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Abstract. To obtain efficient and stable light trapping, angle rotation is introduced to form
rotated square pillar array grating (SPAG) solar cells. Compared with the unpatterned stack slab
and the optimized uniform SPAG cells, the maximum short-circuit current (Jsc) of the optimized
rotated SPAG is increased by 78.54% and 3.21%, respectively. Moreover, besides the fact that
the low-incidence angular sensitivity of Jsc could be maintained, Jsc of the optimized rotated
SPAG will always be larger than that of the optimized uniform SPAG at any incident angle.
Furthermore, when the structural parameters of the subsquare pillar slightly deviate from the
optimum, the absorption only deceases slightly as well, which indicates both a high structural
tolerance and a stable absorption performance. In addition, our results show not only that the
proposed rotated SPAG is promising to make light trapping efficient and stable but also that
introducing rotation disorders is promising for other high-absorption pseudounordered surface
structures. © 2020 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.14
.016008]
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1 Introduction

Thin-film crystalline silicon (c-Si) solar cells are considered as one of the most promising cost-
effective photovoltaic cells due to less material consumption.1–3 However, the active layer, which
is much thinner than the c-Si absorption length, can lead to poor optical absorption. Therefore,
various ordered nanostructures, such as gratings,4–9 array gratings or photonic crystals,2,10–12

plasmonic metal structures,13,14 and biomimetic structures,15–17 have been proposed on the front,
rear, or both sides of the absorbing material layer to enhance the optical absorption. Specifically,
although a few guided mode resonances excited in ordered structures result in increase of light
absorption, compared with the wide absorption spectrum of c-Si, their high absorption spectrum
bandwidths are still very limited. Later, some disordered surface structures with a richer Fourier
spectrum, which could increase the number of accessible diffraction orders for scattering, are
found to be able to further enhance the absorption bandwidth.3,18 However, how to design deli-
berated true disordered structures is complicated and time-consuming. Their fabrications are also
very challenging, thus limiting the practical utilizations.19 Conversely, design and fabrication of
conventional ordered structures, which comprise simple single and regular composition struc-
tural elements, are relatively easier. Thus, multiple structures that have features of both locally
disordered and long-range ordered have been proposed to combine the advantages of both
periodic and random domains, such as quasirandom nanostructures,20–24 pseudodisordered
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structures,1,25–28 and quasicrystal structures.29,30 As a straightforward implementation method,
most pseudodisordered structures are designed by introducing local structural disorders in
finite periodic array structures, such as arrays of round holes,3,25,27 cylinders,31 cuboids,32

inverted pyramids,19,26 and moth eyes.1 It is found that the method is useful to further
increase the light-capture ability. Although the pseudodisordered structure has appeared in
various styles,1,3,25–27,31,32 generally speaking, the ways used to form local disorders can
be dissected in the two main categories. One is by setting different shape parameters for
each substructure,1,26,31,32 and the other is by changing the relative positions between the
substructures.1,25–27 In addition to the two categories, previous investigations of ordered struc-
tures indicate that the angle rotation is also an important factor for enhancement of optical
absorption and interaction.10,33–37 Compared with the mentioned two categories, the way of intro-
ducing rotation as disorders in array structures has two features. First, the invariable substructural
center position in rotation is similar to the case of changing shape parameters. Second, the invar-
iable substructural shape in rotation also has similarity to the case of changing relative position.
Thus, the rotation as a disorder factor should be regarded as another kind of structure category
and it may have distinguished significance in adjusting light trapping, which would inherit merits
from changing both shape and position parameters. However, to date, the rotation as a structural
variation factor to form pseudodisordered structures has not been systematically studied to
enhance light absorption.

To verify whether rotation is efficient for optical absorption enhancement, in this paper, rota-
tion is considered as an unordered factor to generate local disorders in the square pillar array
grating (SPAG). First, an optimized uniform SPAG without rotation is designed, with structural
parameters that could obtain maximum short-circuit current (Jsc). To be used as the basis for
rotation, the optimized uniform SPAG is chosen with a structural size restriction where the
square pillars in SPAG could be freely rotated without overlapping with neighbors. Then, various
angle rotations of the subsquare pillars in the 2 × 2 supercell of the SPAG are randomly intro-
duced, creating local disorders to form the rotated SPAG according to an equal probability cat-
egorical distribution. To obtain the best range of rotation angle for larger Jsc by larger probability,
Jsc values as a function of both the mean and the standard deviation of the rotation angles of
subsquare pillars in the rotated SPAG are thereafter investigated. Moreover, compared with the
optimized uniform SPAG, maximum Jsc of 27.394 mA∕cm2 for the optimized 2 × 2 rotated
SPAG cell is obtained, which shows that suitable rotation would further enhance light-capture
ability. Afterward, absorption spectrum comparison, diffraction order analysis, and field distri-
bution investigation are successively presented to understand why the rotated SPAG could obtain
high-absorption efficiency. Furthermore, incident angle characteristics and structural tolerance of

Fig. 1 Schematic view of the thin-film c-Si solar cells. (a) Uniform SPAG cell, (b) 2 × 2 supercell
rotated SPAG cell, (c) uniform SPAG cell without the ITO layer depicted and with characteristic
parameters of SPAG denoted, and (d) top view of a rotated pillar and the gray dotted line is
the outline of an unrotated pillar.
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the rotated SPAG solar cell are discussed. In addition, taking rotation as the local disorders struc-
tural factor, a new rotated spiral grating cell is designed to illustrate how angle rotation could
further enhance light absorption based on the other geometric structures.

2 Design and Investigation Methodology

To conveniently introduce local rotation disorders, the usual square pillar shape shown in
Fig. 1(a) is chosen as the basic structure. Compared with inverted pyramid,9,26,35 elliptic cylin-
ders,33,36 and other complex composite structures10,38 in which local rotation disorders could also
be introduced, the square pillar not only can be fabricated easily but also has a 90-deg rotational
symmetry. The rotational symmetry of the square pillar could reduce the calculation complexity
during the design stage. Thus, it is deemed as the worth investigation. As shown in Fig. 1(a),
four subsquare pillars arranged in a square array are used to form a supercell of the 2 × 2 SPAG.
In the supercell, local rotation disorders are then introduced by rotating each subsquare pillar
with a random angle in the horizontal plane, as shown in Fig. 1(b). The SPAGs are located on
the surface of the c-Si layer. Below the c-Si layer, silver (Ag) is used as a reflection layer. On the
upper side of the rotated SPAG, indium tin oxide (ITO) is coated as the antireflection layer.
The conducting ITO layer and the Ag layer also can drive the current generated in the absorbing
material c-Si.

In this paper, we concentrate on the rotation properties of the SPAGs; therefore, a uniform
SPAGwithout rotation as the reference should be first determined. Most essential structural param-
eters of the uniform SPAG are chosen referenced to previous investigation results.3,39–42 The thick-
nesses of the ITO layer, c-Si (including the SPAG) layer, and Ag layer are set to 70,18,39 1000,3,39

and 200 nm,3,22,39 respectively. Their optical properties are taken from the literatures.40–42

Especially, the extinction coefficient of ITO is set to 0 to simplify the absorption calculation
of the c-Si material. The Ag layer in the proposed solar cell is used as a back contact and also
as a backside reflector. In the calculation model, both light absorption in the Ag layer and reflection
at the Ag layer surface have been taken into considerations. The thickness of 200 nm is set to
ensure that no light transmits through the Ag layer.3,22,39 The distance between the centers of two
neighboring square pillars a is fixed at 600 nm, because good absorptions have been demonstrated
with this value.43,44 Hence, the square pillar height h and its width b are still unfixed as key struc-
tural parameters of the uniform SPAG. In Sec. 3.1, Jsc dependence studies of these two parameters
are performed to determine the optimized uniform SPAG. As shown in Fig. 1(c), the coordinate
system of the solar cell is depicted. The origin point is located at the center of the top ITO layer.
The directions of X and Y are along the direction of the period, respectively. The direction of Z is
from top to bottom.

After the optimized uniform SPAG is determined, local rotation disorders are introduced by
rotating subsquare pillars around their own center vertical line with some specific angles. The top
view of a rotated subsquare pillar is shown in Fig. 1(d), in which the square center point is used
as the rotation center and counterclockwise is the positive rotation direction. For the choice of
the supercell size, generally speaking, there would be better absorption performance in a larger
supercell with more degrees of freedom. However, the increase of absorption would not be
linearly proportional to the increase of degrees of freedom. In fact, the increase of absorption
is more dependent on the disorders that are introduced. When the disorders are increased to some
degrees, the absorption will get to be saturated. For the case where the 2 × 2 supercell is
increased to the 3 × 3 supercell, only a few disorders would be added in the same area. Therefore,
the absorption would not increase greatly. Similar comments could be found in the study of Ding
et al.,25 in which introducing position disorders are investigated. Moreover, the calculation of
larger supercells will take a long time for our computing resources. Therefore, in this paper,
a 2 × 2 supercell is chosen to investigate rotation properties instead of larger supercells. In the
2 × 2 supercell, the rotation angles of the four subsquare pillars are defined as θ1 to θ4, respec-
tively, as shown in Fig. 1(b). To decrease calculation time, due to the 90 deg rotational symmetry,
the rotation angle range considered could be simplified to −45 deg to 45 deg. Within this range,
angle elements are selected with equal interval, which constitute an alternative angle set to gen-
erate random rotation of subsquare pillar subsequently. The four angles of the four sub square
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pillars of a supercell will be successively determined from discrete rotation angle range by
an equal probability categorical distribution, θ ∼ Catð1∕nÞ, where n is the number of discrete
angle elements in the rotation range. In this paper, all n is set at 7 to decrease complexity. Then,
the subsquare pillars in the supercell of SPAG cell will be rotated accordingly to induce local
disorders.

For the numerical calculation, rigorous coupled-wave analysis45 is adopted to obtain the
reflectance and transmittance of the c-Si absorption material in the wavelength range of 300
to 1000 nm. If not specified, Jsc obtained is under normal incidence with unpolarized light
(average of TE and TM), and it is given as

EQ-TARGET;temp:intralink-;e001;116;416Jsc ¼
e
hc

Z
1000

300

λ½1 − RðλÞ − TðλÞ�SðλÞdλ; (1)

where e, h, c, R, T, and S are the electron charge, the Planck constant, the speed of light in
vacuum, the reflectivity, the transmittance, and the spectral density of the photon irradiance from
the global AM 1.5 spectrum, respectively.20,23,25,46,47

3 Numerical Results and Discussion

3.1 Uniform SPAG Optimization

To select an appropriate uniform SPAG for subsequent studies, dependence studies on the key
surface structural parameters (h and b) of subsquare pillar in the uniform SPAG solar cell are
performed. Jsc values of the uniform SPAG solar cell as a function of h and b are plotted in
Fig. 2. Here, h is varied with a fixed interval of 10 nm in a range from 100 to 500 nm, because
within this range similar structures have demonstrated good absorptions.48 Considering that a is
fixed at 600 nm, b is first varied with an interval of 30 nm in a large range from 60 to 540 nm to
find the approximate value to obtain large Jsc. To avoid the overlap of adjacent square pillars
during rotation, b is limited to no more than

ffiffiffi
2

p
a∕2, which is about 424.26 nm and is marked

with a horizontal dashed line in Fig. 2(a). Therefore, the preliminary optimized zone to obtain
larger Jsc could be determined, and it is denoted by a rectangular dashed line in Fig. 2(a). Later,
more accurate calculations are conducted at this zone, and this time the b is varied with a smaller
interval of 5 nm in a range from 370 to 425 nm. The calculation result is shown in Fig. 2(b), and
the largest Jsc of 26.54 mA∕cm2 identified by a solid pentagram is obtained in an optimized
uniform SPAG cell with b ¼ 410 nm and h ¼ 320 nm, which will be subsequently used as the
basis to design rotated SPAG.

Fig. 2 Jsc of the uniform SPAG solar cell as a function of h and b. (a) The result for larger param-
eter range and (b) the high resolution result for smaller parameter range, which is enclosed by
a rectangular dashed line in (a). The horizontal dashed line indicates the maximum b value, below
which the square pillars can arbitrarily rotate without overlapping. Solid pentagram is the optimized
point.
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3.2 Rotated SPAG Optimization

After the optimized uniform SPAG is obtained, a random method is adopted to introduce rotation
angle disorders. First, as discussed in Sec. 2, four square pillars are used as a 2 × 2 supercell to
introduce random rotation factors. To generate random rotation angles conveniently, every rota-
tion angle in the supercell is in turn randomly selected from a candidate rotation set by an equal
probability categorical distribution. Then, Jsc values of the 2 × 2 rotated SPAG cells represented
by angle combinations are investigated to obtain high-performance 2 × 2 rotated SPAG cells.
However, finding the four rotation angles of an optimized rotated SPAG cell in a wide rotation
angle range requires lots of calculation resources and time. Therefore, ameliorating the rotation
angle range based on some preliminary calculations would be more feasible.

For the rotated SPAG structures, because the pattern designs are obtained using a pseudor-
andom number-generator process, the statistic parameters of the rotated SPAG tend to be more
important and need to be paid more attention. In such cases, the ameliorating design method
considering statistic parameters is more preferable. Therefore, in the optimization process of
stochastic computation, 100 different rotated SPAGs in each rotation range are randomly
selected and calculated, which should be sufficient to find a plurality of high-efficient rotated
SPAGs.1,25 The maximum Jsc in each rotation range and its corresponding angle combination are
provided in Table 1. To better demonstrate the effect of introducing rotation, the mean EðθiÞ and
the standard deviation σ of the rotation angles θ1 to θ4 for each rotated SPAG are calculated.
Jsc as a function of both EðθiÞ, and σ is shown in Fig. 3.

Table 1 Results of random angle optimization for rotated SPAG.

Range and interval
Best Jsc
(mA∕cm2)

Additional enhanced
Jsc compared with
optimized uniform
SPAG (mA∕cm2)

Additional enhanced
Jsc compared with
optimized uniform

SPAG (%)

Angle combination
(θ1, θ2, θ3, and θ4)

for best Jsc

−45 deg to 45 deg, 15 deg 27.267 0.726 2.74 (0 deg, 15 deg,
30 deg, and 15 deg)

−30 deg to 30 deg, 10 deg 27.349 0.808 3.00 (−10 deg, −20 deg,
−20 deg, and −30 deg)

0 deg to �30 deg, 5 deg 27.382 0.841 3.17 (10 deg, 25 deg,
25 deg, and 20 deg)

Fig. 3 Jsc of the rotated SPAG cell as a function of the mean and standard deviation for θ1, θ2, θ3,
and θ4 at different rotation ranges. Because the structures with opposite rotation angles have the
same Jsc, symmetric result points are complemented in the figure for a clearer demonstration.
Illustration is the schematic view of the rotated SPAG solar cells.
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With the decrease of the rotation range, the value of maximum Jsc increases accordingly, the
maximum Jsc obtained by stochastic computation is 27.384 mA∕cm2. Moreover, the amount of
dark-red points with larger Jsc also increases with the decrease of the rotation range. Dark-red
points tend to likely distribute in the mean range of 10 deg to 25 deg (range of −10 deg to
−25 deg is the same for symmetry) with σ smaller than 15 deg. The phenomena indicate that
the degree of angular rotation disorder should not be too large. In addition, to obtain a high
absorption, all subsquare pillars should be only rotated with the same direction.

To ensure the ameliorating design method is efficient, Jsc values of all possible angle com-
binations in each rotation angle ranges are additionally calculated by the ergodic calculative
method. As shown in Fig. 4, for the three different rotation angle ranges, probability distributions
of the angle combination related to the specific Jsc level are plotted. The probability at each Jsc
level is obtained by dividing the amount of angle combinations appearing at the specific Jsc level
with the total possible angle combination amount. For rotation ranging from −45 deg to 45 deg,
compared with optimized uniform SPAG, probabilities of only 3.9% and 0.3% are found when
absorptions above 2.3% and 3% are obtained, respectively. When the rotation range is amelio-
rated to the range from −30 deg to 30 deg, probabilities of 12.7% and 1.3% are obtained to
increase the absorption above 2.3% and 3%, respectively. When the rotation range is further
ameliorated to the range from 0 deg to 30 deg, probabilities of 73.8% and 9.3% are obtained
to increase the absorption above 2.3% and 3%, respectively. From the above probability distri-
butions obtained by the ergodic calculative method, the probability of obtaining a large Jsc is
significantly improved amid the amelioration of the rotation range, which is consistent with
the phenomena shown in Fig. 3.

Therefore, the ameliorating design method to reduce the calculation is very efficient to find a
highly absorptive rotated SPAG. Specially, the maximum Jsc obtained by this optimized ergodic
calculative method is 27.394 mA∕cm2, which is also very close to the maximum Jsc obtained by
the upper ameliorating design method. We will use it in the subsequent analysis.

3.3 Spectra Analysis of the Optimized Rotated SPAG Cell

To understand why high-absorption performance of the rotated SPAG solar cell could be
obtained, the absorption spectra of the optimized rotated SPAG, the optimized uniform SPAG,
and the stack slab cells are compared in Fig. 5. Both the single-pass absorption9 and the
Yablonovitch limit49 of 1000-nm c-Si slab are presented in the figure as well. For most of the
wavelength range from 300 to 1000 nm, compared with the unpatterned stack slab cell, obvious
improvements of absorption spectra have been found for both the optimized rotated SPAG and
the optimized uniform SPAG cells. Compared with the absorption spectra of rotated SPAG cell
with that of uniform SPAG cell, most part of the two absorption spectra are very close for the
wavelength range from 300 to 750 nm. For the other longer wavelength range from 750 to
1000 nm, compared with the absorption spectra of the uniform SPAG cell, there are some higher
and additional peaks at multiple wavelengths in the rotated SPAG cell absorption spectra. This is

Fig. 4 Probability distributions of the angle combination numbers related to different Jsc levels for
the three different rotation angle ranges. Different rotation ranges are distinguished by different
colors and stripes.
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due to the appearance of small local rotation disorders in the rotated SPAG cell, which may bring
additional resonance in longer wavelength range.27,50 Therefore, in the whole wavelength range,
the overall absorption of the rotated SPAG cell is higher than that of the uniform SPAG cell.
Compared with Jsc (15.343 mA∕cm2) obtained in the conventional unpatterned stack slab solar
cell, Jsc (27.394 mA∕cm2) obtained in the rotated SPAG solar cell is increased by 78.54%.
Moreover, compared with Jsc (26.541 mA∕cm2) obtained in the optimized uniform SPAG solar
cell, an increase of 3.21% in the maximum Jsc could be obtained in the optimized rotated SPAG
cell. This increase is comparable to surveys25,27 with similar period and absorption layer thick-
ness, in which 2% and 2.83% absorption enhancement were reported.

3.4 Diffraction Orders and Field Analysis

To further reveal the physical mechanism of higher and additional peaks in the absorption spec-
trum of the rotated SPAG solar cell in Fig. 5, the z axis positive component of the integral power
(Poynting) flux density (PFD) of each diffraction order at the bottom plane of the rotated SPAG
is compared with that of the uniform SPAG, as shown in Fig. 6. Two typical absorption peak
wavelengths of 879 and 970 nm, marked with arrows in Fig. 5, are considered for investigation.

Fig. 5 Absorption spectra of the optimized rotated SPAG, the optimized uniform SPAG, and the
stack slab cells, the Yablonovitch limit (green dotted line), and the single-pass absorption spectra
(black dashed line) are provided.

Fig. 6 The PFD for each diffraction order at the bottom plane of (a), (c) the uniform SPAG and (b),
(d) the rotated SPAG. Subfigures (a) and (b) are calculated at 879 nm, (c) and (d) are calculated at
970 nm. The unit of PFD is arbitrary and the magnitudes of PFD are indicated by the color scales.
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At 879 nm, shown in Fig. 6(a), only a few diffraction orders of the uniform SPAG are observed
with large PFD values, whereas more diffraction orders of rotated SPAG are observed with unne-
glectable PFD values shown in Fig. 6(b). Therefore, compared with the uniform SPAG, the
rotated SPAG not only diffracts light into more orders but also concentrates more diffraction
energy into those orders with the addition of rotation disorders.23 These additional diffractions
can excite more quasiguided modes. The quasiguided modes can be more easily coupled into
silicon. Thus, the reflection from the rotated SPAG will be reduced, which therefore leads to
an increase in absorption.

Moreover, the propagating directions of higher-order diffractions are usually much more
inclined than those of the lower orders, resulting in an increase of optical path in the absorptive
silicon layer, which leads to absorption enhancement. Thus, in Fig. 5, at 879 nm, a higher peak in
the absorption spectra of the rotated SPAG cell than that of the uniform SPAG cell is observed.
For 970 nm, the phenomenon discussed above is more obvious as shown in Figs. 6(c) and 6(d).
More high diffraction orders of rotated SPAG PFDs are observed with large PFD values.
However, for uniform SPAG, there are low PFD values in all the diffraction orders, as shown
in the color scale at the bottom of Fig. 6(c). Therefore, for 879 nm, the addition of rotation
disorders in the rotated SPAG solar cell will lead to a high additional absorption peak at
970 nm as well. Thus, both higher and additional absorption peaks in Fig. 5 could be explained
by the analysis of PFD for each diffraction order.

To intuitively show how the rotation disorders could boost the absorption enhancement at
970 nm, the electric field intensity distribution in the rotated SPAG cell is also compared with
that in the uniform SPAG cell, as shown in Fig. 7. To clearly illustrate the effect of angle rotations
in the SPAGs, the electric field intensity profiles in the X − Z plane at both the projections and
the grooves of the two different SPAGs are investigated. For uniform SPAG, the electric field
intensity distributions are relatively simple, and low dark-red electric field intensities could be
found in the Si layer, which indicates less modes and energies of light excited in the uniform
SPAG solar cell, as shown in Figs. 7(a) and 7(b). This phenomenon is consistent with the results
in Fig. 6(c), where a few low diffraction orders could be observed with low PFDs. As a com-
parison, in Figs. 7(c) and 7(d), the electric field intensity distribution of rotated SPAG solar cell is

Fig. 7 Electric field intensity profiles at 970 nm for (a), (b) the uniform SPAG and (c), (d) the rotated
SPAG, respectively. The profiles (a), (c) and (b), (d) are obtained in X − Z plane at projections and
grooves of the SPAG, respectively. The white solid lines are the boundary line between different
materials. The magnitudes of electric field intensity are indicated by the color scales.
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more complex, indicating that multiple modes of light are excited. Moreover, in the Si layer of
the rotated SPAG solar cell, large electric field intensities could be found. The phenomena are
caused by the introduction of rotation disorders, which excite more quasiguided modes and leads
to strong guided-mode resonances. Thus, it is consistent with the phenomena shown in Fig. 6.
Furthermore, the electric field propagation direction of the rotated SPAG cell is inclined.
Therefore, the optical path of the rotated SPAG should be longer than that of the uniform
SPAG cell, which would also induce absorption enhancement. Therefore, from both diffraction
and field analysis above, we can draw a conclusion that, with the introduction of rotation
disorders, additional resonances would be excited, leading to both higher and additional absorp-
tion peaks.

3.5 Angular Response and Structural Tolerance Analysis

Given that the incident angle of sunlight to fixed solar cell constantly changes, understanding the
absorption response at different incident angles is essential and important. Thus, the variation of
Jsc of optimized rotated SPAG solar cell with different incident angles is investigated. For com-
parison, the characteristics of the incident angle of the reference uniform SPAG is also provided.

As shown in Fig. 8, for the averaged polarization, the incident angle characteristics of the two
optimized SPAG solar cells are very similar overall. First, for each of the SPAG solar cells, Jsc of
a small inclined incident angle range within �15 deg is higher than that at normal incidence
(incident angle of 0 deg). Subsequently, with the continuous increase of the oblique angle, Jsc
values of both SPAG cells are decreased with small fluctuation. Specifically, when the incident
angle reaches the range from �46 deg to �55 deg, both Jsc values rise again slightly. Then,
they will continue to decrease until the light is gone. As reported by previous investigations,25,51

the increase of Jsc at small angles should be attributed to an increased possibility of coupling the
incident light into resonances by breaking of the reflection symmetry at the oblique incidence.
Next, the decreased Jsc is due to a decrease of the incidence power density at the cell surface with
increased oblique angle. When the incident angle is about �55 deg, the Jsc values for both
polarizations increase slightly, which can be explained by Fresnel formula, because the p-polar-
ized light in that angle range has high absorptions. The phenomenon was also reported in the
square nanowire array.43 The above similar phenomena indicate that the basic characteristics of
uniform SPAG cell are inherited by the rotated SPAG. Despite that, as shown in Fig. 8, there are
also some differences between the incident angle characteristic curves of the two SPAG solar
cells. Because of the rotation disorders, Jsc of the optimized rotated SPAG solar cell is always
larger than that of the optimized uniform SPAG solar cell over the entire angle range. Moreover,
within the incident angle range from 0 deg to 60 deg, a small decrease of 10.42% from the
maximum Jsc could be observed for the uniform SPAG solar cell. An even smaller decrease
from the maximum Jsc could be found for the rotated SPAG solar cell. Due to the broken sym-
metry by introducing rotation, the decrease rates in the rotated SPAG cells between from 0 deg to
−60 deg and from 0 deg to 60 deg are different, which are 10.08% and 9.89%, respectively.
Compared with the previously reported low-incidence sensitivity solar cell where the maximum

Fig. 8 The incident angle dependence of Jsc in both optimized rotated SPAG cell (for s, p, and
average polarizations) and uniform SPAG cell (for average polarization).
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Jsc dropped by 11% in the same angle range,51 our result shows that more stable angle absorption
performance could be obtained in the proposed rotated SPAG solar cell.

In our previous investigation of finding the optimized rotation angle combination, the height
h and width b of the square pillar in rotated SPAG cell are kept the same as the optimized h and b
in the reference optimized uniform SPAG cell. However, they may not be optimal for the rotated
SPAG cell. In fact, how h and b variations influence the absorption of the optimized rotated
SPAG remains unknown. Thus, Jsc of the rotated SPAG cell as functions of h and b is inves-
tigated. As shown in Fig. 9, for the rotated SPAG cell when h deviates within �20 nm, the
relative change rate of Jsc is from −1.02% to þ0.42%. Specially, when the h deviates within
�10 nm, Jsc mildly changes by −0.048 to þ0.091 mA∕cm2, which could be comparable to the
previously reported high structural tolerance solar cell,25 where the maximal Jsc decreases by
0.05 mA∕cm2. Therefore, efficient absorption in rotated SPAG cell could be mostly maintained
in the case of small deviation of h, which can be controlled more accurately than b during the
manufacturing. On the other hand, when b deviates within �20 nm, the relative change rate of
Jsc is from −1.98% to þ0.37%. Compared with the previously reported solar cell where the
maximum Jsc drops by 4.84% when projection width of grating is deviated by �11 nm,15 the
considerably smaller drop rate in the rotated SPAG cell shows that the absorption of rotated
SPAG is well tolerant to the deviation of b. Therefore, the optimized rotated SPAG cell exhibits
high tolerance with regard to both h and b deviations, manifesting that the absorption enhance-
ment by the rotation disorders is robust. Moreover, it is noteworthy that when b increases by
10 nm or when h increases by 20 nm from their optimum, a slight larger Jsc could be observed.
The phenomenon indicates that, after introducing the rotation disorder, the essential structural
parameters (h and b) for the optimized uniform SPAG cell are not mostly appropriate for the
rotated SPAG cell. Hence, by systematically considering the mutual influence of essential struc-
tural parameters and rotation angles (θi), the optical absorption of rotated SPAG would be further
improved.

3.6 Extension of Rotation in Spiral Grating

The results above show that introducing rotation disorder is an effective method to improve
absorption performance of the SPAG solar cells. In addition to the square pillars, could the rota-
tion disorder also be effective to improve absorption in other existing common order grating
solar cells? For example, rotation disorders are applied in this study to the previously reported
spiral cell.15 Except the rotation angles that are additionally introduced, all other structural
parameters are taken from the literature,15 in which the optimized spiral grating cell obtained

Fig. 9 Jsc of the rotated SPAG solar cell as functions of the h and b, respectively. The parameters
h and b of optimized uniform SPAG are marked with dotted lines.
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an Jsc of 26.04 mA∕cm2. The same as what we did for the rotated SPAG cells above, rotation
disorders are introduced in a 2 × 2 supercell spiral grating, as shown in Fig. 10.

As the spiral structure does not have the rotational symmetry, rotation of any angle would be
a different case for solar cell. Therefore, finding various angles for each pillar possessing high
absorption in such a wide rotation angle range is time-consuming. Thus, they are limited to a
smaller range. Specifically, the rotation angle range considered is limited from 0 deg to 30 deg
and with a step of 5 deg, within which the rotation angles for the spirals in the 2 × 2 supercell are
generated. Only 60 sets of random rotation angle combinations are calculated. The maximum Jsc
obtained is 26.50 mA∕cm2, which has the angle combination of 10 deg, 25 deg, 25 deg, and
10 deg. That means, compared with the original period spiral grating cell,15 the rotated spiral
grating cell obtains an absorption increase by 1.76%. If removing the angle rotation limitation,
more probable disorder angle combinations from 0 deg to 360 deg would be introduced into the
spiral texture. Thus, there may be additional opportunities to further increase absorption in
rotated spiral grating solar. Moreover, since the absorption enhancement by introducing rotation
in both SPAG and spiral grating cells is demonstrated, we could expect that the proposed method
would be effective for any other single or composite structures, such as inverted pyramids26 and
asymmetric material pillar.37

4 Conclusions

Unlike adding local disorders by setting different shape parameters and/or changing the relative
positions of the surface structures, the rotation is considered as a new degree of freedom in SPAG
to obtain efficient and stable optical absorption solar cells. Compared with the unpatterned stack
slab and the optimized uniform SPAG cells, enhanced absorptions of 78.54% and 3.21% are
obtained in the optimized rotated SPAG, respectively. Moreover, at any oblique incidence angles,
the absorption of the optimized rotated SPAG cell is always higher than that of the optimized
uniform SPAG cell. These phenomena are mainly due to the introduction of rotation disorders,
which not only diffract light into more orders, but also concentrate more diffraction energy onto
those orders, exciting more quasiguided modes in the silicon absorption layer, and further result-
ing in an increase of absorption. Furthermore, both the low-incidence angular sensitivity and
high structural tolerance indicate stable absorption performance for the proposed rotated
SPAG cell. The maximum optical absorption only decreases by 10.08% within�60 deg oblique
incidence range, and <2% absorption decrease is also found when the height or width of the
subsquare pillar slightly deviates within�20 nm from the optimum. In addition, the result based
on the spiral grating indicates that rotation disorders may also be beneficial to other single and
composite structures. In sum, our study indicates that the proposed rotated SPAG would be
promising to realize more efficient and stable light trapping. In addition, the way of introducing
disorders through rotation, a new kind of disorder different from the conventional shape and
relative position disorders would be promising for high absorption pseudounordered surface
structures.

Fig. 10 Schematic view of rotated spiral grating.
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