
column of Fig. 1. The fabrication technique is valid for single crystalline materials, but not for 
polycrystalline or amorphous materials. However, a metal layer deposited on the inverted 
nanopyramid arrays can be exfoliated and subsequently used as a bottom contact to deposit 
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polycrystalline or amorphous materials, making our approach widely applicable to non-
crystalline films. This work will be discussed in our future publication. 

In Fig. 1, we use a square lattice with C4v symmetry as the basis of comparison, where one 
of the two lattice vectors is parallel to the [110] direction of the substrate [21]. The first level 
of symmetry breaking can be achieved by rotating the lattice vector of the etch template with 
respect to the [110] direction around the [001] axis (Fig. 1 inset). This lattice rotation 
effectively results in each inverted nanopyramid rotated around its own apex. Consequently, 
the mirror symmetry is completely broken while the 4-fold rotational symmetry is preserved. 
In addition to the rotation, the symmetry can be further broken by arranging the etch windows 
in non-square-lattice patterns. The possible two-dimensional non-square lattices are 
rectangular, triangular, centered-rectangular, and oblique lattices [44]. With the previously 
described sequence of symmetry breaking, we can reduce the symmetry of inverted 
nanopyramid arrays from C4v to C2. 

 

Fig. 1. Schematic approach to systematically break the symmetry by rotating the etch template 
(inset) and arranging the openings in various lattice types. Left figures show the etch template 
rotated about the [001] axis. The flat region on the right side of each c-Si wafer indicates the 
[110] direction. Subsequent etching in an alkaline solution defines inverted nanopyramids on 
c-Si(001) surfaces (right figures). The resulting symmetries are labeled in Schönflies notation. 

The symmetry-breaking inverted nanopyramids can be directly fabricated on kerfless thin 
c-Si films. The c-Si films of a few μm to tens of μm in thickness are produced using a kerfless 
process and commercially available today. In this work, solely for the convenience of 
handling samples, we use silicon-on-insulator (SOI) wafers to obtain the light-trapping 
structures on thin c-Si films. The SOI wafers consist of a 10-μm-thick device layer, a 500-nm-
thick buried SiO2 layer, and a thick handle layer. The etch masks are fabricated on the device 
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layer of SOI wafers using interference lithography (IL) [Fig. 2(a) left]. The etch mask, going 
from top to bottom of its stack, is comprised of photoresist (NR7-500P, Futurrex), anti-
reflection coating (ARC i-CON-16, Brewer science), and SiO2. The 120-nm-thick SiO2 layer 
is thermally grown on c-Si prior to lithography. Then, a 160-nm-thick anti-reflection layer 
and a 500-nm-thick photoresist film are sequentially spin-coated on SiO2/Si. The photoresist 
was soft-baked at 150°C for 60 seconds, exposed to a laser with a wavelength of 355 nm 
(YAG-Nd laser, Infinity 40-100, Coherent Inc.) in Lloyd’s mirror interferometry, and post-
baked at 100°C for 60 seconds. After the photoresist is developed, reactive ion etching in 
CHF3/O2 plasma is used to create the etch windows in the SiO2 layer. The SOI wafers with 
the etch masks are etched in an alkaline solution to define the inverted nanopyramids into the 
underlying c-Si, and the etch masks are subsequently removed [Fig. 2(a) middle]. The 
alkaline etch solution is prepared by dissolving 150 g of KOH in a mixture of 500 ml water 
and 125 ml isopropyl alcohol. Since the anisotropic etching step leaves flat unetched areas 
between the inverted pyramids, which reduce light trapping [21], we use a solution mixture of 
70 wt% HNO3 and 49 wt% HF (300:1 by volume) to further etch the c-Si isotropically [45]. 
Then, a 73-nm-thick silicon nitride (SiNx) layer is deposited on the nanopyramids for 
antireflection, using plasma-enhanced chemical vapor deposition (PECVD). The refractive 
index of SiNx layer is determined by ellipsometry to be 1.7 – 1.9 at the wavelength of 632.8 
nm. A depression window is then created in the handle wafer using etching in a KOH solution 
over an area defined by lithography. To protect the front SiNx layer and nanopyramids during 
the depression window etching, a polymer is spin-coated on the front surface prior to etching. 
The buried SiO2 layer in the SOI wafer serves as the etch stop. After etching the depression 
window, the polymer protective film is removed, and a 100-nm-thick Ag film is deposited on 
the exposed surface of the SiO2 layer as a backside reflector [Fig. 2(a) right]. In our current 
effort, we define the thin-film structures over a 2.5 cm × 1 cm area in SOI wafers. Similar 
procedures for preparing a thin c-Si film using SOI wafers can be found in References [3, 21]. 

 

Fig. 2. (a) Illustration of fabrication process for light-trapping structures on thin c-Si films. (b)-
(d) Scanning electron micrographs of the inverted nanopyramid arrays with (b) C4v, (c) C4, and 
(d) C2 symmetry. The insets are a de-magnified view of each structure. These structures are 
obtained after 8-min anisotropic etching at 55°C followed by 10-min isotropic etching at 25°C. 
In (c) and (d), each pyramid is rotated by approximately 22.5° around its own apex from a 
lattice vector. The periodicity in the two orthogonal directions is 700 nm × 700 nm for (b)-(c) 
and 800 nm × 900 nm for (d). 

Figures 2(b)-2(d) show inverted nanopyramid arrays with C4v, C4, and C2 symmetry 
fabricated on SOI wafers before a SiNx layer is deposited. The pitch in the square lattice is 
700 nm for C4v and C4 symmetry. For C2 symmetry, we make use of a rectangular lattice 
where the pitches along the lattice vectors are 800 and 900 nm, respectively. The C4 and the 
C2 structures are obtained by rotating the square and rectangular template lattices according to 
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our scheme in Fig. 1 (2nd and 3rd rows). The rotation angle is approximately 22.5°. This 
angle is chosen to be one half of 45° to reduce the symmetry from C4v to C4; 45° rotations 
would result in the same C4v symmetry. The isotropic etching time is kept at 10 minutes to 
minimize the unetched area, while maintaining the shape definition of inverted nanopyramids. 
Prolonged isotropic etching tends to blur the shape of nanopyramids and makes it difficult to 
compare with modeling results. The resulting inverted nanopyramids show a long-range 
order. Figure 2 illustrates this uniformity over 10 μm range, and multiple scans over ~1 cm 
range at sampled regions show similar uniformity. Overall, we have established a systematic 
approach to break the symmetry in inverted nanopyramid arrays on c-Si(001) surface, using 
scalable lithography and simple wet etching steps. 

The pitches of the three structures correspond to the maximum absorption for ~2-μm-thick 
c-Si films based on our optical calculations. To find the optimum pitches, we performed 
optical calculations based on transfer matrix method [46]. To save computation time in 
searching through many parameter values, we considered the nanostructures etched into a 2-
μm-thick or 2.33-μm-thick c-Si film. For the C4, and C2 symmetry inverted nanopyramid 
arrays, the angle between one of the lattice vectors and the [110] direction is set to 22.5°. The 
inverted nanopyramid arrays are assumed to have no unetched horizontal areas by complete 
isotropic etching subsequent to KOH etching. The structures are conformally coated with a 
60-nm-thick SiNx layer with a refractive index of 1.9 for anti-reflection. On the backside of 
the c-Si film, a 717-nm-thick SiO2 film and a 150-nm-thick Ag layer is placed as a reflector. 
Figure 3(a) shows the periodicity dependence of the calculated photovoltaic efficiency for the 
C4v and C4 symmetry inverted nanopyramid arrays on 2.33-μm-thick and 2-μm-thick c-Si 
films, respectively. Details of the photovoltaic efficiency calculation will be given later in this 
paper. In both cases, the optimized periodicity is found at 700 nm. Figure 3(b) displays the 
efficiency map of the C2 symmetry (C4 symmetry on the diagonal) structures for various 
combinations of periodicities from 500 to 1000 nm in the x and y directions, which 
correspond to the lattice vectors. This map reveals that the maximum efficiency occurs when 
the periodicities are 800 and 900 nm in the x and y directions, respectively. Thus, for 
maximum light trapping with inverted nanopyramids, the symmetry should be broken from 
C4 to C2 but not by a great degree of change in periodicity from that of C4. The optimum 
periodicities found in the calculations are employed in our experiment in Figs. 2(b)-2(d). The 
calculated efficiencies at the optimum periodicities for C4v (2.33 μm thickness), C4 (2 μm 
thickness), and C2 (2 μm thickness) symmetry inverted nanopyramids are 0.228, 0.237, and 
0.251, respectively. 

 

Fig. 3. (a) Calculated photovoltaic efficiency based on absorption in a 2.33-μm-thick and 2-
μm-thick c-Si film for the C4v and C4 symmetry light-trapping structures, respectively, as a 
function of the periodicity. (b) Calculated efficiency for the C2 symmetry structures based on a 
rotated rectangular lattice with various periodicities in x and y directions, where the angle 
between x-axis and [110] direction is 22.5°. 
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Fig. 4. Calculated spectra of absorption in a 10-μm-thick c-Si film for the C4v, C4, and C2 
symmetry light-trapping structures shown in Figs. 2(b)-2(d). Arrows indicate peak positions 
found from the second derivatives of the spectra. 

Light absorption by the periodic structures is strongly governed by the number of 
resonance peaks and the coupling strength of the resonances to external radiation [30, 47]. In 
general, the number of peaks can be increased by breaking the symmetry, while the coupling 
strength is not trivial to control or estimate. Group theory predicts that, at normal incidence, 
the number of peaks, N, within a spectrum should be N(C4v) = N(C4) < N(C2) when N is large 
[30]. Using transfer matrix method [46], we calculate absorption spectrum from 0.99 to 1 μm 
for our 3 samples in Figs. 2(b)-2(d) and count N. Optical functions of the materials are taken 
from [48]. The large scale difference between the etch depth of ~0.5 μm and the film 
thickness of 10 μm poses a significant challenge in numerical calculations. To efficiently 
overcome the challenge, we use a layer-doubling technique in the transfer matrix method. In 
this technique, a transfer matrix for a thick Si layer is easily obtained by doubling the matrix 
for a thin layer multiple times. The calculated absorption spectrum is shown in Fig. 4. For 
accurate counting of the number of peaks, we use high spectral resolution at small intervals of 
5 × 10−5 eV and take the second derivative of the spectrum. Peak positions are identified as 
the points where the second derivative is negative and locally minimum. In agreement with 
group theory, N increases from 23 for the C4v and C4 structures to 34 for the C2 structure. For 
C4v and C4 symmetries, the optical response is the same for two orthogonal linear 
polarizations, resulting in degeneracy in the peaks. For C2 symmetry, the 4-fold rotation 
symmetry is broken, and the degeneracy is lifted, resulting in resonance peak splitting and 
increased absorption. While the spectral range of investigation is very narrow, the results are 
a proof-of-concept demonstration of how the number of resonance peaks depends on the 
symmetry. Therefore, we expect the light absorption to increase as the symmetry is reduced 
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from C4v (or C4) to C2. Moreover, as we will show later, the light absorption can increase 
despite the same number of resonance peaks (e.g., C4 vs. C4v) [30], if light coupling can be 
strengthened. As a result, the light absorption progressively increases as the symmetry is 
reduced from C4v to C4 to C2. 

We measure optical absorption of the C4v, C4, and C2 symmetry samples, using a 
spectrophotometer with an integrating sphere (Lambda 950, Perkin-Elmer). The angle of 
incidence is 8° from the surface normal. Figures 5(a)-5(c) show the measured and calculated 
spectra of total absorption for the samples of C4v, C4, and C2 symmetry, respectively. In 
general, good agreement between the measured and calculated absorption is observed. 
Calculated absorption in Ag is also displayed in Figs. 5(a)-5(c). The metal loss is appreciable 
only for wavelengths greater than 900 nm. 

 

Fig. 5. (a)-(c) Comparison of experimental (solid line) and calculated (dashed line) total 
absorptance and calculated absorption in Ag (dot-dashed) for the inverted nanopyramid arrays 
of (a) C4v, (b) C4 and (c) C2 symmetry shown in Figs. 2(b)-2(d). For the calculated absorption, 
the spectra are averaged over a photon energy range of 0.06 eV to smoothen sharp peaks. The 
refractive index of the SiNx coating is 1.7 for (a), (b) and 1.9 for (c) in the calculations. (d) 
Absorptance in c-Si for the inverted nanopyramid arrays of C4v (blue), C4 (black), and C2 (red) 
symmetry. The calculated photovoltaic efficiency for each nanopyramid structure is introduced 
in the parenthesis. 

The absorption in c-Si is determined by subtracting the calculated absorption in Ag from 
experimentally measured total absorptance and is displayed in Fig. 5(d). Absorption in the 
SiNx coating is negligible while it exhibits slight absorption below 0.4 μm in wavelength. 
When the refractive index of SiNx films is relatively low (< 1.9) as found in our films, the 
solar weighted average absorption in the films is estimated to be less than 0.1% even over a 
corrugated surface [49]. Figure 5(d) shows that our systematic symmetry breaking along the 
C4v → C4 → C2 sequence increases the absorption in c-Si in the long wavelengths, 
approaching closely to the Lambertian light-trapping limit [8]. For photovoltaic applications, 
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light trapping in the long wavelengths is important because the charge thermalization loss is 
minimal in these wavelengths. In short wavelengths, the C2 symmetry sample exhibits 
absorption less than that of the others. We attribute the reason for this to the uncertainty in the 
refractive index of SiNx films and the variation of the unetched areas [21]. To estimate the 
effect of symmetry breaking on the photovoltaic efficiency enhancement, we calculate the 
photovoltaic efficiency, using the spectra in Fig. 5(d). The efficiency calculation assumes that 
the charge carrier loss is due only to radiative recombination and that the solar cell is at room 
temperature. With this assumption, the current density J is given by 
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where V, λ, h, c, ASi, I, e, Eg, λg, kB, and T denote voltage, wavelength, Planck’s constant, light 
speed, absorption in c-Si, AM1.5G solar spectrum electronic charge, c-Si band gap, 
wavelength corresponding to the band gap, Boltzmann’s constant, and solar cell temperature, 
respectively. The efficiency is the maximum JV product divided by incident power. When 
absorption is perfect, this efficiency leads to the Shockley-Queisser limit [50]. Note that Eq. 
(1) is different from Eq. (16) in [51]. This is because the substrate is a metal in our case, while 
[51] assumes an absorbing semiconductor substrate. The efficiencies for the C4v, C4, and C2 
symmetry samples are calculated to be 27.0%, 27.5%, and 27.9%, respectively. That is, the 
efficiency increases by the systematic symmetry breaking in the inverted nanopyramid arrays. 
The absolute increase of 0.9% in the efficiency by symmetry breaking could further increase 
when the corrugation structure is optimized and when the active layer thickness increases. For 
example, we consider the structures where the unetched flat areas between nanopyramids are 
completely removed by isotropic etching. In this case, the efficiencies for C4v, C4, and C2 
symmetry inverted nanopyramids on a 20-μm-thick silicon layer are estimated to be 28.1%, 
29.1%, and 30.0%, respectively. This indicates that, if wet etching steps are further optimized, 
and the active layer thickness is doubled, our symmetry breaking method would increase the 
efficiency by 1.9%, a significant number for Si photovoltaics. Considering 15.7% device 
efficiency experimentally demonstrated by Han and his collaborators [3] from C4v symmetry 
surface corrugation on 10-μm-thick substrates, we can extrapolate the device efficiency for 
our structures. For example, because the calculated efficiencies are 27.0% and 30.0% for a 
10-μm-thick Si film with the C4v symmetry structure and a 20-μm-thick Si film with the C2 
symmetry structure, one could potentially achieve 15.7% × 30.0 / 27.0 = 17.4% efficiency for 
20-μm-thick solar cells with C2 symmetry structures when flat areas between nanopyramids 
are minimal. 

3. Conclusion 

In conclusion, we have introduced a simple method to systematically break the symmetry on 
c-Si(001) surface for enhanced optical absorption in thin crystalline Si. This method makes 
use of cost-effective, manufacturable, wet etching steps directly applicable to kerfless thin Si 
films, and does not rely on the use of off-cut wafers. The symmetry of inverted nanopyramids 
can be reduced by rotating the etch template about the [001] axis and using five different etch 
window lattice types. Following this approach, the symmetry is reduced from C4v to C4 to C2. 
Our experimental results show that the optical absorptance increases with the symmetry 
breaking. The accompanying calculations project that, as the symmetry of the inverted 
nanopyramids is broken in the C4v → C4 → C2 sequence, the photovoltaic efficiency would 
increase along the path. We are currently working towards integrating our symmetry-breaking 
structures into c-Si solar cells according to the design provided by the US National 
Renewable Energy Laboratory. We expect that our method of symmetry breaking will be 
useful not only for light trapping, but also for spectrally tuned light absorption and emission. 
Our symmetry-breaking approach provides a versatile experimental platform to study the 
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effect of nanostructure symmetry on various optical material systems (e.g., organic 
photovoltaics and optoelectronic devices) and phenomena (e.g., high-Q resonance). 
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