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Selenium is experiencing renewed interest as a promising candidate for the wide bandgap photoabsorber
in tandem solar cells. However, despite the potential of selenium-based tandems to surpass the theoretical
efficiency limit of single-junction devices, such a device has never been demonstrated. In this study, we
present the first monolithically integrated selenium/silicon tandem solar cell. Guided by device simula-
tions, we investigate various carrier-selective contact materials and achieve encouraging results, including
an open-circuit voltage of Voc = 1.68 V from suns-Voc measurements. The high open-circuit voltage posi-
tions selenium/silicon tandem solar cells as serious contenders to the industrially dominant single-junction
technologies. Furthermore, we quantify a pseudo fill factor of more than 80% using injection-level-
dependent open-circuit voltage measurements, indicating that a significant fraction of the photovoltaic
losses can be attributed to parasitic series resistance. This work provides valuable insights into the key
challenges that need to be addressed for realizing higher efficiency selenium/silicon tandem solar cells.
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I. INTRODUCTION

Silicon-based photovoltaic (PV) technologies have
dominated the commercial PV market for more than half
a century, owing to their low cost and high reliability [1].
However, the power-conversion efficiency (PCE) of sili-
con solar cells has now reached 26.8%, which is approach-
ing the theoretical upper limit of single junction devices
[2–4]. In order to further accelerate the deployment of PV,
research must focus on high-efficiency concepts that effec-
tively reduce the area-related balance-of-system costs [5].
Among these concepts, tandem solar cells have emerged as
the most promising technology for achieving efficiencies
significantly beyond the practical limits of single-junction
solar cells [6]. Ideally, a tandem device combines bandgaps
of Eg, low ≈ 0.9 eV and Eg, high ≈ 1.6 eV [7], but silicon is
arguably the most mature and technologically relevant can-
didate for the bottom cell with its bandgap of Eg = 1.1 eV.
The wide bandgap partner material to integrate in tandem
with silicon should then have a bandgap in the range of
Eg ∼ 1.75 eV, but only a limited number of candidates

*raniel@dtu.dk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOI.

have been proposed [8–12], none of which have demon-
strated both high performance, low cost, and long-term
stability [13,14].

Selenium, the world’s oldest PV material, is experi-
encing renewed interest as a promising wide bandgap
photoabsorber for the top cell in tandem devices [15–
20]. This inorganic semiconductor has a reported direct
bandgap between 1.8 and 2.0 eV in its trigonal phase,
which may be tuned within the range of 1.2–1.8 eV through
alloying with tellurium [21,22]. Furthermore, selenium
features a very high absorption coefficient (> 105 cm−1)
in the visible region [23], long-term air stability [24,
25], and its single-element composition and low melt-
ing point of 220◦C makes processing simple, potentially
low cost, and compatible with most bottom cells. Never-
theless, the research progress on selenium plateaued with
an efficiency record of PCE = 5.0% achieved by Nakada
et al. in 1985 [26]. This record remained unchanged
for more than 30 years, until Todorov et al. introduced
a redesigned device architecture in 2017, demonstrat-
ing a new record efficiency of PCE = 6.5% [27]. The
next advancement involved replacing the nontransparent
Au electrode with a transparent conductive oxide (TCO)
and thus realizing a bifacial device, which was accom-
plished in 2021 by Youngman et al. with a reported
PCE = 5.2% [28]. However, to date, no reports have
been published demonstrating an actual selenium/silicon
tandem device.
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In this work, we successfully fabricate the first mono-
lithic selenium/silicon tandem solar cells. The initial tan-
dem device uses ZnMgO as the electron-selective contact
material, demonstrating an encouraging open-circuit volt-
age of Voc = 1.68 V. However, we observe that severe
charge carrier transport losses limit the overall device
performance. Using SCAPS-1D [29], we simulate the
energy-band diagrams of the heterostructure, and iden-
tify a critical transport barrier that is restricting the flow
of electrons. To reduce the barrier height, we introduce
TiO2 as a replacement for ZnMgO, resulting in a tenfold
increase in the overall power conversion efficiency of the
tandem to PCE = 2.7%. In parallel to the tandem devices,
we fabricate and characterize bifacial single-junction sele-
nium solar cells to gain more comprehensive insights into
the dependence of device polarity. Finally, we outline
strategies for further improving the device performance
to realize higher efficiency selenium/silicon tandem solar
cells.

II. EXPERIMENTAL DETAILS

The silicon bottom cells fabricated and used in this work
comprise a double-sided tunnel oxide passivated contact
(TOPCon) structure. First, a 1.4 ± 0.1 nm SiO2 tunnel
oxide is grown on an n-type double-side polished silicon
wafer using hot nitric acid oxidation. Immediately after
the tunnel oxide has been grown, approximately 200 nm
polycrystalline silicon contacts are deposited using low-
pressure chemical vapor deposition (LPCVD). The poly-Si
contacts are relatively thick as to protect the photoabsorber
from sputter damage of the subsequently deposited thin
films. The dopant sources used during the LPCVD pro-
cesses are diborane for the p-type contact, and phosphine
for the n-type contact. A graded doping profile is achieved
by gradually increasing the flow of the dopant sources to
minimize bulk interdiffusion through the tunnel oxide to
the c-Si. The wafers are then annealed at 850◦C for 20 min
in N2 to promote dopant diffusion and activation. To fur-
ther improve the passivation quality, a layer of approx-
imately 75 nm hydrogenated SiNx:H is deposited using
plasma-enhanced chemical vapor deposition (PECVD).
After depositing the SiNx:H, the devices are annealed in a
tube furnace at 400◦C for 30 min to drive atomic hydrogen
into the carrier-selective contacts, after which the SiNx:H
layers are removed using buffered hydrofluoric acid. Then,
a 25 ± 4 nm indium tin oxide (ITO) recombination layer is
deposited using rf magnetron sputtering with an elevated
substrate temperature of 300◦C, and the wafers are finally
diced to the dimensions 16 × 14 mm2 using a laser micro-
machining tool. The influence of the hydrogenation and
sputter deposition steps on the photovoltaic performance
has been quantified using photoconductance decay mea-
surements presented in Fig. S3 and S4 along with batch

statistics of the silicon bottom cells before dicing in Fig.
S5 within the Supplemental Material [30].

The selenium top cells are fabricated within a desig-
nated area of the diced bottom cells, intentionally leaving
the edge of the ITO recombination layer exposed. First,
an approximately 65 nm layer of either ZnMgO or TiO2 is
sputter deposited as the electron-selective contact material.
ZnMgO is rf sputter deposited from a ceramic Zn0.8Mg0.2O
target at room temperature in a reactive atmosphere of
Ar/O2 (60/0.6 sccm, p = 5 mTorr) followed by an anneal-
ing step for 1 hr at 500◦C under high vacuum conditions.
TiO2 is dc sputter deposited from a metallic Ti target in a
reactive atmosphere of Ar/O2 (60/6 sccm, p = 5 mTorr)
with an elevated substrate temperature of 400◦C. Once the
samples have cooled down to room temperature, vacuum
is broken and the samples are transferred to a custom-
built thermal evaporator. Here, an ultrathin approximately
1 nm layer of tellurium is deposited, immediately fol-
lowed by the deposition of 300 nm of selenium, while
keeping the samples at room temperature. Tellurium is
used as an adhesion layer critical for improving the adhe-
sion and uniformity of selenium during the crystallization
process [26]. Selenium is crystallized by thermally anneal-
ing the samples in air at 190◦C for 4 min in a preheated
aluminium oven. However, in the case of the ZnMgO-
based devices on silicon, an additional preannealing step
at 100◦C for 2 min was necessary to avoid the formation
of large craterlike holes in the selenium thin film, as shown
in Fig. S7 within the Supplemental Material [30]. In con-
trast, this step was not required for TiO2-based devices
or single junctions fabricated on 1.1-mm-thick glass, sug-
gesting that the combined influence of the more abrupt
heating through silicon and the different surface energy
of ZnMgO may be responsible for the crater formation.
Following the crystallization of the selenium thin film, a
15 nm layer of MoOx (2 < x < 3, Ar/O2 = 60/0.6 sccm,
p = 5 mTorr) and approximately 250 nm of ITO (Ar/O2 =
40/0.3 sccm, p = 3 mTorr) are rf sputter deposited. Due
to the low melting point of selenium, the substrate tem-
perature is carefully maintained at 100◦C during the ITO
deposition. As this is lower than the 300◦C used during
the deposition of the ITO recombination layer on sili-
con, the resistivity of the ITO thin film is expected to
increase [31,32]. To compensate for the expected ohmic
loss, an Au grid was sputter deposited. In parallel to the
fabrication of the tandem devices, bifacial single-junction
selenium solar cells were processed on ITO-coated glass
substrates.

III. RESULTS AND DISCUSSION

The two selenium/silicon tandem structures fabricated
in this work are schematically illustrated in Fig. 1(a),
using either ZnMgO or TiO2 as the n-type contact in
the selenium top cell. The accessible area of the ITO
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FIG. 1. Device architecture of the three-terminal monolithic selenium/silicon tandem solar cell. (a) Schematic illustration of the
device structure using either ZnMgO or TiO2 as the n-type contact. (b) Cross-section SEM image of the tandem solar cell. Photographs
of the device are also shown.

recombination layer is used as a third terminal, facilitating
the characterization of the individual subcells. A cross-
section scanning electron microscopy (SEM) image of the
champion tandem device is shown in Fig. 1(b).

The current-voltage (J-V) characteristics of the ZnMgO-
based tandem and the bifacial selenium single junction
are presented in Figs. 2(a) and 2(b), respectively. Using
suns-Voc, where no current is drawn from the cell, the mea-
sured open-circuit voltage is Voc = 1.68 V for the tandem
and Voc, Se = 0.97 V for the parallel-processed top cell.
Consequently, the silicon bottom cell must be delivering
Voc, Si = 0.71 V, which perfectly matches the photovoltaic
performance analysis of the bottom cells presented in Fig.
S5 within the Supplemental Material [30]. However, both
the tandem and the parallel-processed top cell suffer from
significant carrier transport losses, as evident from the
standard J-V curves. In the case of the tandem device, these
losses reduce the open-circuit voltage to Voc = 1.47 V and
the fill factor to FF = 25%. The consistent presence of
these parasitic losses in both devices implies that the pri-
mary issue lies with the top cell. Another concern is the
low short-circuit current density Jsc < 1 mA/cm2 mea-
sured when illuminating through the hole transport layer
(HTL).

The bifaciality of the parallel-processed single junction
allows for investigating the polarity dependence of the
selenium top cell. By illuminating through the electron-
transport layer (ETL), more photons are absorbed in the
vicinity of the carrier-separating p-n junction, leading to a
significant improvement in the short-circuit current density
by a factor of 4. This finding has been previously reported
for bifacial selenium solar cells by Youngman et al., who
attributed the result to low carrier diffusion lengths and
lifetimes [28]. Moreover, as the current density increases,

the J-V curve becomes more S-shaped, suggesting the
presence of a carrier transport barrier [33].

To better understand the carrier collection losses and
polarity dependence, external quantum efficiency (EQE)
spectra of the tandem and of the bifacial selenium single
junction are shown in Figs. 2(c) and 2(d), respectively.
The integrated short-circuit current densities of the indi-
vidual subcells show that the selenium top cell is limiting
the overall current of the tandem device. By applying a
reverse bias to the top cell using the accessible third termi-
nal, the collection efficiency significantly improves. This
indicates that under short-circuit conditions, the selenium
thin film is not fully depleted, and the photoexcited carri-
ers generated beyond a diffusion length from the depletion
region edge are lost to recombination. Similar observa-
tions are made for the parallel-processed single junction
shown in Fig. 2(d). However, by illuminating through the
ETL and applying a reverse bias, a much higher collection
efficiency comparable to state-of-the-art selenium single-
junction solar cells is achieved. These findings suggest that
by inverting the device polarity and either depleting more
of the selenium thin film or significantly improving the dif-
fusion length, short-circuit current densities on the order of
approximately 10 mA/cm2 can be attained. To realize even
higher current densities, the implementation of antireflect-
ing coatings and other light-trapping techniques should be
considered.

The bifacial selenium solar cells presented in this work
are fabricated in a process similar to that presented in
our previously published work [28]. The only notable dif-
ference lies in the TCO on which ZnMgO is deposited.
Specifically, the devices using fluorine-doped tin oxide
(FTO) instead of ITO show no S-shaped kink in the J-V
curve, which indicates that the carrier transport barrier
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FIG. 2. Photovoltaic device performance of the ZnMgO-based selenium/silicon tandem and parallel-processed bifacial selenium
single junction solar cells. (A) Current-voltage (J-V) curves measured under 1-sun and dark conditions, accompanied by the J-V
curve reconstructed from suns-Voc measurements. (B) Equivalent J-V characterization for the bifacial single junction, with the device
illuminated through either the hole- or electron transport layer (HTL or ETL). (C) External quantum efficiency (EQE) spectra of each
subcell measured under short-circuit conditions, along with the spectra of the selenium top cell under reverse bias conditions. The
AM1.5G-equivalent short-circuit current density of each subcell has been integrated and highlighted in bold. (D) EQE spectra of the
bifacial single junction illuminated through either the HTL or ETL under short-circuit and reverse applied biases.

could be attributed to the ZnMgO/TCO interface. ZnMgO
was first suggested for use in selenium thin-film solar cells
by Todorov et al. [27], and later played a key role in
achieving the record open-circuit voltage of Voc = 0.99 V
[23]. However, all ZnMgO-based selenium solar cells
reported in the literature have been synthesized on FTO-
coated glass, whereas the devices fabricated on ITO use
TiO2 instead of ZnMgO as the n-type contact material
[26,34].

To investigate the sensitivity towards the choice of TCO,
we synthesize ZnMgO, TiO2, and poly-Se thin films and
examine their relative energy-band positions. The valence-
band maximum (VBM) and electronic work function (WF)
of each sample surface were measured using ultravio-
let photoemission spectroscopy, as shown in Fig. 3(a).
To minimize the influence of the substrate, which could
deplete carriers and significantly shift the Fermi level in
materials with low carrier concentrations [35], the poly-Se
thin film was grown on ZnMgO with a threefold increase

in thickness (approximately 800 nm). To accurately deter-
mine the position of the Fermi level (EF), a gold leaf
was mounted in electrical contact with the edge of each
thin film. Additionally, a small bias of −5 V is applied
to the sample surface to deconvolute the true work func-
tion of the surface from the internal work function of
the spectrometer. The width of the spectrum is measured
as the difference between the low-energy secondary elec-
tron cutoff and the Fermi level, and the work function
is calculated by subtracting the spectrum width from the
incident photon energy. The effects of surface photovolt-
age and Fermi-level pinning have not been considered.
To determine the electron affinity of each material, the
bandgap must be subtracted from the sum of the work
function and valence-band offset. The optical bandgaps
are extrapolated from Tauc plots of UV-vis transmis-
sion measurements, as shown in Fig. 3(b). It is important
to note that the optical characterization is prone to its
own set of measurement and analysis errors, e.g., diffuse
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light scattering, excitonic effects, and sub-bandgap defect
states.

Using the electron affinity and optical bandgap of each
layer, we construct the energy-band diagrams of the two
heterostructures shown in Fig. 3(c). The structures feature
either ZnMgO or TiO2 as the n-type contact, and an arbi-
trary TCO with a work function of WF = 4.4 eV. Ideally,
the conduction-band offset (CBO) in the p-n heterojunc-
tion of a solar cell falls within the range of 0 and +0.4
eV, resulting in a small “spikelike” offset [36,37]. The
electron affinity of ZnMgO may be tuned by varying the
concentration of Mg, and we find that the elemental com-
position Mg/(Zn + Mg) = 0.2 used in this work yields
an electron affinity of EAZnMgO = 3.7 eV, consistent with
reported values in the literature [38,39]. Consequently, this
leads to an ideal offset of CBO = +0.2 eV at the poly-
Se/ZnMgO interface, which is also indicated by a high
built-in potential of Vbi = 1.5 V according to capacitance-
voltage measurement shown in Fig. S9 within the Supple-
mental Material [30]. However, the work-function differ-
ence at the ZnMgO/TCO interface forms a transport barrier
greater than +0.6 eV for the electrons, and the high con-
centration of Mg is known to significantly increase the
resistivity of the thin film, thereby contributing to parasitic
series resistance losses [40]. In contrast, TiO2 possesses a
substantially higher electron affinity of EATiO2 = 4.2 eV,
resulting in a “clifflike” CBO. This clifflike offset low-
ers the activation energy of interface recombination [41],
which is expected to significantly reduce the open-circuit
voltage in our device. On the other hand, the work-function
difference at the TiO2/TCO interface is less than 0.3 eV,
making the electron barrier at this interface benign.

The influence of the transport barrier at the ETL/TCO
interface on the photovoltaic performance is investigated
for the two structures in Figs. 3(d) and 3(e). Using SCAPS-
1D, the illuminated J-V curves are simulated while varying
the work function of the TCO in the range from 4.1
to 4.8 eV. It is important to note that the width of the
transport barrier decreases with increasing doping den-
sity of the ETL, and a sufficiently high doping may allow
for more efficient quantum tunneling of electrons. In a
study by Jamarkattel et al. [40], the n-type conductivity
of sputter-deposited ZnMgO was investigated using Hall-
effect measurements. As the synthesis conditions and the
elemental composition of the ZnMgO thin films are sim-
ilar to those used in our study, the doping density for
both ZnMgO and TiO2 is fixed at ND = 3 × 1018 cm-3, as
a conservative estimate. As expected, the ZnMgO-based
devices are much more sensitive to the choice of TCO, as
the transport barrier is much higher relative to that of the
TiO2-based devices, which are more robust in this range
of WF. The work function of FTO is typically reported
to be WF ∼ 4.4 eV [42,43], whereas the work function
of ITO is typically reported to be in range of 4.5–4.8 eV

[44,45]. Based on these SCAPS-1D simulations, replac-
ing ZnMgO with TiO2 is expected to reduce the trans-
port barrier height at the ETL/TCO interface, effectively
improving the photovoltaic device performance.

In Figs. 4(a) and 4(b), the photovoltaic device perfor-
mance of the TiO2-based selenium/silicon tandem device
is shown. As expected, the open-circuit voltage is reduced
to Voc = 1.40 V, but the fill factor has improved to FF =
34.2%. This indicates that we have reduced the carrier
transport limitations quite significantly. Furthermore, as
TiO2 is sputter deposited in a reactive atmosphere from
a metallic Ti target with a limited supply of O2, the thin
film is expected to be oxygen poor. As oxygen vacan-
cies are well known to act as native n-type dopants in
TiO2, and the introduction of Mg to ZnO decreases the
carrier concentration, it is expected that the doping den-
sity in TiO2 would be significantly higher compared to
that of ZnMgO. As a consequence, the depletion region
in selenium should be much wider, which is indicated by
the dramatic increase in the top-cell EQE, and a reduced
increase in collection efficiency from applying reverse bias
to the top cell. In addition, the transport barrier at the
ETL/TCO interface is expected to be thinner and allow
for more efficient electron tunneling as the doping den-
sity of the ETL increases. However, while the TiO2 thin
film may be more conductive, and depletes a wider region
of the selenium absorber, the recombination at the poly-
Se/TiO2 interface may be significantly worse. The J-V
curve reconstructed from suns-Voc measurements is shown
in Fig. 4(C), where the pseudo fill factor is quantified to be
pFF = 80.2%, and the ideality factor is n = 2.29, which is
close to the best achievable ideality factor for a tandem
of n = 2. Finally, when comparing the TiO2-based and
the ZnMgO-based tandem devices in Fig. 4(d), both the
short-circuit current density and fill factor improved sig-
nificantly from replacing ZnMgO with TiO2, resulting in
a tenfold increase in the efficiency of the champion device
PCE = 2.7%.

We have demonstrated two monolithic selenium/silicon
tandem solar-cell structures and identified the presence
of an electron transport barrier at the ETL/TCO inter-
face. Such a barrier may restrict the flow of electrons,
resulting in a significant reduction in the power-conversion
efficiency. To address this issue, we replaced ZnMgO as
the ETL with TiO2, which led to a reduction in the bar-
rier height, but compromising the ideal conduction-band
offset in the p-n heterojunction. While ZnMgO offers
a favorable band alignment with poly-Se, its tunability
through Mg alloying is accompanied by increased resis-
tivity. On the other hand, TiO2 offers better conductivity
and a reduced barrier height, but its clifflike CBO with
poly-Se is expected to increase interface recombination
losses. Instead of further exploring alloys where bandgap
and resistivity changes must be balanced, it may be a
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FIG. 3. Characterization of energy-band positions and simulated device performance. (a) Ultraviolet photoemission spectroscopy
(UPS) measurements of ZnMgO, TiO2, and poly-Se thin films. The valence band offsets relative to the Fermi level are extrapolated
from the leading edges of the spectra, and the work functions are calculated from the secondary electron cutoffs. A small bias of −5 V is
applied to the samples to deconvolute the work function of the surface from that of the analyzer, and a gold leaf is mounted in electrical
contact with each sample to accurately determine the Fermi level. (b) Tauc plots derived from UV-vis transmission measurements.
The optical bandgap of each thin film is linearly extrapolated from the absorption onsets. (c) Simulated energy-band diagrams of the
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(d) Simulated J-V curve sensitivity of the ZnMgO-based single-junction device as the TCO work function is varied from 4.1 to 4.8 eV.
(e) The equivalent sensitivity analysis of the TiO2-based single-junction device.

more promising approach to incorporate surface modifi-
cation layers. An ultrathin molecular or polymeric dipole
layer has the capability to alter the contact behavior with
shifts on the order of electron volts [46]. This has been
studied extensively for use in organic PV, and is cur-
rently employed in state-of-the-art perovskite/silicon tan-
dem solar cells [8,9]. Alternatively, one could consider
replacing ITO with another recombination layer, such as
ZnMgO:Al, which may be deposited while maintaining
the substrate at room temperature without compromising
conductivity [39].

Another issue contributing to the parasitic series resis-
tance is the in-house sputter deposited ITO. When
deposited at 300◦C, the thin film exhibits a resistivity of
6.4 × 10−3 � cm, but when deposited at 100◦C, it can be
as high as 3.7 × 10−2 � cm according to four-point probe

measurements. The low melting point of selenium makes
it more challenging to synthesize a highly conductive TCO
as a front contact, as higher substrate temperatures are typ-
ically used to improve the conductivity of the TCO. Even
with the applied Au-contact grid to compensate for the
expected Ohmic losses, the fill factor is still reduced from
pFF = 80.2% to FF = 34.2%.

It is however important to underline, that it is a more
pressing matter to invert the device polarity as evident
from the parallel processed bifacial device. Only a few
reports have investigated the inverted device polarity [17,
47], but instead of fabricating the selenium top cell in a
substrate configuration, one could potentially use a direct
transfer technique (release, flip, bonding). The low melt-
ing point of selenium could be an advantage here, and this
solves the issue of synthesizing a conductive TCO on top
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FIG. 4. Photovoltaic device performance of the TiO2-based selenium/silicon tandem solar cell. (a) Current-voltage (J-V) curves
measured under 1 Sun and dark conditions. (b) External quantum efficiency (EQE) spectra of each subcell measured under short-
circuit conditions, along with the spectra of the selenium top cell under reverse-bias conditions. The AM1.5G-equivalent short-circuit
current density of each subcell has been integrated and highlighted in bold. (C) J-V curve reconstructed from suns-Voc measurements,
where the effects of series resistance have been eliminated. (d) Batch statistics of the performance metrics of the TiO2-based tandem
devices compared to the ZnMgO-based tandem device.

of selenium. Alternatively, the collection efficiency of the
top cell may be improved by increasing the doping density
in ZnMgO, thus effectively increasing the depletion width
in the absorber, or the diffusion length in the selenium
photoabsorber by means of the carrier lifetime or mobil-
ity. This point is consistent with our previous publications
on improving the optoelectronic quality of the selenium
absorber [20,23]. However, prior to undertaking elaborate
efforts in defect engineering of selenium, it is essential to
determine the appropriate substrate materials on which to
grow the absorber. The results of this work demonstrate the
significant impact of using ITO instead of FTO.

IV. CONCLUSION

In summary, we have successfully fabricated the first
monolithically integrated selenium/silicon tandem solar
cells, demonstrating the potential of selenium as a wide
bandgap photoabsorber for tandem devices. These devices
achieved encouraging results, including an open-circuit

voltage of Voc = 1.68 V and a power-conversion effi-
ciency of PCE = 2.7%. The analysis of carrier transport
losses from suns-Voc measurements revealed an impressive
pseudo fill factor of pFF = 80% and diode ideality factor
of n = 2.3, emphasizing the importance of reducing para-
sitic series resistance losses to realize high-efficiency tan-
dem devices. Moreover, using photoemission spectroscopy
and SCAPS-1D device simulations, we identified a critical
transport barrier at the interface between the ETL and the
recombination layer, restricting the flow of charge carriers.
By replacing the electron-selective transport material, we
achieved a promising tenfold increase in efficiency, albeit
compromising the ideal band alignment at the p-n hetero-
junction. This highlights the importance of optimizing the
heterostructure interfaces, where the inclusion of surface
modification layers should be considered.

Furthermore, our study of parallel-processed bifacial
selenium single junctions revealed a strong dependence
on device polarity, with significantly improved current
densities when illuminating through the ETL. This find-
ing is in agreement with a previous report on bifacial
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selenium solar cells, and emphasize the potential improve-
ments in device performance from inverting the structure
and positioning the carrier-separating junction closer to
the illuminated surface. To address the still significant
open-circuit voltage deficit of the selenium top cell, the
optoelectronic quality and thus the diffusion length in sele-
nium should be improved. Moving forward, advancements
in carrier-selective contact materials and interfaces, device
polarity inversion, reduction of parasitic series resistance,
and enhancing the diffusion length in selenium will all be
crucial steps towards unlocking the full the potential of
selenium/silicon tandem solar cells.
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