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ABSTRACT: Light trapping and antireflection via nano-
texturing are prominent methods for improved efficiency in
solar cells. We present a combined three-dimensional optical
and electronic simulation to calculate the intrinsic limits on the
efficiency in ultrathin nanotextured crystalline silicon solar
cells. Our simulation incorporates the fundamental loss
mechanisms including Auger recombination and surface
recombination. The simulation shows that an optimized 3
pm thick structure with double-sided nanocone gratings yields
an efficiency of 24.9% with a short-circuit current density of
36.6 mA/cm? and an open-circuit voltage of 0.79 V. We also
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introduce an analytic model that describes the electronic properties. This model significantly simplifies the optical-electronic

analysis of nanostructured solar cells.
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anostructured designs, utilized for crystalline silicon (c-

Si) solar cells, have been shown to achieve broadband
light absorption enhancement as compared to flat cells."~” Such
absorption enhancement can be directly expressed as the
increase of the photocurrent. However, in order to understand
how nanostructuring influences the efficiency, one would also
need to evaluate how the voltage is affected. Especially, a major
concern with nanostructured solar cells is that the nano-
structuring introduces more surface area, which causes surface
recombination losses. Therefore, combining optical and
electrical analyses is becoming important in nanostructured
solar cell design in order to evaluate the performance. Previous
integrated optical and electrical analyses, involving electrical
simulations of specific junction configurations used in the cell,
provided important insights about the performance of specific
solar cell devices.*™'! For further improvement of solar cell
efficiency, however, it is important to also understand the
performance limit of a given structure, assuming only the
fundamental recombination mechanisms of the material.

In this paper, we undertake an alternative combined electrical
and optical analysis of nanostructured solar cells. Instead of
considering specific junction configurations, we aim to
compute, for a given nanostructured cell, an upper theoretical
bound on its efficiency, taking into account both its optical
properties and the recombination properties such as Auger
recombination and surface recombination from the perspective
of detailed balance. Such an efficiency bound can be reached if
both the junctions and the contacts are assumed to be ideal. We
discuss the numerical procedure of this analysis, using a double-
sided nanocone structure as an example. As a key result of the
paper, we also show that the electronic aspects of the solar cell
and, in particular, the increase of surface recombination due to
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nanopatterning can be well accounted for by a simple analytic
model. The combination of the numerical and analytic results
allows us to quantitatively discern the recombination losses on
the performance of the nanostructured solar cells.

We start by providing a brief summary of the analysis
procedure. We treat a given nanostructured solar cell in its
entirety as the active region. The photocurrent of the cell is
computed by the absorption in it. The open-circuit voltage is
directly expressed as a function of excess carrier densities in the
presence of sunlight:">

Voo = k_Tln( An x (Af +N) 1)

n

(1)

where An and Ap are excess steady-state electron and hole
concentrations, respectively, N} is the doping concentration of
the active region, #; is the intrinsic carrier concentration, k is the
Boltzmann constant, T is the temperature, and g is the
elementary charge. In all our calculations, we consider cells
operating at the ambient temperature T = 300 K, where n; =
1.45 X 10" cm™. To use eq 1, one needs to assume that the
carrier concentrations are uniform in space, which as we will see
in the simulation is indeed the case for our system. Having
computed the photocurrent and the open-circuit voltage, we
deduce the energy conversion efficiency with a detailed-balance
analysis.

Our analysis intentionally assumes ideal junctions and
contacts and does not include a detailed model of the junctions
and contacts. Here we explicitly state some of the main
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nonidealities that we ignore in our analysis: We have assumed
that the active area constitutes the whole cell. For carrier
extraction purposes practical solar cells have heavily doped p
and n regions, which have additional recombinations that we do
not consider here. Also, we have ignored the Shockley—Read—
Hall recombination. The numerical results obtained therefore
represent an upper bound of what one might obtain in practical
solar cells with the same optical structures. However, the
approach here is well justified since our aim here is to
understand the fundamental limit of a given structure subject to
recombination. From a fundamental physics perspective, as
Green emphasized, the junction field is just incidental for the
operation of a p—n junction solar cell."®> The main driving force
of charge separation is the excess amount of chemical potential
of charge carriers. P—n junctions merely introduce selective
contacts: n-type region for the conduction band and p-type
region for the valence band. From a practical experimental
perspective, the measurement of light-induced carrier densities
in a wafer before junctions or contacts are introduced has been
widely used to predict and assess the performance of the solar
cells that will be made with the same wafer.'* Our approach
here is motivated by the theoretical consideration in refs 12 and
13 and is directly relevant for the class of experiments as
described in ref 14 that can be performed on nanophotonic
solar cells.

While our analysis is applicable to all nanostructured solar
cells, to illustrate it, we use double-sided nanocone gratings as
an example model structure (Figure 1) for their superior light-
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Figure 1. Three-dimensional model of a studied solar cell. The blue
region represents the silicon, and the gray region represents a
reflecting mirror made of a perfect electrical conductor. The geometry
is optimized to maximize light absorption according to ref 16. The
equivalent thickness of the structure is 2 ym. The physical thickness of
the structure is 2.776 um.

trapping properties.'> The structure is composed of a textured
¢-Si film with circular nanocones on its front and back surfaces.
We define the thickness of a flat film structure that contains the
same amount of silicon as the equivalent thickness of the
nanostructured film. The film stands on a perfect electric
conductor (PEC) mirror, which is a simple approximation of a
silver back-reflector.!® Such a structure has been shown to
achieve light absorption and photocurrent close to the
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Yablonovitch limit.'® The whole film is assumed to have light
p-type uniform doping.

We first present the numerical analysis, which comprises two
parts: optical and electrical. We start with the optical
simulations. Rigorous coupled wave analysis (RCWA)"" ™" is
used to obtain three-dimensional data of the absorbed light’s
electric field intensity. The structure is excited for the
wavelengths in the solar spectrum where Si is optically
absorbing (290—1100 nm).*® The electric field intensity profile
at each incident wavelength can be converted into a
wavelength-dependent photocarrier generation rate:

e(A)"IEQ)P
2h ()

where €” is the imaginary part of the permittivity, E is the
electric field, and 7 is the reduced Planck constant. After
weighing the incident irradiance at each wavelength assuming
the air mass 1.5 (AM1.5) solar spectrum, we obtain the carrier
generation rate profiles integrated over the whole solar
spectrum as shown in Figure 2.
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Figure 2. 2D cross sections of carrier generation rates obtained from
3D RCWA simulations. Insets show where the cross sections are
taken. Light is normally incident upon the structure. To simulate the
effect of an unpolarized source, both polarizations are simulated, and
then the generation rates are averaged. Texturing changes both the
amount of light absorbed and where it is localized. The carrier
generation rate is strongly localized near the front cones.

The generation rate determined from the optical simulations
is then used as the input source term in the electrical
simulations, in order to determine the steady-state carrier
concentration distributions. The electrical simulations are
performed in 3D. We use a commercial software package
(Sentaurus TCAD)?' to solve the drift-diffusion model for
carrier dynamics, which is defined by Poisson and continuity
equations:

V=L —n-N)

(3a)
V], =-V],=4qaR - G) (3b)
J, = 4D Vn = qunVy (3c)
J, =—aD Vp — qupVy (3d)
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Figure 3. 2D cross sections of steady-state minority carrier (electron) distributions for three surface recombination velocities: (a) 20 cm/s, (b) 100
cm/s, and (c) 1000 cm/s. The equivalent thickness is kept constant at 2 ym. In the simulation we observe uniform steady-state carrier distributions,
in spite of significant nonuniformity of the carrier generation profiles. In general, one can define an effective minority carrier diffusion length given by
L = (Dr.g)"? where 7.4 is the effective lifetime. As long as the structure has a thickness W < L, the carrier distribution will be uniform. By the same
argument, the carrier distribution will remain uniform also in the presence of surface recombination. The surface recombination will reduce minority
carrier lifetime and hence reduce the effective minority carrier diffusion length. However, as long as the condition W < L is satisfied, the carrier

distribution will remain uniform.

where y is the electrostatic potential, q is the elementary
electronic charge, € is the dielectric function, n and p are the
electron and hole concentrations, N, is the doping concen-
tration, R is the overall recombination rate, which includes bulk
and surface recombination rates, G is the generation rate
obtained from the optical simulations, and J, D, and y; are the
current densities, diffusion coefficients, and mobilities; i = n, p.
Bulk recombination lifetime (measured in s) is given by*

An
Thulk =
np(Cyng>® + Cplooo'é5 + C,An"® + B) (4)
with the constants C, = 1.8 X 107, C,=6X 1075, C, = 3 X
1077, and B = 9.5 X 107, An is the excess electron

concentration; n, and p, are the thermal equilibrium
concentrations of electrons and holes. All carrier concentrations
in eq 4 are in units of cm ™. Since we work only with a p-doped
film, a single bulk lifetime is used with minority carriers being
electrons. Auger recombination is the dominant bulk loss
mechanism in ¢-Si cells. While the radiative recombination is
accounted for with the term B in eq 4, it is weak except for very
high carrier injection levels.”> Another bulk recombination
process, (defect -assisted) Shockley—Read—Hall (SRH)
recombination, is initially assumed to be negligible. Unlike
Auger and radiative recombinations, SRH recombination can be
eliminated in principle with the eradication of defects. Even
with the inclusion of SRH recombination, Auger recombination
has been found to be the dominant bulk recombination process
for carrier densities higher than 10"cm™ (high-injection
regime).”>** Our numerical and analytic models indicate that
carrier densities stay at the high-injection level except for very
high surface recombination velocities (>100 cm/s). We also
find that for those high surface recombination velocities, surface
recombination dominates over total bulk recombination.
Therefore, it is also safe to assume that SRH recombination
is negligible. Nonetheless, at the end of this paper we show the
dependency of the open-circuit voltage and the efficiency on
SRH recombination.

Surface recombination is numerically modeled by the current

density loss:

885

= qonS, (5)
where On is the excess minority carrier concentration at the
surface and S, is the surface recombination velocity.

In our simulations, we vary the surface recombination
velocity from 2000 cm/s down to 1 cm/s. The simulation
results indicate a nearly uniform steady-state carrier distribution
for all values in this range. Three of such carrier distributions
are shown in Figure 3 for surface recombination velocities of
20, 100, and 1000 cm/s. In the most extreme case with a
surface recombination velocity of 2000 cm/s, the difference
between highest and lowest concentrations throughout the cell
is below 0.2% of the average number of carriers. An
unpassivated surface can typically have a surface recombination
velocity as high as 2000 cm/s, while extremely low surface
recombination velocities below 2 cm/s have been achieved.2>%¢
Hence, our simulations show that the steady-state carrier
densities are near uniform for all practical values of surface
recombination velocity values.

Using the numerical analysis procedure as outlined above, we
can now determine the efficiency of such nanophotonic solar
cells. The open-circuit voltage of the cell is calculated using eq 1
since the carrier density is uniform. Then, we deduce the fill
factor and the current—voltage relation of the cell using
detailed-balance analysis.”” We first consider the detailed
balance at the open-circuit voltage condition:

] Surface

Fg = RAug(VOC) + R(Voc) (6)

where F, is the total carrier generation rate and R, is the
Auger recombination rate. R represents the combined effect of
the radiative and surface recombinations. We already know F,
from carrier generation rate calculations (eq 2 and Figure 2).

Ryug(V) can be expressed explicitly:**~>°

3qV
Ry (V) = (C, + CP)Wni3 eXP(ZZ_T)

(7)
where #; is the intrinsic carrier concentration, C, (C,) is the
conduction-band (valence-band) Auger coefficient, and W is
the equivalent thickness of the solar cell. For T = 300 K, C, and
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C, are 2.8 X 107" and 0.99 X 107" ecm® s7, respectively.’'
Here, we assume that R(V) has the form

qv
Ry =c exp(kT) ®)
where C is merely a constant. Having also computed V¢ using
eq 1, we can calculate R(V¢), and thus the constant C. This
enables us to work out the current—voltage relation:

I/q = F, = Ry (V) = R(V) (9)
where V is the voltage across the cell and I is the current
generated by the cell. From the current—voltage relation, we
can find out the short-circuit current and the fill factor, which
vary for different surface recombination velocities.

We use the procedure as outlined above to consider the
limiting performance of the solar cell structure shown in Figure
1. The absorption properties of these structures, ie., their
photocurrent values, have already been discussed in detail in ref
16. Thus, here we mainly focus on the behaviors of the voltage
and the efficiency. We examine two main factors influencing the
open-circuit voltage and the efficiency: film thickness and
surface recombination.

To study the effect of film thickness, we consider three films
with different thicknesses: 1, 2, and 3 ym. For each thickness,
the nanocone geometry is optimized in order to maximize light
absorption as described by Wang et al'® Perfect surface
passivation on both surfaces of the film is assumed in these
simulations. Figure 4 illustrates the dependence of the open-
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Figure 4. Open-circuit voltage as a function of the equivalent thickness
of the cell obtained by the analytic model (green line) and the
numerical model (red line with simulation results marked with dots).
The physical thicknesses of the three structures considered are 1.362,
2.776, and 3.849 ym.

circuit voltage on the thickness. The open-circuit voltage
increases as the film thickness decreases. Qualitatively, reducing
the film thickness leads to a higher concentration of carriers and
hence a bigger split in quasi Fermi levels and, therefore, a
higher open-circuit voltage.

For the three structures shown in Figure 4, we now consider
the effect of surface recombination on each of these structures,
as shown in Figure 5. For all three structures, the open-circuit
voltage decreases significantly as the surface recombination
velocity increases, consistent with previous works, which have
pointed out surface recombination as the main loss reason in
the thin silicon solar cells.'®*> Texturing enhances the surface
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Figure S. Open-circuit voltage as a function of surface recombination
velocity obtained by the analytic model (solid line) and the
simulations (dots) for three different cell thicknesses. Same surface
recombination is assumed on both front and back surfaces.

area to volume ratio, which then boosts the surface
recombination by increasing the probability of diffusing carriers
hitting the surfaces and therefore recombining.*!

We finally determine the fill factor and the energy conversion
efficiency using the detailed-balance analysis as described above.
Since the detailed-balance analysis is used to deduce the fill
factor, parasitic resistance losses due to series resistance and
shunt resistance are ignored. However, the adverse effect of the
surface recombination is still reflected on the fill factor. For the
surface recombination velocities between 0 and 2000 cm/s, the
fill factor ranges from 0.87 to 0.79. Having the short-circuit
current, the open-circuit voltage, and the fill factor calculated,
we find an energy conversion efficiency of 24.9% achievable
with a 3 pm thick solar cell assuming perfect surface
passivation. The presence of surface recombination causes
sharp falls in the efficiency (Figure 6). However, a moderate
surface passivation with surface recombination velocities
around 20 cm/s is still sufficient to obtain efficiencies above
20%. Thus, our theoretical analysis indicates that such an
ultrathin silicon cell has significant potential for achieving high
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Figure 6. Energy conversion efficiency as a function of surface
recombination velocity for three cells with different thicknesses.
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efficiency. Moreover, the efficiency of the cell for all three
thicknesses ranging from 1 to 3 ym will drop by several
percentage points when the surface recombination velocity
increases from 1 to 5 cm/s, highlighting the great importance of
surface recombination in these ultrathin cells.

The analysis above requires a detailed three-dimensional
electronic simulation. Below, we show that the main results of
the electronic simulations of the solar cell can instead be
accounted for with an analytic model. As a result, we can obtain
the optoelectronic properties of the cell by combining the
results of the optical simulations with such an analytic model
for the electronic properties, which significantly simplifies the
overall analysis.

This simplified analysis also uses eq 1 to determine the open-
circuit voltage. The carrier concentration required in eq 1 is
determined by the balance between carrier generation and
recombination rates. Since the resulting carrier concentration is
spatially uniform, as we see in the simulation, only the spatially
averaged values of generation and recombination rate is
important. Therefore, we average the generation rate profile
obtained by optical simulations. The recombination rate is also
represented by a single effective lifetime for the excess minority
carrier:

An
Recombination = —
Teff (10)

We note that in general 7 is a function of An and can be
expressed in terms of bulk and surface recombination lifetimes
as

1 1 1
- = 4
Teft Thulk Tsurface ( 1 1)

For bulk recombination lifetime 7, we use the analytic
formula given by eq 4, where Auger recombination and
radiative recombination are accounted for.** Determining the
surface recombination lifetime 7, . necessitates analysis of the
effects of the texture. For flat cells, the surface recombination
lifetime is expressed in terms of surface recombination

velocities. 3%
=a
Tsurface ( 12)

Here, D is the diffusion constant. Its dependency on the carrier
concentration can be determined using an ambipolar diffusion
model.*® « is the smallest positive root of the equation:

Sfront + Sback

StrontSback
ab = = (13)

where S;,,. and Sp,; are the front and back surface
recombination velocities, respectively, and W is the cell
thickness. To calculate 7y, . for the textured cell, as a simple
approach, we use the same eqs 9 and 10, but we make two
modifications. First, for textured cells we take W as the
equivalent thickness. Second, since for the same equivalent
thickness the textured cell has a larger surface area, Sg,, and
Spack are scaled as much as the area enhancement due to
texturing on the respective surface.’” Such a modification is
justified from the uniformity of the steady-state carrier
distribution: If the carriers’ distribution is uniform, we would
expect the surface recombination loss to scale linearly with
respect to the surface area.

tan(aW) =

The approach as outlined above results in an analytic (and
nonlinear) relation between the recombination rate and the
carrier concentration. Balancing the recombination with the
generation rate thus results in an equation that can be solved
self-consistently to obtain An and, hence, the open-circuit
voltage through eq 1.

The analytic model based upon the simplifying assumptions
above is validated against the numerical simulations for the
three structures with equivalent thicknesses ranging from 1 to 3
um, as shown in Figure 4. The analytic model very nicely
accounts for the overall trend in the numerical analysis. The
analytic model predicts a strong dependence of the open-circuit
voltage on the thickness. Such a dependency has been pointed
out in the Tiedje—Yablonovitch’s model on silicon solar cells’
limiting efficiency for conventional solar cells.** Here we show
that the same dependency also holds for ultrathin cells. The
analytic model also quantitatively accounts for the strong
dependency of the open-circuit voltage on the surface
recombination velocity, as shown in Figure S.

The discrepancy in open-circuit voltage between the analytic
model and the numerical results is within 4%. Since the analytic
model used here does not require three-dimensional electronic
simulations, and also given the wide availability of the three-
dimensional optical simulation software, we believe such an
analytic model can play a significant role in understanding and
designing nanostructured crystalline silicon cells.

Finally, we introduce (defect-assisted) Shockley—Read—Hall
recombination in our model. As previously discussed, for the c-
Si nanostructured solar cells operating in the high-injection
regime, SRH recombination is negligible compared to Auger
and surface recombinations. Moreover, previous studies showed
that the defects causing SRH recombination in c¢-Si could be
almost completely eliminated with processing techniques.”>>”
For experimental solar cell structures, record bulk lifetimes as
high as 32 ms were achieved.** For commercially available c-Si
cells, some of the high-quality cells have bulk lifetimes ranging
from 1 to 5 ms.*' Being a portion of the bulk lifetime, SRH
lifetimes would be higher than the reported bulk lifetimes. In
our model, we treat SRH recombination as an additional
recombination process characterized by a recombination
lifetime 7gpyy;, ranging from S X 107 to 2 ms. In Figures 7
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Figure 7. Open-circuit voltage as a function SRH recombination
lifetime obtained by the analytic model when surface recombination is
assumed to be zero.
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and 8, we plot the open-circuit voltage and the cell efficiency as
a function of 7gpyy. The results demonstrated in Figures 7 and 8
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Figure 8. Energy conversion efficiency as a function SRH
recombination lifetime obtained by the analytic model when surface
recombination is assumed to be zero.

show that for a SRH lifetime higher than 0.1 ms SRH
recombination becomes negligible. This corresponds to a
lifetime that is an order of magnitude less than the already
achieved high SRH lifetimes in high-quality commercial solar
cells. For that reason, we conclude that it is safe to assume that
SRH recombination is negligible in nanostructured ultrathin c-
Si solar cells.

In conclusion, we have presented a coupled optoelectrical
analysis of nanostructured crystalline silicon cells. Our analysis
illustrates the intrinsic dependence of the performance of these
cells on the fundamental recombination processes. The analysis
in particular quantifies the importance of surface passivation on
the behaviors of the solar cells. On the basis of the results of the
numerical simulations, we also propose an analytic model that
accurately captures the main physics and significantly simplifies
the otherwise computationally expensive analysis of these solar
cells.
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