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ABSTRACT Hierarchical structures combining micropyramids and nanowires with
appropriate control of surface carrier recombination represent a class of architectures for
radial p-n junction solar cells that synergizes the advantageous features including excellent
broad-band, omnidirectional light-harvesting and efficient separation/collection of photo-
excited carriers. The heterojunction solar cells fabricated with hierarchical structures exhibit
the efficiency of 15.14% using cost-effective as-cut Czochralski n-type Si substrates, which is
the highest reported efficiency among all n-type Si nanostructured solar cells. We also
demonstrate the omnidirectional solar cell that exhibits the daily generated power
enhancement of 44.2% by using hierarchical structures, as compared to conventional
micropyramid control cells. The concurrent improvement in optical and electrical properties

for realizing high-efficiency omnidirectional solar cells using as-cut Czochralski n-type Si

substrates demonstrated here makes a hierarchical architecture concept promising for large-area and cost-effective mass production.
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of light by employing nanostructures

has attracted considerable attention
for boosting the efficiency of optoelectronic
devices including photodetectors,'? light-
emitting diodes,® and solar cells.*” It has
been reported that by controlling light at
the nanometer scale using nanostructures,
coupled with emerging materials fabrication
approaches, theoretically allows the devel-
opment of solar cells with efficiencies in the
50—70% range, breaking the Shockley—
Queisser limit.” It is because nanostructures
are expected to have a great potential
in improving both optical and electrical char-
acteristics of cells. First, with the deliberate
geometry design (including diameter,®
length,® surface profile,'® and interface
roughness control),'’ the nanostructures
can significantly suppress the reflectance
and efficiently enhance the light propaga-
tion length of guided mode couplings in
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wide ranges of wavelengths. Second, from
the electrical viewpoint, provided by radial
p-n junction design of high-aspect-ratio
nanostructures, photoexcited carriers are
collected along the radial direction while
photons are absorbed along the nanowires
(NWs), providing a carrier collection path
separated from the photon absorption
thickness. Thus, photoexcited carriers can
efficiently diffuse over a short distance to
the junction and can be extracted with
minimal recombination.®'%"3

Despite the above-mentioned potential
advantages inspired by the radial p-n junc-
tion structure, most studies in nanostruc-
tured solar cells show device performance
degradation in spite of strong optical en-
hancement. To exploit these advantages
in practice, there are still key design chal-
lenges yet to be addressed and aspects
to be considered. In particular, although
photoexcited carriers can rapidly transport
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to the junction interface, these carriers are easily
trapped by high-density surface defects (caused by
the ultrahigh surface area as prolonging the length of
NWs) before being collected by the external circuit.
High recombination velocity caused by high-density
surface defects would sacrifice electrical advantages
of radial junction architecture and thus lead to the
performance deterioration including low open-circuit
voltages (V,c), short-circuit current (Js.), and fill factor
(FF)."*~"® Accordingly, a concurrent improvement in
electrical and optical characteristics of the radial junc-
tion architecture is the most important issue for put-
ting high-efficiency nanostructured solar cells into
practice.

In the past decade, n-type Si solar cells have drawn
intensive interest.'® A world-record high efficiency of
24.7% utilizing Panasonic's heterojunction with intrin-
sic thin-layer (as known as HIT) technology among all
kinds of Si-based solar cells of practical size (100 cm?
and above) has been achieved with a 98 um
thick Czochralski (Cz) n-type monocrystalline Si cell in
February of 2013.2° Although currently p-type Si is the
most common photovoltaic (PV) material (for example,
84% of PV module production in 2011), several funda-
mental advantages warrant n-type Si solar cells having
large potential to surpass p-type Si solar cells in terms
of efficiency and cost effectiveness: (i) suitable band
structure for high-efficiency n-type Si heterojunction
(SHJ) solar cells;? (ii) high minority carrier lifetimes up
to the millisecond range, which is important for photo-
excited carrier collection;?? (iii) no light-induced de-
gradation caused by boron—oxygen pair;?* (iv) high
impurity tolerance, allowing the use of cost-effective
Cz wafers.* While the scientists around the world are
starting to pay more attention to nanostructured solar
cells using n-type Si, the PV characteristics of n-type Si
nanostructured solar cells obtained have been worse
than expected. Representative progresses on n-type Si
nanostructured solar cells are summarized in Table S1
in Supporting Information.

It is known that the angle of incidence (AQOI) of the
sun changes during a day and sunlight reaching
the earth is a mixture of direct and scattered (diffuse)
radiation after passing through the atmosphere. More-
over, on cloudy days, the light consists principally of
diffuse radiation (over 90%). For a polished Si surface,
nearly 40% of light is reflected when averaged over all
AOQIs and the solar spectrum (400—1100 nm).?> For
most conventional cells with micropyramid (MP) struc-
tures, the reflectance is strongly angular-dependent
due to the pyramid architecture resulting in insufficient
light trapping. Typically, to surpass the directional
dependence of PV performance, expensive sun-track-
ing systems continuously changing direction during
the day to optimally collect sunlight are used for solar
cell panels. One should note that most sun-tracking
systems utilize direct radiation only; that is, these
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tracking systems work well on bright clear days but
poorly on hazy days. Furthermore, additional expen-
sive tracking systems are not suitable for cost-effective
Si-based solar cells. To reduce the number of these
“wasted photons” caused by the effect of AQlIs, it is
critical to develop omnidirectional solar cells. With
better omnidirectional light-harvesting ability, more
daily generation power is expected. To date, most
studies in photon management using nanostructures
only reported omnidirectional optical effects, and few
studies readily realized omnidirectional light-harvest-
ing solar cells.®™

In this study, the photon management using the
hierarchical structures combining MPs and NWs shows
excellent light-harvesting characteristics; the hierarch-
ical structures with only 1.16 um length NWs can
suppress the total reflection to 2.96% with wave-
lengths of 300—1100 nm, even superior to the surfaces
purely consisting of long NWs with up to 40 um in
length.’ A key optical benefit of the hierarchical archi-
tecture design stems from the multiple scattering
effect of MPs and the gradient refractive index effect
of NWs, allowing more photons to enter the entire
devices. We have chosen SHJ solar cells using as-cut
Cz n-type substrates with hydrogenated amorphous
Si (a-Si:H) layers to demonstrate the hierarchical archi-
tecture concept with radial junctions. Applying the
chemical polishing etching (CPE) treatment to the
hierarchical structures leads to atomically smooth
and contamination-free surface, avoiding the noncon-
formal a-Si:H and metal deposition and the excessive
carrier trapping centers caused by a high density of
surface defects and metal contamination as in the
high-aspect-ratio nanostructures. These concurrent
improvements in optical and electrical design of hier-
archical structures reflect their success in the practical
SHJ cells, which achieve Jg. of 36.58 mA/cm?, Vo, of
595.65 mV, FF of 69.5%, and thus efficiency of 15.14%.
Excitingly, excellent omnidirectional PV characteristics
are also achieved with the hierarchical structures. The
specular reflectance is less than 0.23% for all the
wavelengths at the AOI up to 70°, which directly leads
to excellent omnidirectional PV characteristics of SHJ
cells with hierarchical structures; that is, the daily
power density enhancement (44.2%) is 2 times higher
than the power density enhancement at normal AOI
(21.8%), as compared to conventional MP control cells.
The realization of high-efficiency omnidirectional solar
cells using as-cut Cz n-type substrates demonstrated
here makes hierarchical concepts attractive for large-
area and cost-effective production.

RESULTS AND DISCUSSION

Figure 1Ta—c shows the schematic and the scanning
electron microscopy (SEM) images (recorded at the
tilted angle of 45°), indicating the morphology evolu-
tions in the etching process for the formation of
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Figure 1. (a—c) Schematics of the corresponding experimental procedures and corresponding SEM images. The scale bars
in (a—c) represent 3 um. HRTEM images taken near the edge of the individual NW on hierarchical structures (d) before and (e)
after the CPE treatment. The scale bars in (d,e) represent 3 nm. (f) Ag concentration as a function of time for CPE treatment
with the hierarchical structure surfaces obtained from Ag 3d XPS spectra from Figure S2.

hierarchical Si surfaces composed of microscale and
nanoscale structures. First, the Si MPs were fabricated
on as-cut monocrystalline n-type Cz Si (001) wafers via
an anisotropic etching process with a solution of
potassium hydroxide (KOH) and isopropyl alcohol
(IPA). Note that for large-scale solar cell production,
the Cz wafer is preferred because of its cost effective-
ness, although float-zoning Si exhibits higher carrier
lifetimes and thus higher expected efficiency in most of
cases.”® Moreover, in the PV industry, as-cut wafers
without chemical mechanical polishing are usually
directly used for excluding the polishing cost in the
commercial cell fabrication. Therefore, as-cut n-type Cz
wafers were utilized thoroughly to fabricate SHJ solar
cells in this study to confirm that the concept demon-
strated here can be practically turned into industry
production. This is also the reason that the high-cost,
low-efficiency cells with polished Si are not presented
here. After 20 min anisotropic etching, MPs ranging
from 7 to 12 um in width were formed. Subsequently,
the large-area uniform hierarchical structures combin-
ing MPs and NWs were obtained by metal-assisted
chemical etching on micropyramidal surfaces for 30 s,
as shown in Figure 1b. Finally, the CPE was carried out
to reduce the surface defects and control the final
morphologies. The CPE solution is the mixture of nitric
acid (HNOs3) and hydrofluoric acid (HF). The SEM
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images of hierarchical structures with different dura-
tions of CPE including 0, 30, 60, and 90 s are shown in
Figure S1a—d in Supporting Information, respectively.
One can see that after CPE treatment, the density and
the length of NWs are reduced. The density of the Si
NWs on MPs is about 100.0 um 2 for as-fabricated
hierarchical structures and reduces to ~2.1 um ™2 after
the CPE treatment for 60 s.

Black Si made by metal-assisted chemical etching
has become popular for solar cells because of its high
uniformity and easy fabrication, but it also causes
additional defects in two ways, significantly degrading
the cell performance. First, during the etching process,
the randomness of lateral oxidation and dissolution/
redeposition of Ag nanoparticles on the micropyrami-
dal surfaces due to the redox of Ag could contribute to
the atomic surface roughness, which has been char-
acterized by transmission electron microscopy (TEM),
as shown in Figure 1d.?”?® The atomically rough sur-
faces causing additional surface defects are useless for
light harvesting but act as the nucleation sites for
epitaxial Si (epi-Si) growth during a-Si:H film growth
using plasma-enhanced chemical vapor deposition
(PECVD).*° The formation of epi-Si in a-Si:H layers
results in poor surface/field-effect passivation, leading
to high carrier recombination rate and then severe
deterioration of the V, and FF.3%3! Second, the surface
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may be contaminated by Ag™ ions or Ag nanoparticles.
The catalyst metal might diffuse into Si surfaces during
the formation of NWs via a metal-assisted etching
process. Previously, HNOs solution has been used to
clean the residual Ag after NW formation.2 However,
Ag nanoparticles may not be completely removed by
HNOj; cleaning due to the hydrophobicity of etched Si
surfaces and thus remain in the bottom of NWs3%33
The residual Ag contamination creates carrier trapping
centers and reduces minority carrier lifetimes, inevita-
bly detrimental to the Si NW devices. 33>

Applying the CPE (HNOs/HF) treatment to as-fabri-
cated hierarchical structures can concurrently relieve
these two disadvantages. One of the striking features
of the HNOs/HF isotropic etching is creating the atom-
ically smooth surface of NWs. Compared with as-
fabricated hierarchical structures (Figure 1d), the sig-
nificant reduction in roughness of NW surfaces by the
CPE treatment is observed by TEM characterization, as
shown in Figure 1e. The oxidation of Si by HNO3 forms
atomically smooth SiO,/Si interfaces due to the volume
expansion during the oxidation. Consequently, the
atomically smooth Si surfaces are exposed after etch-
ing off SiO, layers with HF and thus expected to avoid
the epi-Si growth during a-Si:H layer deposition by
PECVD for fabricating SHJ cells (which will be demon-
strated and discussed later).>*3” Furthermore, one
can see that after CPE, density and length of NWs are
reduced, which benefits conformal deposition of the
following a-Si:H and metal contact layers for fabricat-
ing SHJ cells. Moreover, with a decrease in density and
length of NWs, the HNOj3 solution would easily pene-
trate into the bottom of NWs to completely remove the
remaining Ag between NWs. Accordingly, the contami-
nated surface by Ag" or Ag nanoparticles can be
moved away by the CPE treatment for hierarchical struc-
tures, confirmed by XPS analysis shown in Figure S2
in Supporting Information. From Figure 1f, the Ag
content decreases from 0.02% (CPE time = 0 s) to 0%
(undetectable level by XPS) (CPE time = 30 s), indicat-
ing that the Ag contamination is completely removed
after 30 s CPE treatment. Briefly speaking, the atom-
ically smooth and contamination-free NW surface can
be achieved by employing the CPE treatment.

In order to evaluate the light-harvesting character-
istics of hierarchical structures, the total reflectance
(Riotar) in the wavelength range of 300—1100 nm was
measured, as shown in Figure 2a. In contrast to the MP
structures, the as-fabricated hierarchical structures
effectively reduce the reflectance over the broad-band
regions and exhibit reduced average Rt from 19.17
to 2.96%. The superior light-harvesting property of the
hierarchical structures can be attributed to two effects:
the scattering effect of MPs and the gradient refractive
index effect of NWs. The microscale structures cause
effective multiple scattering; as incident light reaches
the Si micropyramidal surfaces, it diffracts to several
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beams and partly rebounces between the MPs, pre-
venting light from escaping back to air and thus in-
creasing the probability of photons being absorbed.*®
As for the hierarchical surfaces, the subwavelength
features of the NWs on the microscale pyramidal
surfaces behave like an effective medium with the
effective refractive index (nes) gradually decreasing
toward air, further increasing the amount of photons
entering the structures."’ Due to the gradient refrac-
tive index effect combined with the scattering effect,
the hierarchical structures exhibit superior light-har-
vesting ability.>®

It is worth noting that the hierarchical structure
combination of MPs and NWs with ~1.16 um length
shows lower reflectance than the structured surfaces
purely consisting of NWs with up to 40 um in length
made by metal-assisted chemical etching.”*° This is an
important advantage of hierarchical structures for
nanostructured solar cells, which is very sensitive to
the surface quality. Simply prolonging the length of
NWs for increasing light-harvesting ability would si-
multaneously result in high surface recombination loss
due to the increased surfaces, leading to unsatisfactory
V.. and FF*' Therefore, the hierarchical structure is
expected to be a potential candidate exhibiting ex-
cellent photon management ability and simulta-
neously avoiding the severe surface recombination
loss. After the formation of more polished surfaces by
CPE treatments for 90 s, the average Ry Of hierarch-
ical structures increases from 2.96 to 13.95% but is still
lower than that of micropyramidal surfaces (average
Riotal = 19.17%), as shown in Figure 2a. The light-
harvesting ability can also be illustrated by the change
in the sample's appearance, as shown in the photo-
graphic images (Figure 2b). Uniform color distribution
suggests that the MPs or the hierarchical structures
uniformly distributed on the entire 16 cm? samples.

In addition to the Ry measurement, AOIl-dependent
specular reflectance (Rspec) Was measured to inves-
tigate omnidirectional light-harvesting ability of
hierarchical structures, as shown in Figure 2c—g. For
the micropyramidal surface, the reflectance cannot be
effectively suppressed for the wavelengths lower than
500 nm at all of AOIs due to high refractive index of Si at
short wavelength regions. Moreover, the reflectance is
strongly angular-dependent, which is attributed to the
MPs with facets at 54.7° relative to the wafer surface. As
shown in Figure 2d, the Ry is effectively suppressed
by the hierarchical surfaces at all AOls and incident
wavelengths; the AOI limit is further pushed to 70°,
below which the reflectance is less than 0.23% for all
the wavelengths. Due to the formation of more pol-
ished surfaces via CPE treatment, the Ry of hierarch-
ical structures is increased with CPE time at all of AOIs and
wavelengths. Briefly, Figure 2d—g clearly shows that the
hierarchical surfaces can broad-bandly and omni-
directionally suppress the undesired Fresnel reflection.
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Figure 2. (a) Total reflectance spectra of MP and hierarchical structures with different CPE durations over the wavelength
regions of 300—1100 nm. (b) Photographic image of five kinds of structures on 4 x 4 cm? wafers. Specular reflectance spectra
of (c) micropyramidal surfaces and (d—g) hierarchical surfaces with different CPE durations.

The beneficial effect of the omnidirectionality char-
acteristics of hierarchical structures on the practical
solar cell performance under a variety of AOIs will be
addressed later.

To gain insight into the light-harvesting ability, we
simulated the light propagating across micropyramidal
and hierarchical surfaces using FDTD analysis. The grid
sizes are Ax x Ay = 0.01 x 0.01 um? in space domain,
and the time step for every calculation is 0.012 fs. In the
figures, the distribution of time-averaged electric field
(|€) in Si micropyramidal (Figure 3a) and hierarchical
structures (Figure 3b) is calculated using 4 = 550 nm.
More details about simulated structures and optical
parameters are described in Figure S3 in Supporting
Information. The insets of Figure 3a,b show the high-
magnification images at the interface region of air and
a-Si:H/c-Si to highlight the light-harvesting effect.
As compared with the MP structure, the hierarchical
structure shows strong and uniform field intensities
within the NWs and the MPs, demonstrating a great
absorption enhancement. The NWs on the MPs guide
more light propagating across the interfaces between
air and MPs. Figure 3c shows the steady-state optical
power detected at the a-Si:H/c-Si interface (p-n
junction), integrating the power flux in the a-Si:H/c-Si
interface regions, as a function of time for the two kinds
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of structures. The steady-state power values for two
structures are 0.38 (MP) and 0.47 (hierarchical struc-
ture), which is a dramatic increase of 23.7% by introduc-
ing the hierarchical structure. The simulation findings
agree with the experimental reflection results, confirm-
ing the excellent photon management characteristics
of hierarchical structures.

In addition to the reflectance measurement, the
effective minority carrier lifetime measurement using
the quasi-steady-state photoconductance (QSSPC) tech-
nique is employed to evaluate the surface/interface
defects, which greatly influence PV characteristics. The
QSSPC technique is described in Supporting Informa-
tion. The measured minority carrier lifetime (7eas) of
whole recombination® can be expressed as

L S - M)

Tmeas Tphulk  Tdiff + Tsurf
W2
Tdift = 55— Dnp V)
w
Tsurf = 7 (3)

where T, is the bulk recombination lifetime, 74 is
the characteristic time necessary for the carrier diffusion
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Figure 3. Time-averaged, normalized |E| electric field distribution of SHJ cells with (a) MPs and (b) hierarchical structures at
A =550 nm. (c) Simulated optical power detected at the interface between a-Si:H/c-Si.

from the middle of the wafer to the surface, 7 is the
surface recombination lifetime, W is the wafer thick-
ness, Dy, , is the diffusion constants of minority carriers,
and S is the surface recombination rate. Values of 7y
and tgi are identical for different structures as all
structures are fabricated with the same wafers. There-
fore, Tmeas Changes with 7y, which is related to the
surface carrier recombination. The effective minority
carrier lifetime of all structures after intrinsic a-Si:H
layer deposition by PECVD for passivation is shown in
Figure 4a and summarized in Figure 4b at the minority
carrier density of 10" cm™, which is similar to the
value under 1 sun illumination. One can see that the
Tmeas greatly drops after using metal-assisted chemical
etching to fabricate the hierarchical surfaces, indicat-
ing high-density surface defects and carrier trapping
centers created on as-fabricated hierarchical struc-
tures' surfaces. The Tmeas Significantly increases after
applying the CPE treatment for 30 s to hierarchical
structures and further increases with the duration of
CPE treatment. The Tpeas is increased to 315.97 us after
applying CPE for 90 s at the minority carrier density of
10" cm 3. The increase in Tmeas can be attributed to
the effective reduction of the surface defect and con-
tamination and the creation of atomically smooth Si
surfaces, which is also supported by TEM observation
and XPS analysis (Figure 1e/f).

As shown in Figure 4c,d, the a-Si:H/c-Si interface was
analyzed by TEM characterizations, indicating the NW
surfaces of the hierarchical structures without and with
CPE treatments after depositing a 5 nm thick intrinsic
a-Si:H layer. It is noticeable that a much thinner a-Si:H
layer (~3.16 nm) was observed on rough surfaces of
as-fabricated hierarchical Si (Figure 4c), as compared
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Figure 4. (a) Effective carrier lifetime as a function of
minority carrier density for the MP and hierarchical struc-
tures with different CPE durations. (b) Lifetimes at carrier
density of 10"® cm ™ for all structures obtained from (a).
HRTEM images after a-Si:H deposition taken near the edge
of the individual NW on hierarchical structures (c) without
and (d) with the CPE treatment.

to ~5 nm thick a-Si:H layers obtained on the defect-
removed surface of hierarchical Si after CPE treatments
(Figure 4d). The difference in thickness of a-Si:H layers
is attributed to the growth of epi-Si observed on rough
surfaces without CPE treatments. The epi-Siis defective
and comes with rough interfaces, increasing the den-
sity of other defects including dangling bonds.3"*
Therefore, any growth of epi-Si in a-Si:H layers drama-
tically reduces the a-Si:H surface/field passivation abil-
ity and results in significant decrease of effective carrier
lifetime.3%3'43 As shown in Figure 4d, the CPE treatment
reduces the atomic roughness and then suppresses the
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epi-Si growth, obtaining the high interface passivation
quality due to the formation of the defect-free abrupt
a-Si:H/c-Si interface. The superior passivation quality is
reflected in the increase in 7,5 Briefly speaking, based
on TEM observation, XPS analysis, and minority carrier
lifetime measurements (Figure 4 and Figure S2 in Sup-
porting Information), the quality of a-Si:H/c-Si interfaces
can be greatly improved by applying proper CPE treat-
ments prior to the a-Si:H passivation, which is practically
beneficial to the PV performance (which will be shown
later).

To evaluate the feasibility of photon management
using light-harvesting hierarchical structures for con-
verting trapped photons into electrons, all structures
were fabricated to a core/shell NW solar device by
PECVD processes. There are many methods to fabricate
core/shell NWs. Thermal diffusion and vapor—liquid—
solid growth methods are common methods for the
synthesis of Si core/shell NWs. However, several chal-
lenges for practical applications using these growth
methods remain. For example, when the thermal diffu-
sion method is used to fabricate the core/shell NWs,
the dopants easily diffuse into the whole NWs, avoiding
the radial junction formation, losing the advantages of
NW architectures (such as increased p-n junction area
and effective photocarrier collection efficiency). On the
other hand, when the vapor—liquid—solid growth is
used to form the NWs, severe diffusion of catalyzed
metal, typically Au, into Si during the NW growth is
inevitable and detrimental to the realization of Si NW
devices due to Au contamination in Si, creating carrier
traps and reducing minority carrier lifetimes.** More-
over, the concentration profile of dopants is difficult to
be precisely controlled at the nanoscale particularly
using the high-temperature processes, such as thermal
diffusion and vapor—liquid—solid growth methods.
Therefore, using the PECVD method to grow the shell
of NWs is a great candidate to obtain the precisely
controlled and contamination-free core/shell NWs. The
thickness and the dopant concentration of emitter
layers can be precisely controlled by different deposi-
tion precursor, time, temperature, pressure, flow rate of
gas, and power of PECVD.

All structures were fabricated with sequential SHJ
solar device fabrication processes and measured under
air mass 1.5 global (AM 1.5G) illumination, as shown in
the current density—voltage (J—V) characterizations in
Figure 5a. PV characteristics are summarized in Table 1.
One can see that, although the as-fabricated hierarch-
ical structure shows the lowest reflectance, its J,c and
efficiency are unsatisfactory. The poor photocarrier
collection efficiency is attributed to high-density car-
rier trapping centers (i.e., high-density surface defects,
Ag contamination, and epi-Si formation during a-Si:H
growth using PECVD). Moreover, the high density of
defects causes many parallel paths across each layer,
resulting in low shunt resistance of the solar cells.
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Figure 5. (a) J—V characteristics, (b) EQE spectra, and (c) IQE
spectra of SHJ solar cells with different structures under AM
1.5G illumination.

TABLE 1. Characteristics of SHJ Solar Cells with Different
Structures

J (mA/am?) V. (mV)  FF (%)  eff (%)
pyramid 3129 593.43 67.02 1243
pyramid + NW 29.83 469.54 4768 6.68
pyramid + NW + CPE (30 s) 36.16 574.56 62.62 13.01
pyramid + NW + CPE (60 s) 36.58 595.65 69.50 15.14
pyramid 4+ NW + CPE (90 s) 34.57 605.97 71.27 14.93

The detrimentally low shunt resistance decreases the
FF and the efficiency of a solar cell, accordingly. Js¢, Vo,
and FF show pronounced improvements after the
appropriate CPE treatment. The Ji. of the solar cell
with hierarchical structures is increased from 31.29
(MPs) to 36.58 mA/cm? using the CPE treatment for
60 s and slightly decreased after CPE treatment for 90 s
due to the formation of relatively polished surfaces and
the decrease in junction area. The continuous increase
in Vo and FF can be explained by (i) the removal of
surface defects/contamination and the suppression of
epi-Si growth after CPE treatment and (ii) the improved
a-Si:H and metal film coverage on hierarchical struc-
tures due to atomically smooth surfaces and decreased
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density and length of NWs via CPE treatments. There-
fore, the compromise among light harvesting, junction
area, and carrier lifetime leads to the highest conver-
sion efficiency of 15.14% with 21.8% enhancement for
hierarchical structured SHJ cells with appropriate CPE
treatments, as compared to the MP cells. This also leads
us to conclude that only when the carrier trapping
centers are eliminated by CPE treatments can the
hierarchical structures practically enjoy the advantage
of excellent light-harvesting characteristics, giving rise
to the significant efficiency improvement.

To gain insight into the correlation between Jy
enhancement and optical harvesting/carrier collection
enhancement with hierarchical structures, external
quantum efficiency (EQE) and internal quantum effi-
ciency (IQE) spectra are further analyzed (Figure 5b,c).
The EQE measurement indicates that, as compared to
the MP device, the device with as-fabricated hierarch-
ical structures shows pronounced EQE enhancementin
the spectral region of 590 to 920 nm but efficiency
degradation in short (from 300 to 590 nm) and long
(from 920 to 1100 nm) wavelength regions in spite of
the excellent photon management ability demon-
strated in reflection measurements (Figure 2). The
results prove that the main problem of unsatisfied J.
and efficiency in nanostructured solar cells is from their
electrical properties (i.e.,, poor photoexcited carrier
collection efficiency). After the CPE treatment is em-
ployed, EQE is increased in a wide wavelength range.
Considering the fraction of the actually absorbed
photons by the active layers, the EQE can be converted
into the IQE, which is the ratio between the measured
Jsc and the number of absorbed AM 1.5G photons per
unit area and time. The IQE measurement is useful
to exclude the optical effect for investigating the
carrier collection efficiency. The surface recombination
effect strongly affects the IQE at short wavelength
regions since high-energy photons are absorbed near
the surface.® Usually, nanostructured solar cells
show a high surface recombination rate due to the de-
fective surfaces and the ultrahigh surface-to-volume
ratio of nanostructures, leading to poor blue spectral
response.'® Moreover, a considerable loss of long-
wavelength photoexcited carriers has been observed
due to the back surface recombination.*>*® During the
metal-assisted chemical etching processes, some Ag
particles (Ag*/Ag, redox potential of 0.80 V vs normal
hydrogen electrode (NHE)) might be oxidized and
dissolved into the solution due to low redox potential
compared with H,0, (redox potential of 1.72 V vs NHE
in a solution at pH = 0.3), and then the Ag™ redeposits
on the Si surface not only on the top side but also on
the back side.® The dissolution and the redeposition
of Ag nanoparticles on the structures contribute to
the atomic surface roughness, easily inducing epi-Si
growth between a-Si:H and c-Si interface during the
a-Si:H deposition process. Therefore, the IQE drops
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greatly at long-wavelength ranges after the metal-
assisted chemical etching process. The IQE drop limits
Jsc and overall efficiency. In this study, the CPE treat-
ment of the hierarchical structures greatly improves
the conversion efficiency of SHJ cells at short and long
wavelength regions by improving nanostructured in-
terfaces and back surface conditions of Si. The change
of IQE with CPE time indicates that the surface defects
can be effectively reduced even for a short period
of CPE treatment time, echoing the results of the effec-
tive lifetime measurements (Figure 4). After carefully
removing the surface defects, the radial junction de-
sign would be able to effectively work for the carrier
collection.

To envision concurrent enhancement in V. and Jg.
of SHJ solar cells with photon management employing
hierarchical light-harvesting structures, we gain insight
into implied V,, which can be used to identify the ideal
device performance (assuming no electrical losses in
subsequent semiconductor and metal layers (n-type
and p-type a-Si:H and ITO) and contacts between these
layers) for process monitoring. The minority carrier
lifetime measurements allow the extraction of the
implied V.. The implied V. is estimated from the
equation®’

. Ang W
Joh = u (4)
Teff
implied Vo = %T In <A”(ND;;\2+AM) 5)
i

where jg, is the photoexcited current, g is the charge of
the electron, An,, is the average density of minority
charge carriers, W is the wafer thickness, 7. is the
effective carrier lifetime, k is the Boltzmann constant,
T is the temperature, Np 4 is the donor or acceptor
concentration of the wafer, An is the excess carrier
concentration, and n; is the intrinsic carrier concen-
tration. Under open-circuit conditions, the recombi-
nation current has to balance the photoexcited
current (jrec = jon); An,, would be similar to the value
of An when the wafer surface is well-passivated
and the wafer thickness is smaller than carrier diffu-
sion length. Then, with a given jg, implied V. can be
calculated by replacing An,, with An. As indicated in
Figure S4 in Supporting Information, the implied
Voc shows the same tendency with Teas, and the
implied V,. of hierarchical structures with 90 s CPE
treatment is almost the same as that of MPs, making
the high-efficiency nanostructured SHJ solar cells
possible to achieve. As compared to V,. obtained
from J—V curves under AM 1.5G illumination, the
implied V. is as high as 660 mV, indicating that V.
can be improved further by optimizing the cell
fabrication process for boosting the efficiency of
hierarchical structured cells, which is currently un-
der investigation.
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Figure 6. (a) Schematic of incident angle-dependent power generation over a day. (b) Incident angle dependence of
generated maximum power. (c) Enhancement of generated maximum power. (d) Estimated average daily power density

generated from the devices.

The above-discussed PV characterizations were
all performed with normal incident light. However,
light absorption from a variety of AOIs has to be
considered for practical PV applications. We measured
AOI-dependent maximum power density (Pmax = Jsc X
Vo X FF) from —90 to 90° under AM 1.5G illumination
to emphasize excellent omnidirectional PV character-
istics of hierarchical structures (Figure 6a,b). To assess
the omnidirectional light-harvesting enhancement,
we define the P,.x enhancement as (Prax hierarchical —
Pmax,pyramid)/Pmax,pyramid: where Pmax,pyramid and
Praxhierarchical @re Pmax of SHJ solar cells with MPs and
hierarchical structures, respectively. As shown in
Figure 6¢, for SHJ cells with hierarchical surfaces, the
Prmax €nhancement is 21.8% at normal incidence while
increasing to 83.5% at the AOI = 75°, implying that the
hierarchical structured solar cell exhibits much better
light-harvesting capability at high AOI values than the
MP solar cells, echoing the experimental omnidirec-
tional reflection results (Figure 2c—g). We note that the
solar spectrum changes with time of day, season,
altitude, and location. Here, we performed day-
integrated solar energy generation analysis (Figure 6d),
in which we assume that (i) the device and the sun are
confined within the equatorial plane, (ii) the x-axes of
Figure 6b,c are both positive and negative angular
ranges of the sun's movement, and (jii) the integrated
Prmax at the AOI from —90 to 90° represents the aver-
age daily power density generated from the solar
cells. MP and hierarchical structured SHJ devices ex-
hibit an integrated daily power density of 0.68 and
0.99 KWh/m?, indicating the 44.2% enhancement after
employing the hierarchical structures. Moreover, the
daily power density enhancement (44.2%) is 2 times
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higher than the power density enhancement at normal
AOI (21.8%), demonstrating the omnidirectional solar
cells achieved by photon management employing
hierarchical structures.

CONCLUSIONS

We demonstrated omnidirectional SHJ solar cells
with n-type Si exhibiting the efficiency up to 15.14%
using the efficient light-harvesting hierarchical struc-
tures composed of MPs and NWs. The average Ryota is
reduced to 2.96% at wavelengths of 300—1100 nm by
the hierarchical structures with only 1.16 um long NWs,
superior to the surfaces (without MPs) purely consist-
ing of long NWs up to 40 um in length, and Ry is
less than 0.23% at the AOI up to 70° for all the
wavelengths. Excellent broad-band and omnidirec-
tional light-harvesting characteristics of the hierarchical
structures result from gradient refractive index effect by
NWs combining with the scattering effect by MPs. We
addressed one of the most important issues for putting
high-efficiency nanostructured solar cells into practice:
atomic smooth, defect- and contamination-free sur-
faces to minimize the interface/surface recombination
rate in high-aspect-ratio nanostructures obtained via
appropriate CPE treatments applied to hierarchical
structures, giving rise to a concurrent improvement
in electrical and optical characteristics of the radial
junction architecture. As compared to MP ones, hier-
archical SHJ cells exhibit a daily power enhancement
(44.2%) 2 times higher than the power density en-
hancement at normal AOl (21.8%), demonstrating
omnidirectional PV characteristics achieved by the
photon management employing hierarchical struc-
tures. Such a hierarchical architecture concept offering

VOL.7 = NO.10 = 9325-9335 = 2013 ACS\JAN()

WWW.acsnano.org

9333



excellent broad-band and omnidirectional light-
harvesting characteristics, significantly increased junc-
tion areas, and high carrier lifetimes indicates the

METHODS

As-cut Cz n-type monocrystalline Si(001) wafers with a thick-
ness of 200 um were used. First, the Si MPs were fabricated
via an anisotropic etching process using a solution of KOH and
IPA at 85 °C. Subsequently, a Ag nanoparticle layer was depos-
ited on the MPs using electron beam evaporation for metal-
assisted chemical etching. The large-area and uniform hierarch-
ical structures of MPs and NWs were obtained by immersing the
Ag nanoparticle-covered micropyramidal substrates into the
etching solution of HF/H,0,/H,0 for 30—90 s at room tempera-
ture. Finally, the isotropic CPE treatment using HNO3 and HF was
carried out to remove the defects and metal contamination. All
of the wafers were cleaned by standard RCA cleaning followed
by 1% HF dipping.

For SHJ solar cell fabrication, the PECVD process was carried
out at 150 °C for the deposition of an intrinsic a-Si:H buffer layer
(5 nm)/p-type a-Si:H layer (6 nm) on top as emitter layers and an
intrinsic a-Si:H buffer layer (5 nm)/n-type a-Si:H layer (10 nm) on
the back as surface field layers. Finally, the ITO contacts were
deposited on both sides by the sputtering method, followed by
Ag grids on the top and a full coverage of Ag on the back using
the electron beam evaporation.

Morphological and microstructure studies were performed
with a JEOL 2100F TEM operating at 200 kV and a JEOL JSM-6500
field emission SEM. The substrate-bound NWs were mechani-
cally scraped, sonicated in ethanol, and deposited on carbon-
coated copper grids for TEM characterization. The reflectance
measurements were carried out with a standard UV—vis spec-
trometer (JASCO ARN-733) with an integrating sphere. Follow-
ing a-Si:H layer deposition on the both sides, effective carrier
lifetimes were characterized using the QSSPC system (Sinton
Instruments WCT-120). The J—V characteristics were carried
out under the illumination of an AM 1.5G solar simulator at
100 mW/cm™2 with a Keithley 2400 source meter. The EQE
measurements (Enlitech QE-R) were performed by coupling the
halogen lamp to a monochromator.
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