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In various types of organic/inorganic solar cells, optical response enhancement is consistently observed within
the external quantum efficiency spectra owing to the improvement in interface passivation and the suppression
of carrier recombination. In this study, we focused on crystalline silicon solar cells and systematically investi-
gated the impact of interface recombination on the optical response upon dual-side illumination using numerical
simulations. The results shed light on the interesting phenomenon that the surface recombination velocity has a

significant impact on the external quantum efficiency, and it changes as the illumination direction changes.
Moreover, from a practical perspective, the spectra of external quantum efficiency under dual-side illumination
conditions can act as a powerful tool for the quick diagnosis of the passivation quality at the top and bottom

interfaces.

1. Introduction

Organic/inorganic solar cells [1] with high efficiency and low cost
have received significant attention in recent years and are widely
demanded in our lives. To obtain extraordinary photovoltaic conversion
efficiency, it is, among others, necessary to maximize the number of
electrons collected per photon incident on the solar cells, which is
characterized by the spectrally resolved external quantum efficiency
(EQE) defined as the ratio between the number of charge carriers
collected by the solar cell and the number of photons falling vertically on
a solar cell area for each wavelength. Hence, EQE provides a compre-
hensive assessment of the solar cell’s ability to convert incident light
into electricity [2]. As a common means of optical characterization, EQE
measurements are nondestructive and can be performed on fully
assembled photovoltaic devices. In the ideal Shockley-Queisser case [2],
when the photon energy is greater than or equal to the bandgap of the
light absorber, EQE is equal to 1. However, under the practical operating
conditions of solar cells, three factors result in EQE <1: (i) reflection
losses, (ii) parasitic absorption, and (iii) recombination losses [2]. The
combined effects of reflection and absorption can be collectively
referred to as the optical loss.

Flat EQE spectra at high level is essentially demanded in highly
efficient solar cells. Owing to the strong interplay between the optical
and electrical properties inherent to key materials, it is more practical to
reduce recombination losses by improving the passivation quality rather
than by directly adjusting the optical characteristics. Salome et al. [3]
passivated the rear interface within thin-film solar cells using an
aluminum oxide (Aly03) nanopatterned layer between Mo and Cu(In,
Ga)Sey (CIGS). From the comparison of EQE spectra upon top illumi-
nation, the passivated device exhibits a superior optical response in the
long-wavelength range above 500 nm compared to the reference cell.
McVay et al. [4] reported a similar passivation strategy using AlyO3
coatings on the top surface of Pt/Tungsten diselenide (WSey) vertical
Schottky junction solar cells. It was observed that the optical response
was enhanced across the entire wavelength range within the EQEs under
top illumination, suggesting that this wavelength-dependent enlarge-
ment is attributed to surface doping as well as the reduction in surface
recombination due to the passivation of traps. Hatamvand et al. [5]
studied the single-side and dual-side interfacial passivation of the
perovskite light absorbing layer on perovskite solar cells with a standard
structure (n-i-p) by applying Naphthylmethylammonium Iodide (NMAI)
salt as passivation layer at the rear interface of perovskite/electron
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transporting layer (ETL) and the front interface of perovskite/hole
transporting layer (HTL). The NMAI-passivated devices (rear-, front- and
dual-side) exhibited a significantly higher EQE response over the entire
wavelength range compared to their control counterparts upon bottom
illumination. Ding et al. [6] improved rear interface passivation for
silicon heterojunction (SHJ) solar cells by increasing the thickness of
intrinsic hydrogenated amorphous silicon oxide layer (a-SiOx:H <i>).
Upon top illumination, an increase in the EQE at long wavelengths was
observed because of the improvement in the passivation quality of the
c-Si/a-SiOx:H rear interface, implying that a thicker buffer layer reduced
recombination losses at the rear interface.

From numerous studies related to organic/inorganic solar cells, we
observed that the improvement in interface passivation was often
accompanied by an enhancement of the optical response. For some cases
of interface passivation, the optical response enhancement only
occurred in the long-wavelength range, whereas in other cases, the op-
tical response across the entire spectrum was elevated. These results are
universally present and are independent of the solar cell type. However,
little effort has been devoted to shed light on this issue. In the present
study, we elaborate on the mechanism behind the spectrally dependent
surface recombination. Herein, we gain an original insight into this issue
by relying on numerical simulations conducted with Quokka 3 [7-9],
which numerically solved the 3D charge carrier transport in silicon
devices in a quasi-neutral state with satisfactory precision [10-12]. We
investigated the interplay between (i) the wavelength region of EQE
response enhancement (long wavelength or entire range), (ii) the loca-
tion of the passivated interface (front-sided or rear-sided), and (iii) the
illumination direction during EQE measurements (top or bottom).
Therefore, we modeled two silicon solar cells with a p-n junction on the
front and rear surfaces, and calculated the EQE spectra with various
surface recombination velocities at both the front and rear interfaces
upon dual-side illumination.

2. Results and discussion

The cross-sections of the two silicon solar cells are shown in Fig. 1a
and b. The device with a p-n junction on the rear surface consisted of an
n-type crystalline silicon (c-Si) substrate, a p-type layer on the rear side
to form a p-n junction, and a heavily doped n-type (n™) layer on the front
side to form a high-low junction. For another device with a p-n junction
on the front surface, a p-type c-Si wafer was utilized as the substrate,
covered by an n-type layer on the front side and a heavily doped p-type
(p") layer on the rear side. A summary of the key input parameters used
for the simulations is provided in Supporting Information (Table S1).

The EQE for various surface recombination velocities at the dual-side
interfaces upon top and bottom illumination was calculated to demon-
strate the significant impact of interface recombination on the optical
response. The simulated results were divided into two parts based on the
illumination direction and analyzed individually.

2.1. Upon top illumination (n-side)
In Fig. 2a, the EQE response across the entire wavelength range of

(a) rear-sided p-n junction (b) Front-sided p-n junction

n layer
n c-Si p c-Si
p layer p* layer

Fig. 1. Cross-sections of silicon solar cells with p—n junctions on a) rear and b)
front surfaces.
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300 nm-1200 nm were enhanced by decreasing the surface recombi-
nation velocity at front interface (Sgont) of n+/n junction from 200 cm/s
to 0.7 cm/s in the rear-sided p-n junction silicon solar cell upon top
illumination (n-side), resulting in an increase of short-circuit current
density (Jsc) from 31.8 mA/cm? to 39.5 rnA/cm2, as shown in Fig. 2c.
When Sgront Was set to 0.7 cm/s and the surface recombination velocity at
the rear interface (Syear) Of the p-n junction decreased from 200 cm/s to
0.7 cm/s, the EQE response and Jsc did not exhibit any differences, as
shown in Fig. 2b and d. These simulated results are highly consistent
with the experimental findings outlined in the aforementioned studies
[3-6], which are not difficult to explain. For any wavelength, there is
stronger absorption at the incident side than at the opposite side, which
roughly follows the Beer- Lambert law [13]. However, for long wave-
lengths, there was a much higher fraction of generation at the rear side
than at short wavelengths. Upon top illumination (n-side), the incident
light over the entire wavelength spectrum generates a large number of
electron-hole pairs in the vicinity of the front interface, where the n+/n
junction is located. However, only a small number of electron-hole pairs
were generated in the vicinity of the rear interface, where the p-n
junction was located, as shown in Fig. 3a. Owing to a weaker electric
field at the high-low junction, a decrease in Sgon: enables more
electron-hole pairs to be efficiently collected, ultimately contributing to
the short-circuit current instead of recombination. Consequently, the
EQE response over the entire wavelength range is enhanced as Sgont
decreases in the rear-sided p-n junction silicon solar cell upon top illu-
mination. In contrast, because of the stronger electrical field at the p-n
junction compared to the high-low junction, the electron-hole pairs are
more effectively separated. Therefore, the alteration in Syer had an
insignificant influence on the optical response.

2.2. Upon bottom illumination (p-side)

For the same solar cell, merely altering the illumination direction
from top to bottom yielded significantly divergent outcomes. When Sgont
was decreased from 200 cm/s to 0.7 cm/s, an enhancement of the EQE
response was observed solely in the long-wavelength range between
700 nm and 1200 nm with a slight increase in Js¢ from 34.6 mA/cm? to
35.6 mA/cm?, as depicted in Fig. 4a—c. This enhancement can be
attributed to two facts: (i) long-wavelength light has a much higher
fraction of generation at the rear side compared to short wavelengths,
and (ii) a high-low junction does not separate electron-hole pairs as
efficiently as a p-n junction, as illustrated in Fig. 3b. Therefore, the
surface recombination velocity in the vicinity of the high-low junction
primarily affects the optical response in the long-wavelength range.
These findings are in close agreement with the published experimental
results [6]. Notably, the optical response and photo-generated current
remained unaffected by S, for the same reason discussed previously,
as depicted in Fig. 4b and d. For the scenario involving a front-sided p-n
junction silicon solar cell, identical simulations were performed,
yielding similar results, which are provided in the Supporting Infor-
mation (Figs. S1 and S2). It is to note that excellent surface passivation
quality is standardly given in state-of-the-art high-efficiency hetero-
junction (HTJ) solar cells [14], so that the impact of different sensitiv-
ities of the surface recombination velocity on the EQE for front or rear
junction solar cells is irrelevant for the efficiency that can be achieved
today. This work is meant to provide guidelines for the quick diagnosis
of “imperfect” passivation quality at the top and bottom interfaces of any
type of solar cell. There are other reasons for using rear junctions instead
of front junctions in high-efficiency HJT solar cells. A primary reason is
that a thicker intrinsic silicon passivation and p-type contact layer is
required on the p-side than the intrinsic silicon passivation and n-type
contact layer on the n-side, so that the rear junction solar cell with the
n-side on the front has lower parasitic absorption loss [15].

EQE measurements on the transparent passivating contact (TPC) and
SHJ solar cells were performed to provide further strong evidence for the
conclusions drawn from the simulation (Fig. S3). For the TPC cells with
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Fig. 2. Simulated EQE spectra of the rear-sided p-n junction silicon solar cell upon top illumination (n-side) as a function of surface recombination velocity at a) the
front interface and b) the rear interface. Simulated JV curves of the rear-sided p-n junction silicon solar cell upon top illumination (n-side) as a function of surface

recombination velocity at c) the front interface and d) the rear interface.
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Fig. 3. Electron-hole pairs were generated in the rear-sided p-n junction silicon solar cell upon a) top illumination (n-side) and b) bottom illumination (p-side).
Notably, the electric field of the p-n junction is stronger than that of the high-low junction, implying a more efficient separation of electron-hole pairs at the p-

n junction.

front-sided high-low junctions, a decrease in the front surface recom-
bination velocity (Seff front) due to the thickness variation in the passiv-
ating nc-SiC:H layer enhanced the EQE response in the entire
wavelength range upon top illumination. The Seff front, implied open-
circuit voltage (iVoc), and efficiency (n) of TPC cells as a function of
passivating nc-SiC:H layer thickness are provided in the Supporting In-
formation (Table S2). For SHJ cells with a front-sided p-n junction,
optical response enhancement was observed in the long-wavelength
range with increasing thickness of the rear a-SiOx:H <i> buffer layer
because of the improvement in the passivation quality of the c-Si/a-
SiOx:H rear interface.

2.3. Absorption at different wafer depth

The absorption profile in the modeled silicon solar cells as a function
of wafer depth was also calculated by applying Beer-Lambert’s law

considering the wavelength-dependent absorption coefficient of silicon.
This allows the investigation of the variation of absorption in different
wavelength ranges at different locations of the silicon solar cells, which
helps to better understand why the EQE enhancement is strongly related
to the illumination direction and locations of interface recombination.
As shown in Fig. 5a, the absorption decreases with increasing wafer
depth, with the majority occurring within a depth range of 40 pm. To
analyze the contribution of different wavelength ranges to the absorp-
tion profile, Fig. 5b presents the absorption for incremental wavelength
ranges as a function of the wafer depth. The wavelength range of 700
nm-1200 nm represents the infrared light spectrum (red curve). The
wavelength range of 400 nm-1200 nm consists of infrared and visible
light spectra (green curve). With the addition of the ultraviolet region,
the range of 300 nm-1200 nm represents the entire spectrum (blue
curve). Therefore, the colored areas between each curve represent the
absorption for three wavelength ranges: infrared, visible, and
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Fig. 4. Simulated EQE spectra of the rear-sided p-n junction silicon solar cell upon bottom illumination (p-side) as a function of surface recombination velocity at a)
the front interface and b) the rear interface. Simulated JV curves of the rear-sided p-n junction silicon solar cell upon bottom illumination (p-side) as a surface
function of recombination velocity at c) the front interface and d) the rear interface.

ultraviolet. A simple comparison of the integrated areas reveals that the
visible light spectrum predominantly contributes to the total absorption
with a maximum area of approximately 33000 r.u. pm, and the contri-
bution from the ultraviolet spectrum (30 r.u. pm) is notably smaller than
that of the other two spectra (Fig. S4). In addition, the absorptions of the
three spectra at various depths in the modeled silicon solar cells are
individually plotted in Fig. 5c to examine their respective threshold
depths more closely.

In Fig. 5c, the absorption from the ultraviolet spectrum with the
smallest contribution disappears a few micrometers from the sample
surface, and its maximum absorption (Apax) is 22, as shown in Fig. 5b.
The threshold depth, defined as the sample depth when the absorptance
decreased to 1E-4 r.u., for the visible spectrum (400-700 nm) was
approximately 40 pm with an Apax of 13371, suggesting that the ma-
jority of electron-hole pairs were generated from this spectral range and
close to the illuminated surface. Conversely, incident light within the
infrared spectrum (700 nm-1200 nm) is consistently absorbed along the
silicon wafer, generating electron-hole pairs across nearly its entire
thickness. Regardless of which side of the sample is illuminated, ab-
sorption from the infrared spectrum consistently contributes to the EQE
and determines the optical response in the long-wavelength range. It is
primarily the contributions from the visible spectrum that matter and
change from top to bottom illumination. If the separation of electron-
hole pairs generated by the visible spectrum is facilitated, allowing
efficient collection of charge carriers, enhancement in the EQE response
can be observed across the entire wavelength range. These results
explain why EQEs exhibit much broader spectral response enhancement
when the illumination direction is altered in some organic/inorganic
solar cells. Moreover, leveraging the insights gleaned from these find-
ings, the EQE response under dual-side illumination conditions can be
used as a powerful tool for the quick diagnosis of the passivation quality
at the top and bottom interfaces.

3. Conclusions

Numerical simulations were conducted to explore the impact of the
surface recombination velocity at both the front and rear interfaces on
the external quantum efficiency of silicon solar cells under top and
bottom illumination. The simulated results of external quantum effi-
ciency upon illumination from the high-low junction side demonstrate
that regardless of the doping type of the silicon substrate, suppressing
carrier recombination at the high-low junction interface enhances the
optical response across the entire wavelength range. However, optical
response enhancement only occurs in the long-wavelength range by
decreasing the surface recombination velocity at the high-low junction
interface according to the simulated external quantum efficiency upon
illumination from the p-n junction side. The difference in the optical
response enhancement can be attributed to two factors: (i) visible light is
completely absorbed within a wafer depth of 40 pm, and only infrared
light in the long wavelength range above 700 nm contributes to the rear-
side absorption; and (ii) a high-low junction does not separate electron-
hole pairs as efficiently as a p-n junction owing to a weaker electric field.
These results are highly consistent with our experimental data for both
SHJ and TPC solar cells, as well as the published experimental findings
for various organic/inorganic solar cells [3-6]. From a practical point of
view, if there is uncertainty about the passivation quality of either the
front or rear interface, it is highly recommended to measure the external
quantum efficiency from both sides of the device.
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