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The single standing nanowire (SNW) solar cells have been proven to perform beyond the planar
efficiency limits in both open-circuit voltage and internal quantum efficiency due to the built-in con-
centration and the shifting of the absorption front. However, the expandability of these nano-scale
units to a macro-scale photovoltaic device remains unsolved. The main difficulty lies in the simulta-
neous preservation of an effective built-in concentration in each unit cell and a broadband high
absorption capability of their array. Here, we have provided a detailed theoretical guideline for realiz-
ing a macro-scale solar cell that performs furthest beyond the planar limits. The key lies in a comple-
mentary design between the light-trapping of the single SNWs and that of the photonic crystal slab
formed by the array. By tuning the hybrid HE modes of the SNWs through the thickness of a coaxial
dielectric coating, the optimized coated SNW array can sustain an absorption rate over 97.5% for a
period as large as 425 nm, which, together with the inherited carrier extraction advantage, leads to
a cell efficiency increment of 30% over the planar limit. This work has demonstrated the viability of

a large-size solar cell that performs beyond the planar limits. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4952753]

I. INTRODUCTION

Recent progress on standing nanowire (SNW) solar cells
has just revealed the thrilling potential of fabricating a pho-
tovoltaic device that performs beyond the Shockley-Queisser
(S-Q) limit of conventional solar cells.'™® Such possibility is
enabled by the unique optical behaviors of the SNWs and
was first observed and proposed in the works of Krogstrup
et al.' and Wallentin er al.* In Krogstrup’s work,' a single
GaAs SNW was found to have an optical cross-section more
than 10 times larger than its geometrical cross-section due to
the optical antenna effect. They proposed that such built-in
concentration of light in a nano-scale device may lead to an
increase in open-circuit voltage (V) by allowing the
electron-hole gas to be generated with a higher chemical
potential x than does the planar S-Q limit."””* Although such
increment was not experimentally demonstrated due to non-
ideal electrical characteristics, it has enlightened the design
of a macro-scale solar cell using these nano-scale units to go
beyond the traditional limits of solar energy conversion. In
Wallentin’s work,” the viability of this idea was supported
by their observation on the InP SNW array solar cell, where
they found that the highest V. exceeded that of the planar
cell record despite a large surface area enhancement.
Nevertheless, in that work, the cell structure was not pur-
posefully designed to maximize this effect and the overall
conversion efficiency is still far from the planar limit. To
assess the potential of the single SNW unit cell, our group
has previously studied its optical properties and found a
direct link between the magnitude of the built-in
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concentration and the excitation of the HE,;s and HE5;
dielectric resonator antenna (DRA) modes.> Theoretically,
an optimized single SNW cell can possess a conversion effi-
ciency over 33% higher than the planar limit due to the pro-
motion in V,. and the internal quantum efficiency (IQE),
showing great promise as a building block for beyond-limit
macro-scale photovoltaics.

At present, however, there is still a lack of knowledge of
the assembly principles for such a macro-scale device, nor is
it clear to what extent can the superior properties of the sin-
gle SNW unit cells be transferred to their arrays. The diffi-
culty lies in the fact that most previous researches on SNW
arrays have either used them as phase-matching antireflec-
tion layers*~'" or tuned their resonant absorption by con-
trolling the radius of the SNWs,%>'?"'? including the work
by Wallentin er al. Neither of these two can directly serve
our purposes since the radius and array period must be
strictly restricted in order to preserve the ability of each unit
cell to perform beyond the planar limits."” Besides, high
absorption rate on a macro-scale area must be simultane-
ously achieved. A more recent work by Nowzari ef al.*® on
InP nanowire (NW) array solar cell has found that the array
pitch plays a crucial role in determining the overall absorp-
tion of the SNW array and proposed that the spacing between
NWs should be chosen according to the NW diameter.
Nevertheless, more detailed discussion on this matter was
not provided. Thus, further studies and new methods are
needed to fully extend the single SNW solar cell concept
into a large-size practical device that performs beyond the
traditional boundaries.

In this work, we provide a theoretical guideline for con-
structing a macro-scale SNW array solar cell that performs
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furthest beyond the planar efficiency limits. The two key fac-
tors are the tuning of the HE resonant modes by controlling
the thickness of a coaxial dielectric coating and the comple-
mentary design between the cavity-like light-trapping of sin-
gle SNWs and the photonic light-trapping of the array.
While the former is a premise for preserving the built-in con-
centration," the latter allows it to be fully utilized by sus-
taining a broadband high absorption capability up to large
array periods. By this method, a coated SNW (CSNW) array
solar cell with 30% efficiency enhancement over the planar
limit has been demonstrated, thus opening up new possibil-
ities for high-efficiency solar cells with novel structures.

Il. METHODS

We have performed the simulations based on the typical
p-i-n amorphous silicon (a-Si) solar cell structure. All cells,
including the planar cell, the SNW cell, and the CSNW cell,
have the same configuration from top down: 80 nm transpar-
ent conductive oxide (TCO), 20nm p-a-Si, 460nm i-a-Si,
20 nm n-a-Si, and metal back reflector (a schematic is drawn
for the SNW cell in Fig. 1(a)).?"** The radii of the SNW cell
and the CSNW cell (the a-Si core) are kept constant at
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50 nm, and the coating thickness of the CSNW cell is varied
between 0 and 200 nm.

We have employed the finite-difference time-domain
(FDTD) method to obtain the optical absorption of the cells.
An infinite plane wave is projected vertically onto the cells,
which is normal incidence for the planar cell and axial inci-
dence for the SNW and CSNW cells. The incident wave-
length /4 ranges from 300 nm to 720 nm, covering the major
absorption spectrum of a-Si (E,=1.72¢V). The simulation
region is 200nm X 200nm X 1 um with periodic in-plane
boundaries for the planar cell, 4 um x 4 um x 1 um with per-
fectly matched layer in-plane boundaries for the single SNW
and single CSNW cells, and P x P x 1 um with periodic in-
plane boundaries for the SNW array and CSNW array cells,
where P is the array period. A mesh refinement of down to
1 nm is applied and the complex refractive indexes n, k of
the materials are taken from a widely used reference.”> The
upper limit of the planar cell performance is defined as that
under the total-absorption condition, which is obtained by
artificially dividing the simulated planar absorption rate
Abs(2) by a factor of [1 — R(A)] prior to subsequent electrical
simulations, where R(A) is the simulated reflectance from the
planar cell.
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The electrical simulations of the cells are performed by
solving basic semiconductor equations on a tetragonal mesh
with a fine mesh size of 1 nm. The photocarrier generation
rate at each mesh point is calculated by integrating Abs(4)
with the AMIL.5 solar spectrum in the interval of
300 nm—-720nm. The TCO and metal contacts are assumed
to be ohmic and the semiconductor band gap of a-Si is set as
1.72eV. Both the Shockley-Read-Hall recombination and
Auger recombination are taken into account, giving electron
diffusion lengths of ~500nm in the i-a-Si layer and ~6 nm
in the p-a-Si/n-a-Si layers.”’**** For simplicity, interface/
surface recombination is not considered, which does not
affect the main conclusions of this work. The above optical
and electrical simulations are performed using a commercial
software package (FDTD Solutions v8 and DEVICE v3,
Lumerical 2013).

After optical and electrical simulations, the performance
parameters of the SNW and CSNW array cell are calculated.
To ensure direct comparability with the traditional definition
of cell parameters of large-size devices, the short-circuit cur-
rent density (Jy.) of the SNW and CSNW array cell is
defined by

]SC

Jse :ﬁv

ey
where [ . is the simulated short-circuit current of a unit cell
and P is the array period (unit length). It can be readily seen
that under such definition, the J,. of an a-Si SNW/CSNW
array cell has an upper limit of 21.84 mA/cm?, the same as
any other macro-scale a-Si solar cells. Similarly, the energy
conversion efficiency 7 of the SNW and CSNW array cell is
defined by

B Iy X Vi
P2 x 100mW /cm?’

n 2

where [, and V,, are the current and voltage of a unit cell at
maximum power point, P is the array period, and 100 mW/cm?
is the energy flux of AM1.5G illumination. Under such defini-
tion, the energy conversion efficiency # of the SNW and
CSNW array cell has the classical meaning: the ratio between
the output power and the total incident energy flux over the
entire cell surface.

In calculating the photonic band structure of the exem-
plary SNW array, the a-Si material is set to have a constant
permittivity of e=11.9 and the extinction coefficient is set
as zero. The photonic bands are calculated by the plane wave
expansion method using a commercial software package
(RSoft).

lll. RESULTS AND DISCUSSION

Fig. 1(a) shows the schematic of a single SNW solar
cell. To compare with the planar efficiency limit, we have
adopted the same p-i-n structure of the traditional a-Si thin
film solar cell, where the layer thicknesses are fixed at
p =20 nm/i =460 nm/n = 20 nm, respectively.?' It is impor-
tant to note that the choice of a-Si cell is merely due to its
matureness in parameterization and modeling, while the

J. Appl. Phys. 119, 203108 (2016)

discussion can apply to a large range of other cell materials
and result in higher efficiencies.'**” Also, crucial limiting
factors for a realistic solar cell, such as non-radiative recom-
bination, have been taken into account to ensure direct com-
parability with the experimental results. In our previous
work, we have found that the concentration factor of this
structure is maximized when the nanowire radius is ~50 nm,
so that it supports the HE, s resonance of the main absorp-
tion wavelength.3 In the following, this choice of nanowire
radius is retained to take full advantage of the light concen-
tration effect and to promote the V. furthest above the S-Q
limit. For the same reason, a metal back reflector is always
applied beneath the nanowire, which, together with the
80 nm-thick TCO top layer, also serves as the electrical con-
tacts of the cell. The absorption efficiency (Q.,s) of this
structure, defined as the ratio between its optical and geomet-
rical cross-sections, is shown in Fig. 1(b). Absorption in the
nanowire is remarkably enhanced when the HE, 5 and HE ,;
modes are excited by A=626nm and A=365nm, respec-
tively, whereas it drops significantly for wavelengths near
the band gap of a-Si (4 =720 nm) due to the weak absorption
of the material in this region. Integrating the Q. with
AML.5 solar spectrum gives an overall 21-fold built-in con-
centration, leading to a high V. of 1006 mV, an extremely
high J. of 432.7mA/cm?, a high IQE of 96.5%, and a high
conversion efficiency 1 of 17.67% (as compared to the planar
limits of 882mV, 18.84mA/cm?, 86.8%, and 13.32%,
respectively).

The knowledge of the optical and electrical behaviors of
a single SNW solar cell provides a useful basis in analyzing
the more complicated characteristics of their arrays.
Specifically, the conversion efficiency of a SNW array solar
cell is maximized when (1) the reflectance from the solar
cell is minimized, (2) the V,. promotion in each unit cell is
preserved, and (3) the carrier extraction advantage (higher
IQE than planar) is retained. The first condition requires a
high absorption capability of the SNW array across the broad
AMI.5 spectrum, in contrast to the mode-dependent charac-
teristic absorption of a single SNW."*!” The second condi-
tion requires a sufficiently large spacing (period) between
adjacent SNWs, so that their optical cross-sections do not
substantially overlap and still function as effective light-
concentrators. The last condition requires that most of the
photocarriers are generated within the i-layer of the SNW
array cell. With these criteria in mind, we first investigate
the performance of the SNW array cell depicted in Fig. 1(c).
The array cell is characterized by its period (P), and its opti-
cal property is described by the wavelength-dependent
absorption (Abs), where Abs=1—R and R 1is the
wavelength-dependent reflectance from the cell. In Fig. 1(d),
the Abs of the SNW array cell is shown in color against
increasing P. There are several key features to be noted in
this contour. First, strong absorption of the array is observed
for resonant wavelengths of the HE;;s and HE,5; modes,
indicated by Abs values close to unity. This is especially true
for the HE ;s mode, where an array as sparse as 700 nm in
period can still absorb almost all the incident light with
A=626nm. Second, a relatively high absorption region is
found for the non-resonant wavelengths, where P </ is
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satisfied. Third, the array shows very poor absorption of
wavelengths near the a-Si band gap, where even the densest
array of P =250nm only captures less than 1/3 of the inci-
dent light.

Apparently, these optical features of the SNW array cell
come from both the property of the unit cell and that of their
collective group.*'%** Since the former has been well stud-
ied previously, we now focus on the latter issue. A square
array of SNWs can be considered as a grating with discrete
translational symmetries in both two in-plane directions (X
and 7).'"?32° And Bloch’s theorem dictates that the in-
plane wave vector ];H is conserved up to the addition of re-
ciprocal lattice vectors, which is commonly known as the
Bragg-diffraction condition.""*® Explicitly, for a square
array

271 21
kH —kH +m—X+m—Yy, 3)
p p

where I?‘/‘ and IZH are the in-plane wave vectors of the dif-
fracted and incident light, »; and m, are any combination of
integers, and p is the array period. Such ability of the array
to provide in-plane momentum for incident light has been
exploited in many light-trapping schemes, where it enables
phase-matched coupling of light into the guided modes (if it
is used in conjunction with a thin layer of substrate) or the
diffraction modes (if it is used in conjunction with an infin-
itely thick substrate) of the absorbing material.*'*!!
However, in our case, the SNW array is itself the absorber
and its interaction with light must be understood via its pho-
tonic band structure, which is plotted in Fig. 1(e) for
P =300nm.***” The purple lines show the first 40 photonic
bands across the irreducible Brillouin zone between the la-
beled high-symmetry points, while the blue shaded area
shows the continuum of radiation modes, or normally
referred to as the light cone. Like in any photonic crystal
slab, the modes below the light cone are truly guided modes
with infinite lifetime.?®?” If a specific wavelength can ac-
quire a suitable in-plane momentum, it can be coupled into
these guided modes for significant absorption enhance-
ment.”** However, the SNW array alone cannot provide
this phase-matching, as can be readlly seen from Equation
3) that any diffracted wave vector kH for normal incident
light (kH = 0) still falls on the I' point in the reduced zone
scheme. At the I" point, all photonic states supported by the
array reside in the light cone. These modes can couple to
radiation modes in air and thus possess only a finite lifetime,
which are often called guided resonances.”®*’2*3" The
above information of the photonic band structure offers a
straightforward explanation to the optical properties of the
array shown in Fig. 1(d). When normal incident light reaches
the air/array interface, which is essentially a grating, it is ei-
ther diffractively reflected or coupled to the supported modes
of the array.'"'®'"2® The reflection loss on this interface
(termed “in-coupling loss” by Anttu and Xu'’) determines
how much light can enter the SNW array, and its value
strongly depends on the number (order) of the diffractive
reflections.'"'%!'72® When P < /, all but the Oth order
reflections vanish, since Equation (3) gives an imaginary
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normal-to-plane wave vector k| ((k,)* = (27“)2 (kH) ) for
these modes (evanescent waves). By contrast, the array sup-
ports a large number of guided resonant modes for these
wavelengths (note that P < A equals to the normalized fre-
quency 52 < 1 in Fig. 1(e)). 2627 Consequently, light is more
effectlvely coupled into the array than reflected due to the
contrast in the density of optical states, resulting in the
broadband relatively high absorption region denoted by
P < A. Such phenomenon is quite similar to the case of an
array/substrate system, where the high-index substrate sup-
ports more diffraction modes than air and causes a dip in re-
flectance for P =/ (Rayleigh anomaly).'"?® On the other
hand, not all the incident light that passes through the air/
array interface gets absorbed. The finite lifetime of the
guided resonant states suggests that the in-coupled light will
eventually escape from the array if it is too weakly absorbed
by the material.***”?*3% And this has been clearly evidenced
by the poor absorption performance near the a-Si band gap
in Fig. 1(d).

Now based on the Abs profile, we can conclude that the
preliminary SNW array structure is not yet optimized for
large scale photovoltaics due to the lack of uniform absorp-
tion capability across the solar spectrum. This is shown ex-
plicitly in Fig. 1(f), where the AMI1.5-integrated Abs, the
open-circuit voltage V., and the cell efficiency 5 are plotted
as black, red, and blue solid lines, respectively, for the SNW
array cell. The Abs drops rapidly with increasing P, showing
a reflection loss of ~10% at P=230nm and ~20% at
P =320nm, whereas the corresponding V. increments are
only 83 mV and 102 mV, respectively. Clearly, the reflection
loss compensates the benefit in V. for larger values of P,
leaving the maximum of # to be found at P =175nm with
n=1592%, Abs=0.96, V,c=944mV, and IQE=95.1%,
respectively. Although this efficiency maximum is ~20%
higher than the planar limit of # = 13.32%, we can still see
that this enhancement primarily comes from the improved
IQE (which will be discussed later), and that the V. promo-
tion is only half of that in a single SNW due to the denseness
of the array, showing plenty of room for improvement.

As has been discussed above, to fully exploit the built-in
concentration of SNWs, we need to choose a sparse array
with a large P, which in turn requires that the light-trapping
mechanisms of the individual SNWs and the array be more
delicately coordinated, so that each section of the spectrum is
covered by a certain mechanism. These two sources of light-
trapping represent two distinct solutions. For the light-
trapping of the array, we can see from its band structure in
Fig. 1(e) that if we introduce additional scatterers (e.g., a gra-
ting back reflector with a different P), the normal incident
light may acquire a matching in-plane momentum and couple
to the guided modes of the array.''® This should notably
improve the absorption across the spectrum, especially near
the material band gap, but we will not discuss this approach
here due to the additional complexity in experimental realiza-
tion. The other way is to adjust the cavity-like light-trapping
of the single SNWs, i.e., the HE| ;s and HE|,5s modes. As can
be seen in Fig. 1(d), due to the array light-trapping boundary
of P < /4, for large P (P >450nm), there is a lack of absorp-
tion for the medium wavelengths (4 =450 nm—500 nm) apart
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from the poor absorption near the band gap, whereas the HE
modes provide either insignificant (4 =365nm, low photon
flux) or redundant (4 =626nm, covered by array light-trap-
ping) absorption enhancement for such value of P (~450 nm).
This inspires us to move the HE resonant peaks to longer
wavelengths, complementing the array light-trapping. A simi-
lar conclusion has been drawn previously by Anttu et al. that
a SNW array shows maximum overall absorption when one of
the resonant absorption peaks of a single wire is placed near
the material band gap.'®!” However, in these works, the reso-
nant peaks are controlled through the nanowire ra-
dius,5’12’13’15_19 which is infeasible in our case since the
effectiveness of the built-in concentration diminishes rapidly
with increasing radius (according to our previous work, the
concentration factor drops from 21 to ~16 when the HE;;
mode is placed near the band gap, and further to ~4.5 when
the HE,»; mode is placed near the band gap).® Thus, we need
to choose another radius-unconstrained method in tuning the
resonances of the single SNWs. Considering their DRA na-
ture, we refer to the alternative solution in DRA applications
for resonance tuning, i.e., the embedded DRA (EDRA) tech-
nique.*'* The resonant frequencies of a DRA can be modi-
fied by placing it into an embedded structure without having
to change its geometrical parameters. Explicitly, for a cylin-
drical DRA, previous works have shown a red shift in its reso-
nant wavelengths when embedded into a larger coaxial
cylinder with a lower refractive index.*'* This suggests the
conformal coating of the SNWs with a dielectric shell, which
is the adopted method in the following discussion.

Fig. 2(a) shows the schematic of the CSNW structure.
We have chosen SiNj as the coating material in the simula-
tions, but the conclusions should readily extend to other
dielectric materials with similar refractive indexes, e.g.,
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SiO,. In Fig. 2(b), the influence of the coating thickness C
on the Q. of a single CSNW is drawn in color. The peak
positions of the first two resonances are plotted in dashed
black lines and can be traced back to the HE;;s and HE 55
modes of the uncoated SNWs, respectively.® It can be seen
that the resonant wavelength and the resonant magnitude
(indicated by Q.,) both increase with increasing coating
thickness C, consistent with the previous findings.*'*
Accordingly, we can choose a suitable value of C to move
these resonances to the required parts of the absorption spec-
trum, as is shown in Fig. 2(c). By choosing C =65 nm, the
HE ;s mode is moved to the medium wavelength
(A=484 nm), enhancing the local Q. by ~3 fold, and the
HE ;s mode is moved into the material band gap, enhancing
the near-band-gap Q,,s by more than 3 fold. Thus, the new
CSNW structure can satisfy our previous requirements for
the light-trapping of a unit cell.

Next we evaluate the performance of the CSNW array,
which is depicted in Fig. 3(a). As before, the array is charac-
terized by the period P, and its optical property is reflected
in the Abs contour in Fig. 3(b). Similar to that of the SNW
array in Fig. 1(d), the strong absorption region of the CSNW
array is determined by both the HE-mode-dependent reso-
nant absorption of the individual CSNWs and the array light-
trapping boundary of P < A. However, in this case, the
relocated HE modes provide critical absorption enhancement
for the array. The strong light-trapping of the individual
CSNWs at resonance allows for almost complete absorption
of the medium and near-band-gap wavelengths up to a period
of 600 nm, at which point the array light-trapping has been
demonstrated to be ineffective due to either the existence of
higher order diffractive reflections or the leaky nature of its
guided resonances.''**?"*2% Consequently, the CSNW

Wavelength (nm)

FIG. 2. (a) Schematic 3D drawing of
the single CSNW solar cell. The
CSNW cell is formed by embedding a
SNW cell into a coaxial dielectric shell
with a thickness of C. (b) Shifting of
the DRA modes of the CSNW cell as a

function of coating thickness. The first
two resonances are labeled by dashed
black lines and can be traced back to

the HE| s and HE,5 modes of the sin-
gle SNW cell, respectively. (c)
Absorption efficiency Q. of the sin-
gle SNW cell and single CSNW cell
(C=65nm). The HE;;s and HE;s
modes can be moved to the desired
parts of the absorption spectrum (near
band gap and medium wavelength) by
choosing C =65 nm.
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FIG. 3. (a) Schematic 3D drawing of
the CSNW array solar cell. (b)
Wavelength-dependent absorption Abs
of the CSNW array cell as a function
of array period P. The HE,,s resonant
wavelength is moved beyond the a-Si

- 18 band gap and is not shown in the fig-
700 ure. (c) Simulated AMI.5-integrated
41020 absorption Abs, open-circuit voltage
—~ 415 Voe, and cell efficiency 7 of the CSNW
E 600 array solar cell as functions of the
:E' 41005 array period P.
2 500 1
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array can sustain a broadband high absorption capability for
P values as large as 500 nm (which is about the extent of the
optical cross-section of a single SNW?), thus enabling full
utilization of the built-in concentration effect. In Fig. 3(c),
the resulted AM1.5-integrated Abs, the open-circuit voltage
Ve, and the cell efficiency # are plotted for the CSNW array
cell. Due to the complementary light-trapping effects across
the absorption spectrum, the CSNW array cell shows reflec-
tance values less than 6% for P ranging from 250 nm to
500 nm, with a minimum of 2.2% at P =400nm. The effi-
ciency maximum is found at P =425nm, with 1 =17.29%,
Abs =0.975, Voo = 1009 mV, and IQE = 96.2%, respectively.
This equals to a 30% relative increase over a planar device
with the exact same material and an absorption capability of
unity, namely, the practical efficiency limit of planar struc-
ture. Further comparing the CSNW array cell with the single
SNW cell, we can see that the promotion in V. is not only
preserved but slightly enhanced by the excitation of the
guided resonances of the array, and that the high IQE feature
is retained (as will be shown later). Thus, we have shown
from the theoretical point of view the possibility to realize a
macro-scale solar cell that performs far beyond the planar
Voe and IQE limit.

Here, it is worth pointing out that certain properties of
the CSNWs may notably facilitate their experimental realiza-
tion. First, the coating can in principle be formed by more
than one type of lower-index materials, e.g., a TCO/SiO,
shell as is used by Wallentin et al. in their InP cell.” The
shifting of the DRA modes in this case needs to be further
determined, but it provides much convenience for the real-
ization of the cell structure. Second, in tuning the HE
resonances of the single CSNWs, we have chosen
C =65nm, so that the HE, 5 and HE,5 modes are precisely
moved to the band gap and the medium wavelength,

respectively. However, this choice may not be unique. As
can be seen in Fig. 2(b), more resonances show up when fur-
ther increasing C, and for C ~ 180 nm the Q.S at the me-
dium wavelength and near the band gap are comparable to or
even higher than those of C =65nm. For such thick coat-
ings, the CSNWs touch each other in the array and should
not be analyzed separately,'**® nevertheless simulations
show that the reflectance values in such cases are around
10%. This means that there may be a range of feasible coat-
ing thicknesses, which also loosens the constraint on experi-
mental designs. Finally, we have fixed the SNW radius at
50nm in this work to maximize the built-in concentration
and thus V.. Nevertheless, further fine tuning of the SNW
radius may lead to slight increase of array performance,
since the potential lowering of V,. may be compensated by
further increase of array absorption. For clarity of the main
mechanism, we have not included this part in the present
work.

As the first step in extending the single SNW solar cell
concept to macro-scale applications, we have until now pri-
marily focused on engineering the optical absorption of the
cell. This is due to the fact that the requirement of preserving
the built-in concentration of the unit cells while retaining an
excellent broadband absorption has set the most critical lim-
its on the design of the cell, and that the reflection loss is by
far the strictest limiting factor in the preliminary SNW array
structure (as is shown in Fig. 1(f)). During optimizing the op-
tical absorption, we have shown that the high IQE feature of
the single SNW cell can be inherited by the SNW/CSNW
arrays and contributes notably to the promotion of the cell
efficiency beyond the planar limit. Next we will discuss this
issue and reveal some crucial factors. In Fig. 4(a), we have
displayed the cross-sectional views of the optical absorption
profiles of the planar cell, the single SNW cell, the single
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FIG. 4. (a) Cross-sectional views of the optical absorption profiles of the
planar cell, the single SNW cell, the single CSNW cell (C = 65nm), and the
CSNW array cell (C=65nm) under AM1.5 illumination. The normalized
electrical field intensity is displayed as color and the dashed frames show
the region of the doped layers. (b) IQE of the planar cell, the single SNW
cell, the single CSNW cell (C=65nm), and the CSNW array cell
(C=65nm) under AML.5 illumination as functions of the minority carrier
diffusion lengths in the doped layers. L, and L, are kept proportional and
only L, is shown as the abscissa. The doped layer thickness W is denoted by
a vertical dashed line. (c) Simulated /-V curves and the cell parameters of
the planar cell and the CSNW array cell under AM1.5 illumination. The pla-
nar cell is operating under the total-absorption condition (zero reflection, see
Section II).

CSNW cell (C=65nm), and the CSNW array cell
(C =65nm), respectively, under AM1.5 illumination. The
colors show the electrical field intensity, each normalized
separately, and the dashed frames show the region of the
doped layers. As we have shown in our previous work,> the
absorption region of the single SNW cell (second from left)
is determined by the excited mode profile, i.e., the HE
mode for a radius of 50 nm. This is not only because of the
dominance in intensity of the resonant wavelength in the
AMI.5 spectrum but more importantly because the single
SNW has the largest optical cross-section for the HE;;
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resonant wavelength. Consequently, light absorption in the
single SNW cell is effectively confined within the intrinsic
middle layer of the cell, leading to a significant promotion in
IQE compared to the planar structure (leftmost). Similar
analysis for the single CSNW cell predicts that its absorption
region should be in between the mode profiles of the HE
and HE |,5 modes, since its optical cross-section is the largest
around these two resonances. This is partly embodied in Fig.
4(a) (second from right), where its optical pattern is slightly
different from that of the single SNW cell and is more evenly
distributed within the intrinsic layer of the cell. Note that a
second maximum is not seen in the radial direction (as it
should be for the HE,5 mode), which is probably because of
the overlap of different modes or that the absorption coeffi-
cient of the resonant wavelength is too large for light energy
to reach the nanowire center.'> When the CSNWs are put
into an array (rightmost), the optical patterns further shift
away from that of a single mode. This is because the
wavelength-selectivity of a single CSNW no longer affects
the absorption pattern of the array. In this case, the array has
uniformly high absorption in the range of 300 nm—720 nm,
without extra optical cross-section for the resonant wave-
lengths, thus showing a less characterized optical pattern.
Nevertheless, for both the single CSNW cell and the CSNW
array cell, the absorption region is well confined to the intrin-
sic middle layer, allowing for the preservation of the IQE
advantage of the single SNW cell.

In Fig. 4(b), we have shown this feature by varying the
minority carrier diffusion lengths within the doped layers. L,
(electrons) and L, (holes) are varied from their default values
of 6.3nm/5.8nm to a range of 600 nm—1nm by simultane-
ously changing the doping concentrations in the p-a-Si/n-a-
Si layers (their values are kept proportional in all the cases).
The carrier extraction advantage of the single SNW cell is
embodied by its much higher IQE than that of the planar
one, especially for diffusion lengths smaller than the doped
layer thickness W. Such high tolerance for doping-induced
recombination comes from the congruity between the cell’s
electrical structure and its absorption profile, which is an im-
portant advantage for the single SNW cell to perform beyond
the planar efficiency limit.>**?> Here, we can see in Fig.
4(b) that the single CSNW cell and the CSNW array cell
possess the same high IQE feature, showing IQE values of
96.2% and 96.1% under the default diffusion lengths, as
compared to 86.8% of the planar cell and 96.5% of the single
SNW cell. This is a straightforward result of the optical pat-
terns of the cells shown in Fig. 4(a), proving that the
enhanced carrier extraction of the single SNW cell can be
retained in the macro-scale CSNW array solar cell.

At last, we compare the simulated performance of the
planar cell limit (total-absorption condition) and the CSNW
array cell under AM1.5 illumination (see Section II for defi-
nition of cell parameters). Their /-V curves are shown in Fig.
4(c), together with their cell parameters. The V. of the
CSNW array cell is 127 mV higher than the planar cell limit
under the same experimental parameters due to the well pre-
served built-in concentration of each unit cell. On the other
hand, even with ~2.5% reflection, the J. (calculated from
the whole cell area) of the CSNW array cell is 1.64 mA/cm?
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higher than the total-absorbing planar counterpart, which is
due to the more efficient carrier extraction. As a result, the
conversion efficiency of the CSNW array cell is as high as
17.29%, showing a 30% relative increase over the planar
limit of 13.32% (which is close to the initial efficiency of the
record experimental a-Si solar cell?®). Such significant
improvement in energy conversion is beyond the scope of
conventional efficiency-improving techniques (e.g., antire-
flection or passivation) and has been achieved by construct-
ing a macro-scale device from nano-scale units each of
which can perform beyond the planar efficiency limits.'* As
to the experimental fabrication, such CSNW array can be
formed by molecular beam epitaxy,” dry etching,'® metal-
assisted chemical etching,”® and  vapor-liquid-solid
growth,>”® followed by film deposition using plasma-
enhanced chemical vapor deposition (PECVD) or evapora-
tion. Compared to other novel designs of nanowire solar cells
that predict even higher efficiencies by effective spectrum
splitting,>*** the CSNW array design offers a simpler and
more applicable way of improving solar cell efficiency.
Here, it is worth pointing out that the predicted increment in
cell efficiency over the planar design is built on a premise of
an effective surface passivation, since the CSNW array has
an enlarged surface area compared to a planar cell.
Fortunately, latest development on nanostructured solar cells
have proven that with tailored passivation coatings, the sur-
face recombination velocity can be lowered to an extent
where it does not significantly affect the device performance
and the cell efficiency shows an actual improvement com-
pared to the traditional designs.*'™** Such passivation coat-
ings include atomic-layer-deposited Al,O5 (Refs. 41 and 42)
or PECVD SiO,/SiN,.** Although the structure is identical,
we have excluded the discussion of surface recombination in
the present work to highlight the main optical designs. It
would be an interesting and useful future work to quantita-
tively determine the required surface recombination velocity
for the above results to hold. Finally, considering its high ef-
ficiency, experimental feasibility, and extreme material-
saving (more than 20-fold in this work), the conceptual
CSNW array solar cell has shown remarkable potential for
next-generation photovoltaics.

IV. CONCLUSIONS

We have theoretically examined the possibility of
expanding the single SNW solar cell concept into a macro-
scale device that performs furthest beyond the planar effi-
ciency limits. These limits include the S-Q V. limit imposed
by the constant solid angle of the solar radiation incident on
planar solar cells, and the carrier collection limit imposed by
the junction and absorption profiles of traditional cell struc-
tures. The key factor is the artificial relocation of the HE res-
onant modes of the individual SNWs to the regions of the
absorption spectrum where the photonic light-trapping of the
array is ineffective. With such complementary light-trapping
design, the array can simultaneously sustain a broadband
high absorption capability and a sparse geometry that facili-
tate the effectiveness of the built-in concentration, leading to
maximized conversion efficiency. Moreover, we have shown

J. Appl. Phys. 119, 203108 (2016)

that the traditional radius-dependent method for tuning the
resonances of single SNWs should be replaced by the EDRA
technique, as a premise for preserving the built-in concentra-
tion in each unit cell. On the other hand, the carrier extrac-
tion advantage of the single SNW cell can be inherited by
the CSNW array cell due to their similarity in optical profile.
As a result, the optimized CSNW solar cell shows a 30% rel-
ative increase in conversion efficiency over the total-
absorbing planar counterpart. These findings can serve as a
theoretical guidance to fabricate high-efficiency solar cells
based on SNWs.
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