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ABSTRACT We demonstrated that hierarchical structures combining different scales (i.e.,
pyramids from 1.5 to 7.5 xm in width on grooves from 40 to 50 x«m in diameter) exhibit
excellent broadband and omnidirectional light-trapping characteristics. These microscaled
hierarchical structures could not only improve light absorption but prevent poor electrical
properties typically observed from nanostructures (e.g., ultra-high-density surface defects and
nonconformal deposition of following layers, causing low open-circuit voltages and fill
factors). The microscaled hierarchical Si heterojunction solar cells fabricated with hydro-
genated amorphous Si layers on as-cut Czochralski n-type substrates show a high short-circuit
current density of 36.4 mA/cm?, an open-circuit voltage of 607 mV, and a conversion efficiency

of 15.2% due to excellent antireflection and light-scattering characteristics without sacrificing minority carrier lifetimes. Compared to cells with grooved
structures, hierarchical heterojunction solar cells exhibit a daily power density enhancement (69%) much higher than the power density enhancement at
normal angle of incidence (49%), demonstrating omnidirectional photovoltaic characteristics of hierarchical structures. Such a concept of hierarchical
structures simultaneously improving light absorption and photocarrier collection efficiency opens avenues for developing large-area and cost-effective

solar energy devices in the industry.
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devices has become critical with con-

tinuous improvements in cell design
via coupling light as much as possible into
cells for boosting cell efficiency. Therefore,
a lot of research efforts have focused on
photon management techniques to pre-
cisely control and enhance the light—matter
interaction at the active layer. In the past
decade, nanowire (NW) structures have
attracted exceptional attention in either op-
tical enhancements or electrical improve-
ments for PV applications due to their
unique architectures.! From the optical
viewpoint, NWs significantly suppress the
reflection in wide ranges of wavelengths
and angles of incidence (AOIs) via improving

Light absorption in photovoltaic (PV)

WANG ET AL.

the impedance matching at the interface of
air and devices.>~* From the electrical view-
point, photocarriers can easily diffuse to
the p—n junction interface along the radial
direction and be effectively extracted via
radial p—n junction design. Moreover, high
surface areas of NWs provide large junction
areas, increasing the amount of collected
photocarriers.>® However, the increased
amount of photons entering the structures
cannot be efficiently confined in the active
layer to further enhance light absorption
due to less interaction between nanoscaled
surfaces of NW structures and incident
light. High-density defect states caused by
ultrahigh aspect ratio and the nanoscaled
rough surface of NWs would result in a high
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recombination rate. Furthermore, the high aspect ratio
of NWs also leads to poor coverage of following layers
or electrodes. Thus, the expected boosted short-circuit
current density (Jsc) is partially counterbalanced by
poor open-circuit voltages (Voc) and fill factors (FF). The
performance of such nanostructured solar cells may
not be improved or even become worse. Therefore, it is
imperative to develop new ways to break through the
difficult situation for boosting cell performance.

The creation of hierarchical architectures that com-
bine materials of different classes, electrical/optical
properties, and scales to provide synergistic and
tailorable performance has attracted a great deal of
attention.”~ " For example, Hsu et al. reported inte-
grating carbon nanotubes and TiO, shells with radial
Schottky barriers in a core—shell fashion for breaking
the compromise between the photogain and the
response/recovery speed of NW photodetectors.'’ As
for the application in photon management, the hier-
archical structure provides a hybrid concept creating
two-scale structures to optimize PV performance and
is expected to replace pure NW structures for solar
applications.>'2~'* For example, Si microgrooves and
ZnO NWs were employed on monocrystalline Si solar
cells for eliminating the reflection loss.'* Fan et al.
developed three-dimensional hierarchical nanorod
arrays with greatly enhanced light absorption.” How
to design the cells not only to absorb light effectively
but also to extract photocarriers efficiently with mini-
mal loss is one of the most important issues for putting
structured solar cells into practice.

It is known that the AOI of the sun changes during
the day. Moreover, after sunlight passes through the
atmosphere and reaches the earth, it contains a large
amount of scattered (diffused) light. On cloudy days,
over 90% of the light is diffused. However, for polished
Si surfaces, nearly 40% of light is reflected when
averaged over all AOIs and the solar spectrum.'® Con-
ventional Si cells with micropyramidal structures also
show insufficient light trapping during the day be-
cause the reflection is angular dependent due to the
pyramidal architecture. Therefore, it is critical to devel-
op structures with omnidirectional light-harvesting
characteristics to replace conventional micropyramidal
structures. Additionally, as expensive sun-tracking
and concentrator systems make their way into high-
efficiency PV applications, most tracking and concen-
trator systems are specified for direct radiation only,
which means that these tracking systems work well
on bright, clear days but poorly on hazy days. More
importantly, additional expensive tracking systems
might not be workable for cost-effective solar cells.
Accordingly, the new optical requirement for solar
cells, omnidirectional PV performance, emerges for
reducing wasted solar energy caused by the angular
effect. With better omnidirectional PV performance,
more daily generation power would be expected.
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To date, most studies in photon management only report
omnidirectional light-harvesting optical effects,'®"”
but few works readily realize omnidirectional solar cells
in practice.>'8~%°

While the p-type Si substrate is a more common
PV material (for example, 84% of the PV module
production in 2011), a world-record high efficiency
of 24.7% utilizing Panasonic's Si heterojunction (SHJ)
with intrinsic thin-layer technology among all kinds
of Si-based solar cells was achieved with a 98 um
thick Czochralski (CZ) n-type monocrystalline Si cell
in 2013.2" The driving force for the development of
n-type Si solar cells is based on the inherent disadvan-
tages of p-type Si, i.e,, the severe light-induced degra-
dation caused by the presence of boron and oxygen in
the wafers?? and the high sensitivity to impurities, such
as iron, that are usually present in the Si feedstock.?®
As a consequence, there is a growing interest for the
past years in the scientific research and the industrial
implementation of n-type Si-based PV technologies
with photon management by structuring Si substrates,
which is summarized in Table S1 in the Supporting
Information.

In this study, the photon management has been
employed with Si hierarchical structures combining
different scales (i.e., pyramids from 1.5 to 7.5 um in
width on grooves from 40 to 50 um in diameter) via
isotropic wet etching followed by anisotropic wet
etching. The most efficient light-trapping structures
for achieving high-efficiency solar cells are fabricated
by complicated or expensive processes. Maskless
wet etching is an alternative to expensive processes.
Combining isotropic and anisotropic chemical etching,
large-area hierarchical structures can be obtained by
cost- and time-effective manufacturing technology.
The pyramid/groove hierarchical structures exhibit an
average total reflectance (Riota) as low as 13.2% from
300 to 1100 nm (as compared to grooved structures
(38.3%) and pyramidal structures (17.2%)), and the
specular reflectance (Rspecuiar) is below 2% even at an
AOI of up to 75°. The excellent broadband and omni-
directional antireflection (AR) abilities of hierarchical
structures result from pyramids arranged at different
heights on grooved surfaces, providing more oppor-
tunities for the incoming light to undergo multiple
bounces and thereby reducing the overall surface
reflectance. Moreover, the strong light scattering
caused by microscaled hierarchical structures en-
hances light—matter interactions and thus increases
effective optical thickness to increase light absorption
in devices. SHJ solar cells fabricated on cost-effective
CZ n-type Si with pyramid/groove hierarchical struc-
tures exhibit a power conversion efficiency of 15.2%
with a Jsc of 36.4 mA/cm?, Voc of 607 mV, and FF of
68.66%, demonstrating a promising photon manage-
ment scheme to achieve high Jsc without compromis-
ing Voc and FF. As compared to purely grooved
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Figure 1. Scanning electron microscopy images of different Si surface structures: (a) grooved, (b) pyramidal, and (c)
hierarchical structures. The insets in (a)—(c) are high-magnification images. (d) Photographic image of three kinds of

structures on 16 cm? wafers.

structures, more pronounced enhancement of the
generated power density of SHJ cells with hierarchical
surfaces at high AOQIs is observed (from 49% at normal
AOI to 104% at 60°), leading to a daily power density
enhancement of 69%, which demonstrates the excel-
lent omnidirectional characteristics of hierarchical Si
surfaces for practical PV applications. Such omnidirec-
tional PV performance using wet-etched hierarchical
structures offers an attractive solution for large-
area industrial production of bulk monocrystalline/
polycrystalline Si, thin film, and organic solar cells.

RESULTS AND DISCUSSION

For large-scale solar cell production, the use of cost-
effective CZ Si substrates becomes the only possible
option with economic considerations, although float-
zoning Si substrates show high carrier lifetimes and
thus high efficiencies (in most industry cases).?* In-
stead of polished Si fabricated by expensive chemical
mechanical polishing processes, the solar cell fabrica-
tion directly starting with as-cut Si wafers would
save production costs. Accordingly, in this study we
use as-cut CZ n-type Si substrates to demonstrate
the achievement, and thus polished cells are not
shown for comparison. Three kinds of Si surfaces,
namely, (i) grooved surfaces, (ii) pyramidal surfaces,
and (iii) hierarchical surfaces consisting of different
scaled grooves and pyramids, are compared to show
the distinguished achievement of hierarchical surfaces
in photon management. Moreover, to fairly examine
the feasibility of photon management using three
kinds of surfaces, only the best light-harvesting results
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for each surface condition are shown and discussed
hereinafter.

After Si substrates were isotropically textured using
maskless acidic etching with HF, HNOs, and H3PO,4 with
12:1:12 volume ratio percentage concentration for
2 min, grooved surfaces with diameters ranging
from 40 to 50 um and a depth of ~6 um were formed
(Figure 1a). Si oxidation occurred upon exposure to
HNO;3, and then the oxidized layer was removed by HF
via forming H,SiF. H3PO, acts as a catalytic agent to
moderate etching rates without affecting the morpho-
logy of textured surfaces. The round crater-like features
of grooved surfaces result from the fact that the
etching reaction starts at the defective sites due to
their low activation energy and then diffuses to neigh-
boring regions on saw-damaged surfaces. This me-
chanism also gives rise to the increase in the diameter
of round craters with etching time. Random pyramids
ranging from 7 to 12 um in width were fabricated by
dipping as-cut Si substrates in the anisotropic etching
solution consisting of KOH, isopropyl alcohol, and
H,O with the volume ratio percentage concentration
of 1:1:17 at 85 °C for 20 min, as shown in Figure 1b.
Such pyramids are formed by the much higher etching
rate in the [100] direction than that in the [111]
direction due to the higher atomic density in the
(111) plane than that in the (100) plane.** To form
hierarchical Si surfaces consisting of grooved and
pyramidal structures, Si substrates with grooved sur-
faces were anisotropically etched with KOH solution at
85 °C for 9 min (Figure 1c). As the anisotropic etching
time of Siincreased to 10 min, the shape of the grooves
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Figure 2. (a) Total reflectance spectra of three kinds of surface structures. Steady-state, normalized electric field (|E|)
distribution at a wavelength of 550 nm by FDTD simulation with three kinds of Si surface conditions: (b) the normalized optical
power detected at y = 20 um (can be found in (c)—(e)) at 550 nm and the corresponding light-propagation images of (c)

grooved, (d) pyramidal, and (e) hierarchical structures.

disappeared, leading to an increase in the reflectance
(Figure S1 in the Supporting Information). Combining
isotropic and anisotropic chemical etching, large-area
hierarchical structures can be obtained by cost- and
time-effective manufacturing technology. Figure 1d
shows the photographic images of three kinds of
Si surfaces of 16 cm? in size. In the figures, a uniform
distribution in color on the entire sample demonstrates
the feasibility for industrial production. After chemical
wet etching, the thicknesses of substrates with grooved,
pyramidal, and hierarchical surfaces are ~100, ~150,
and ~100 um, respectively (Figure S2 in the Supporting
Information).

To analyze the light-harvesting characteristics of
different surfaces, the Ryotq Spectra in the wavelength
range from 300 to 1100 nm were measured (Figure 2a).
It is observed that grooved surfaces reflect ~38.3% of
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the incident light on average. This unsatisfactory light-
trapping property of the grooved surfaces stems from
the wide hemisphere diameter of shallow grooved
structures causing the incoming light to be strongly
reflected from the surface.?® Pyramidal surfaces ensure
light undergoes multiple reflections on the surface of
the cell before being reflected back to the air and thus
exhibit a better light-trapping scheme (average Riotal =
17.2%) than that of grooved surfaces.?® Hierarchical
structures consisting of grooves and pyramids exhibit
the lowest reflectance (average 13.2%), although the
thickness of a substrate with hierarchical structures is
thinner than that of a substrate with pyramidal sur-
faces, which demonstrates the best light-trapping
ability among the three kinds of structures. The pyr-
amids arranged at different heights on grooved sur-
faces can provide the opportunity for the incoming
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light to undergo more bounces, thereby reducing the
overall surface reflection and enhancing the amount of
light entering the solar materials.?”*® Moreover, after
light enters the devices, the strong light scattering with
large scattering angles caused by the microscaled
hierarchical structures can further increase the effec-
tive optical thickness, resulting in more light—matter
interactions and absorption, which will be discussed
later.

To further confirm that the traveling light can be
trapped among hierarchical structures by the en-
hanced scattering effect, the optical simulation based
on finite-difference time domain (FDTD) can reveal
the distribution and strength of the electric field in
grooved, pyramidal, and hierarchical structures. The
details about simulated structures and optical para-
meters used in the FDTD simulation are described in
Figure S3 in the Supporting Information. The wave-
length for all simulations is selected to be 550 nm.
Figure 2b shows the normalized steady-state optical
power as a function of time with the detector at y =
20 um (which can be seen in Figure 2c—e, displaying
time-averaged electric field intensity distributions, |E|,
within grooved, pyramidal, and hierarchical structures
of Si, respectively). One can see that normalized stea-
dy-state power values are 0.68 for grooved, 0.83 for
pyramidal, and 0.90 for hierarchical structures at y =
20 um (Figure 2b). As shown in Figure 2c, the field
intensity of grooved structures diverges significantly,
reflecting a high optical loss. Compared with pyramidal
structures, the |E| in hierarchical structures shows
stronger light scattering with larger scattering angles
(Figure 2e), leading to longer absorption length and
then enhancing the light absorption. Our hierarchical
structures can further enhance the light scattering in
substrates than pyramidal structures because of the
combination of multiple scales and morphologies of
structures. The strong scattering effect is an important
optical feature of microscaled hierarchical structures
for the application of PVs and will be compared
with that of nanoscaled hierarchical structures later.
Overall, the simulation results indicate that the photon
management employing hierarchical structures can
increase the number of photons being trapped in the
structures, in agreement with the experimental results
shown above.

To investigate the omnidirectional light-trapping
ability of hierarchical structures, the Rspecular Spectra
of grooved, pyramidal, and hierarchical structures
at different AOIls were measured and are shown in
Figure 3. In general, the omnidirectional light-trapping
ability is hierarchical > pyramidal > grooved structures;
hierarchical structures with Rspecyiar below 2% at all
AOIs show excellent broadband and omnidirectional
abilities to suppress undesired reflection. The omnidir-
ectional characteristics of hierarchical structures are
particularly beneficial for the current Si solar cell
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Figure 3. Reflectance spectra as a function of AOl and wave-
length on three kinds of Si surface conditions: (a) grooved,
(b) pyramidal, and (c) hierarchical structures.

industry, which widely uses angular-dependent pyra-
mids as AR structures. The omnidirectional effects on
the practical PV performance will be demonstrated
later.

Figure 4 shows the minority carrier lifetime charac-
teristics of three kinds of structures passivated by
intrinsic hydrogenated amorphous Si (a-Si:H) layers
characterized by the quasi-steady-state photoconduc-
tance technique. The grooved structures exhibit the
shortest carrier lifetime due to a large amount of (100)
planes exposed on the grooved surfaces and the
formation of nanoscaled rough surfaces caused by
the drastically exothermic reaction during the etching
process.”® The (100) plane exhibits two dangling
bonds, while the (111) plane has only one, leading to
the fact that the surface state density of the (111) plane
is lower than that of the (100) plane.*°~3? Accordingly,
during the a-Si:H deposition, the epitaxial Si (epi-Si)
layer would be formed more easily on the more
defective (100) plane as compared with the (111)
plane. The epi-Siis highly defective and thus decreases
the surface passivation effect, giving rise to a drop in
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Figure 4. Minority carrier lifetime of three kinds of Si sur-
face structures passivated by intrinsic a-Si:H layers.

the effective carrier lifetime and the lowered Vo of solar
cells due to a high recombination rate.3*3** In contrast,
pyramidal structures with many (111) planes exposed
due to the anisotropic etching nature exhibit a higher
minority carrier lifetime. The hierarchical structures,
which also expose a large amount of (111) planes on
the surface, reach an even higher minority carrier life-
time (217 us) than pyramidal structures (157 us). The
carrier lifetime difference between pyramidal and hier-
archical structures is due to the actual thickness differ-
ence of Si substrates after the etching process (Figure S2
in the Supporting Information). The effective carrier
lifetime (z.f) of the total recombination (including sur-
face and bulk recombination) can be expressed as*

1 1 1
— = + m

Teff Thulk  Tsurf

where Ty is the bulk lifetime and 7y, is the surface
lifetime. Due to the excellent passivation capability
of the a-Si:H/monocrystalline Si heterojunction and
similar pyramidal surfaces on both pyramidal and
hierarchical structures, the 74, values of pyramidal
and hierarchical structures are similar and thus the 7,
dominates the 7. The thickness of substrates with
pyramidal structures is ~150 um after alkaline etching.
In contrast, after as-cut substrates are treated with
acidic and alkaline etching solutions, the thickness of
substrates with hierarchical structures is decreased to
~100 um. As the wafer thickness is reduced, there is
less space available for the bulk recombination, and the
edge recombination is suppressed, leading to the in-
crease in the effective lifetime.>*~>° The superior light-
harvesting ability of hierarchical structures allows the
shrinkage of the thicknesses of PV devices, decreasing
the recombination loss. It is worth noting that our
microscaled hierarchical structures show the potential
to break through the dilemma between optics and
electrics for PV devices via a meticulous structure design.
The surface of microscaled hierarchical structures
demonstrated here can be well passivated by the
a-Si:H layer deposited by plasma-enhanced chemical
vapor deposition processes due to their appropriate
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Figure 5. (a) Schematic of SHJ solar cells. (b) J—V curves and
(c) EQEs for SHJ solar cells with grooved, pyramidal, and
hierarchical structures.

microscaled structures and a large number of (111)
planes exposed at the surfaces, disregarding the severe
surface recombination problem, which is often ob-
served in nanoscaled structures. Hence, substrates with
microscaled hierarchical structures showing high effec-
tive carrier lifetime (including both 7,,¢ and ) and
excellent light-harvesting ability have great potential for
achieving high Jsc, Vo, and FF simultaneously.

To assess the feasibility of photon management
using hierarchical structures in practical solar cell
applications, SHJ solar cells were fabricated with these
structured surfaces. The schematic of SHJ solar cells is
displayed in Figure 5a. Plasma-enhanced chemical
vapor deposition was carried out at 150 °C for deposit-
ing intrinsic a-Si:H layer (5 nm)/p-type a-Si:H layer
(6 nm) on the front and intrinsic a-Si:H layer (5 nm)/
n-type a-Si:H layer (10 nm) on the rear. The intrinsic a-Si:
H provides not only good chemical passivation but
also field-effect passivation due to the large band
offset existing at the a-Si:H/c-Si interface, minimizing
the recombination loss. At the front junction with an
intrinsic a-Si:H layer as thin as 5 nm, minority hole
carriers are able to tunnel across the intrinsic a-Si:H
layer into the p-type a-Si:H layer possibly with some
thermal and trap assistance even though the valence
band offset is large. The intrinsic a-Si:H layer/n-type
a-Si:H layer on the rear provides (i) an excellent rear
contact for facilitating majority carrier (electron) trans-
port due to the small conduction band offset and (ii)
excellent passivation repelling minority carriers (holes)
from the back contact due to the large valence band
offset. Note that this excellent band structure design is
not achievable in solar cells with p-type Si substrates.
Finally, 90 nm thick indium tin oxide (ITO) contacts
were deposited on both sides by sputtering, followed
by the deposition of Ag grids on the front and a full
coverage of Ag on the rear using e-beam evaporation.

The current density—voltage (J—V) characteristics
of the SHJ solar cells with three kinds of surfaces were
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TABLE 1. Photovoltaic Parameters of SHJ Solar Cells with
Three Kinds of Structures

Jsc (mA/cm?) Voc (V) FF (%) efficiency (%)
grooved 28.95 0.563 61.77 10.2
pyramidal 32.86 0.580 67.77 129
hierarchical 36.36 0.607 68.66 15.2

measured under air mass 1.5 global (AM 1.5G) illumi-
nation, as shown in Figure 5b and summarized in
Table 1. The SHJ solar cell with grooved structures
displays the lowest efficiency of 10.2% with a Jsc of
28.95 mA/cm? and a Voc of 563 mV resulting from
severe optical loss (due to wide-open crater-like
surfaces) and high carrier recombination rate (due to
highly defective surfaces, confirmed by the minority
carrier lifetime measurement shown previously). The
cells with pyramidal surfaces with a lot of (111) planes
exposed exhibit higher Jsc (32.86 mA/cm?) and Voc
(580 mV) due to reduced reflectance and increased
minority carrier lifetime. As compared to the SHJ cells
with grooved and pyramidal structures, the SHJ cell
with hierarchical structures further improves Jsc and
Voc to 36.36 mA/cm? and 607 mV, respectively, leading
to the highest efficiency (15.2%), echoing its best light-
trapping ability and longest minority carrier lifetime.
Moreover, the high efficiency of SHJ solar cells with
hierarchical structures can partly be attributed to the
FF improvement. The grooved structures with a large
number of (100) planes causing epi-Si formation during
a-Si:H layer growth may give rise to the poor junction
contact, which reflects the high series resistance and
the low FF of 61.77%. The pyramid-structured cell with
a large number of (111) planes exposed exhibits a FF
of 67.77%. For the hierarchical structures with a large
number of (111) planes, the thinned wafers caused by
acidic and alkaline etching solutions further reduce the
series resistance and improve the FF up to 68.66%.

The increase in Jsc and Vo partly contributed by
improved minority carrier lifetime can be understood
by the relations below.

kT (An(ND,A + An))

Voc = —In 5 2
q n;

Jsc = qG(L, +Lp) 3)

where (kT)/q is the thermal voltage, Np 4 is the donor or
acceptor concentration of the wafer, An is the excess
carrier concentration, n; is the intrinsic carrier concen-
tration, g is the magnitude of the electrical charge
on the electron, G is the generation rate, and L, and L,
are electron and hole diffusion lengths, respectively.
Although the equations are based on several assump-
tions, one can see that Voc and Jsc depend strongly
on excess carrier concentration and diffusion length,
which are directly proportional to the 7. Accordingly,
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the increase in Vo and Jsc due to improved 74 gives
rise to the power conversion efficiency of 15.2% for
the SHJ solar cell with hierarchical structures, showing
the feasibility of hierarchical structures consisting of
grooves and pyramids in solar cell applications.
Furthermore, as displayed in Figure 5c¢, the substantial
increase in external quantum efficiency (EQE) from 300
to 1100 nm shows that the broadband light-trapping
characteristics of hierarchical structures could readily
contribute to the Jsc enhancement. To show the
accuracy of EQE measurements, we compared inte-
grated Jsc from EQE measurements and Jsc from J—V
measurements, as discussed and indicated in Table S2
in the Supporting Information.

Moreover, according to eq 2, the implied Vo can be
obtained from An (which is related to 7¢), assuming no
electrical losses in subsequent layers (intrinsic, n-type,
and p-type a-Si:H, ITO, and Ag) and contacts (between
these electrodes and layers). From Table S3 in the
Supporting Information, the mismatch between im-
plied Voc and realistic Voc of SHJ solar cells indicates
that Voc can be further improved by optimizing the
cell fabrication process for boosting the efficiency
of cells with hierarchical structures, which is under
investigation.

To demonstrate that microscaled hierarchical struc-
tures exhibit higher potential for PV performances than
nanostructures, we fabricated the SHJ solar cell with
nanoscaled hierarchical structures (i.e., hierarchical
structures combining micropyramids and NWs) for
a comparison. SEM images, reflectance spectra, and
PV characteristics of SHJ solar cells with nanoscaled
and microscaled hierarchical structures are compared
in Figure S4a—c and Table S4 in the Supporting
Information. Note that for fairly examining nanoscaled
hierarchical structures, we fabricated NWs on micro-
pyramidal surfaces with a variety of lengths using
metal-assisted chemical etching,*® and only the PV
performance of nanoscaled hierarchical SHJ cells with
the optimized NW length is shown here. In Figure S4b,
the substrates with nanoscaled hierarchical structures
show much better AR property than the substrates
with microscaled hierarchical structures due to the
gradient refractive index effect of NWs, allowing more
photons to enter the devices. Moreover, to emphasize
the difference in p—n junction areas between two
kinds of hierarchical structures, we define the rough-
ness factor (RF) as the actual surface area of the
structures divided by the projected area. The RF values
of two different scaled hierarchical structures are
estimated from SEM images (Figure 1 and Figure S4
in the Supporting Information). Theoretically, a higher
RF provides more p—n junction areas, promotes more
photocarriers being effectively separated, and then
increases the Jsc.*'~* The RF of nanoscaled hierarch-
ical structures (20.67) is 11.17 times higher than that
of microscaled hierarchical structures (1.85). However,
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maximum power, (c) enhancement of generated maximum power, and (d) estimated average daily power density generated

from the devices with three kinds of surface structures.

the solar characteristics of nanoscaled hierarchical
structures are much worse than those of microscaled
hierarchical structures even though nanoscaled hier-
archical structures exhibit superior light-trapping
characteristics and much larger p—n junction areas.
This superior PV performance of microscaled hier-
archical structures could be attributed to (i) less surface
defect density and (ii) strong scattering effect. As
shown in Figure S4d in the Supporting Information,
the minority carrier lifetime of microscaled hierarchical
structures is much higher than that of nanoscaled
hierarchical structures due to the high-density surface
defects of nanostructures. The photocarrier collection
efficiency mainly depends on the minority carrier life-
time. Despite excellent AR characteristics and ultrahigh
p—n junction areas, poor PV performance would still
be obtained if photocarriers cannot be successfully
extracted. Furthermore, the small feature size (eg.,
< 100 nm) of nanoscaled hierarchical structures is not
thoroughly beneficial for light absorption, although
the reflectance is vastly eliminated by nanostructured
surfaces of nanoscaled hierarchical structures.***>
This is because, as the feature size is too small, light
with relatively long wavelengths cannot resolve the
structure geometries and thus the optical diffraction is
weak, giving rise to straight propagation of the inci-
dent light through the medium. This leads to the fact
that the optical thickness would be almost equal to the
actual thickness, resulting in the ambiguous improve-
ment of light absorption. In contrast, after the light
strikes microscaled hierarchical structures, the struc-
tures scatter the light with large scattering angles
to increase the duration of light staying in the active

WANG ET AL.

layer to enhance the effective optical thickness and
then enhance the absorption in a wide range of
wavelengths. Consequently, by combining superior
electrical properties (by improving 7o) and effective
light-trapping effect (by enhancing light scattering) of
the microscaled hierarchical structures, excellent PV
performance of microscaled hierarchical structures can
be obtained.

All of PV characterizations discussed above were
performed with normal incident light. However, the
conversion of light into electric energy occurring at a
wide range of AOIs should be considered for practical
PV applications. As displayed in Figure 6ab, the
AOl-dependent maximum power density (Pmax =
Jsc+Voc+FF) measurement was carried out under AM
1.5G illumination from —90° to 90° to characterize the
omnidirectional light-trapping ability of three kinds
of structures. It can be seen that generally the power
density decreases as the striking angle increases.
To clearly observe the relation of AOI-dependent
Pmax between grooved, pyramidal, and hierarchical
structures, we define the P,.x enhancement as

(Pmax,structured - Pmax,groove)/Pmax,groovel Where Pmax,groove
and P . are the P, of groove and structured
(pyramidal or hierarchical) devices, respectively. As
shown in Figure 6¢, compared to cells with grooved
surfaces, cells with pyramidal surfaces show only a slight
increase in the P, enhancement as the AOI increases
from 0° to +75°, indicating that the light-trapping ability
at high AOIs for grooved and pyramidal surfaces is
similar. However, for cells with hierarchical structures,
the P.ax enhancement is increased from 49% to 104%
as the AOI increases from 0° to 60°, implying that the
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light-harvesting capability for cells with hierarchical
structures is pronounced particularly at high AOls. As
shown in Figure 6d, we performed the day-integrated
solar energy generation analysis, in which we assume
that (i) the device and the sun are confined within the
equatorial plane and (i) the integrated Py, at the AOI
from —90° to +90° represents the average daily power
density generated from the solar cells. Cells with hier-
archical structures exhibit a daily power density en-
hancement of 69%, as compared to cells with grooved
surfaces. The daily power density enhancement (69%)
higher than the power density enhancement at normal
AOI (49%) for cells with hierarchical structures indicates
that omnidirectional light-trapping characteristics of
the hierarchical structure are beneficial for harvesting
solar energy during a day without applying additional
solar tracking systems. This also suggests that SHJ cells
with hierarchical structures are capable of working on
a hazy day.

CONCLUSION

In summary, hierarchical structures composed of
grooves and pyramids in different scales exhibit favor-
able omnidirectional broadband light-trapping ability.

EXPERIMENTAL SECTION

As-cut monocrystalline n-type CZ (100) Si wafers with a
resistivity of 5—10 Q-cm were used in this study. Surface
structures of Si substrates were prepared by employing iso-
tropic and anisotropic wet etching treatments. Before surface
texturing, the samples were dipped into HF solution to remove
the native oxide and then rinsed with deionized water.

After the wet etching processes, all samples were cleaned by
standard RCA cleaning processes followed by 1% HF dipping.
The plasma-enhanced chemical vapor deposition process was
used for the deposition of intrinsic/p-type a-Si:H on the front
and intrinsic/n-type a-Si:H layer on the rear. For the contact
metal, ITO contacts were deposited by sputtering, followed by
Ag grids on the front and a full coverage of Ag on the rear using
e-gun evaporation.

The surface morphology was observed using a JEOL JSM-
6700f field-emission scanning electron microscope. The Rigtal
spectra were measured by a standard UV—vis spectrometer
(JASCO ARN-733) with an integrating sphere. The distribution
of electromagnetic fields within three kinds of surfaces was
simulated based on FDTD analysis. After thin a-Si:H layers were
deposited on both sides of monocrystalline Si, the effective
carrier recombination was analyzed by minority carrier lifetime
using the quasi-steady-state photoconductance technique
with Sinton WCT120. The J—V measurements of the SHJ solar
cells under the illumination of AM 1.5G were carried out with
a Keithley 4200 source meter. The EQE measurements were
performed by coupling the halogen lamp to a monochromator.
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The pyramids arranged at different heights on the
grooved surfaces provide more bounces for the in-
coming light and exhibit strong light scattering, further
improving the AR characteristics and enhancing light
absorption characteristics. The excellent photon man-
agement of microscaled hierarchical structures allows
the shrinkage of device thickness, improving the
carrier lifetime and then achieving high Jsc, Voc, and
FF simultaneously. The SHJ solar cell fabricated with
hierarchical structures using as-cut CZ n-type Si
substrates displays excellent PV performance with
an efficiency of 15.2%, a Voc of 607 mV, and a Jsc of
36.4 mA/cm?. The enhancement of generated power
density at the AOI of 60° (104%) higher than that
at normal AOI (49%) results in higher daily power
density generated in hierarchical-structured SHJ
cells (1.03 kWh/m?, compared with 0.61 kWh/m? for
grooves and 0.84 kWh/m? for pyramids), demonstrat-
ing the prominent omnidirectional operation ability.
The achievement of high-efficiency omnidirec-
tional solar cells using as-cut CZ n-type substrates
demonstrated here makes the hierarchy concept
highly attractive for large-area and cost-effective solar
production.

Supporting Information Available: Photovoltaic characteris-
tics of n-type Si solar cells with photon management by structur-
ing Si substrates; cross-sectional SEM images of grooved,
pyramidal, and hierarchical structures; finite-difference time
domain simulation; and comparison of integrated JSC from
EQE measurements and JSC from J—V measurements. These
materials are available free of charge via the Internet at
http://pubs.acs.org.
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