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1 | INTRODUCTION

Solar energy is one of the most abundant sustainable energy
resources in the world. Despite years of research, searching
for a cost-effective, efficient, nontoxic, and air-stable

Abstract

Multilayered photovoltaic absorbers have triggered widespread attention for
their unique structure and properties. However, multilayered materials in the
randomly oriented polycrystalline thin-film lead to ineffective carrier transport
and collection, which hinders the process of achieving high-performance solar
cells. Herein, this issue is tackled by producing the three-dimensional
(3D) heterojunction Bil; nanosheets (NSs) solar cells, which embed vertically
aligned monocrystalline Bil; NSs into spiro-OMeTAD. The preferred orienta-
tion of Bil; NSs and large p-n junction areas of 3D heterojunction structure
enable a strong light absorption and effective carrier transport and collection,
and thus a power conversion efficiency (PCE) of 1.45% was achieved. More-
over, this PCE is the highest ever reported for Bil; based solar cells to our best
knowledge. Moreover, the nonencapsulated device remained 96% of the initial
PCE after 24 h continuous one sun illumination at ~70% humidity condition,
and 82% of the initial PCE after 1-month storage at ~30% humidity condition.
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alternative photovoltaic absorber is still the key to achieve
the new-generation high-performance solar cells. One of the
promising candidates is Bil;, which is a layered heavy metal-
semiconductor previously investigated for X-ray imaging and
gamma-ray detection."® Until recently, Bil; caught
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researchers’ attention for photovoltaic application due to the
proper bandgap (1.43-2.2 eV),* high absorption coefficient
(10° cm™),” high electron mobility (200 + 50 cm* V! s71),°
and low carrier concentration (10® cm™).” Bil; molecule is
constructed by repeating the unit of the I-Bi-I plane. Strong
ionic I-Bi bond and weak van der Waals I-I interaction exist
within each plane and in between planes, respectively.® Pri-
marily because of its layer-by-layer structure, Bil; exhibits
interesting anisotropic electronic and optical properties.’ The
valence band maximum (VBM) is dominated by I-p states,
and the conduction band minimum (CBM) is mainly con-
tributed by I-p and Bi-p states.*'® For the VBM and CBM that
are parallel to the I-Bi-I plane,*'° carriers are mobile within
planes but immobile across planes. Meanwhile, Bil; exhibits
highly asymmetric carrier mobilities. Brandt et al'' reported
the effective hole and electron masses of Bil; to be 10.39 and
1.85, respectively. The electron mobility is 27.7 times higher
than hole mobility."'? Due to the above properties, the car-
rier transport and collection in the randomly oriented poly-
crystalline Bil; thin-film are not effective,"* which leads to
the inferior photovoltaic performance. Until now, the best-
reported PCEs for Bil; solar cells are still lower than 1.1%.
For instance, Lehner et al'* applied Bil; for a heterojunction
planar solar cell and achieved a PCE around 0.3%. Hamdeh
et al'® explored solution-processed Bil; based solar cells with
0.09% PCE and observed the improved performance of 1.02%
PCE with solvent vapor annealing.

To tackle the issues discussed above, the Bil; should
be synthesized as vertically aligned nanosheets (NSs)
along the preferential alignment direction of I-Bi-I
planes.'> Moreover, the naturally passivated surface of
Bil; NSs alleviates surface recombination.'® However,
controllable mass production of Bil; NSs for solar cells
was limited by the intricate transfer process of NSs.'”**

Here, we demonstrated a 3D heterojunction structure.
The vertically aligned monocrystalline Bil; NSs grown on
SnO,/FTO glass were embedded into 2,2/,7,7'-tetrakis-(N,
N-di-4-methoxyphenylamino)-9,9’-spirobifluorene)
(spiro-OMeTAD). Notably, our work shows the ability to
synthesize the monocrystalline Bil; NSs with controlled
grain size. Importantly, we developed a cost-effective,
scalable, and transfer-free process in this work, and
achieved a PCE of 1.45% which is the highest reported to
our best knowledge. Moreover, the strategy developed in
this work can also be applied to other multilayered mate-
rials such as graphene,”®** 2D perovskites,”>?® and tran-
sition metal dichalcogenides.*®?

2 | RESULTS AND DISCUSSIONS

Figure 1A shows a diagram of the device fabrication pro-
cess. A detailed process can be found in Section 4. Bil;

NSs were directly grown by the vapor-solid-solid (VSS)
reaction between Bi and I,, which ensures a high mate-
rial quality.**** Figure 1A shows a cross-sectional sche-
matic diagram of Bil; NSs cell. Figure 1C shows the
band-energy diagram of the complete device. Band
energy levels of Sn0,,* Bil;,'"* and spiro-OMeTAD*
were all found in the literature. Because of the electrons
dominated carrier transport behavior of Bil;, the orthogo-
nalization of electron and hole collection in 3D hetero-
junction structure enables a more efficient separation
and collection.?”® Besides, as carriers are mobile within
I-Bi-I planes but immobile across planes in Bils, the verti-
cally aligned orientation facilities carrier transport in the
device.'® Moreover, the narrow width of Bil; NSs enables
more effective separation of electron-hole pairs into free
carriers, especially for the short carrier lifetime photovol-
taic absorbers like Bil;.*”

The scanning electron microscopy (SEM) image in
Figure 2A shows the morphology of Bil; NSs from the
precursor (30 nm Bi) grown on the substrate. The Bils
NSs were uniformly distributed and vertically aligned
with lateral size ranging from 200 to 400 nm and thick-
ness around 50 nm. Figure 2B shows a tilted angle (60°)
SEM image of Bil; NSs with a height of around 260 nm.
Figure 2C and Figure S1 show the SEM images of Bil;
embedded in the spiro-OMeTAD. Figure 2D is the trans-
mission electron microscopy (TEM) image, which reveals
a hexagonal NS structure with clear lattice fringes, con-
firming a monocrystalline nature of Bil; NSs. Figure 2E
is the enlarged view that shows the lattices spacing of
3.7 A between (110) planes. The selected area electron
diffraction pattern in Figure 2F exhibits diffraction spots
in a hexagonal symmetry, which also indicates the high
crystallinity.'®°

The epitaxial growth of NSs involves many complex
processes, for instance, the decomposition of the precur-
sor, the diffusion of reactant, the atomic structure of the
surface and the adsorption and desorption of atoms at
growth front, and so forth.** Compared with the typical
horizontally oriented NSs, we attributed the synthesis of
vertically aligned Bil; NSs to the edge-growth mechanism
and growth competition among different orientated Bil;
NSs. The Bi precursor is a layer of uniformly distributed
nanoparticles (Figure S2a). Equation 1 shows the chemi-
cal reaction between indium vapor and solid-state Bi
nanocrystal*! at 100°C. The growth is by the VSS mecha-
nism. The schematic of the Bil; NSs formation process is
explicated in Figure S3. Because I-Bi-I layers are
dangling-bond-free surfaces and cannot serve as effective
nucleation sites for lateral epitaxy, the Bil; formation
process follows an edge-growth mechanism and NSs were
synthesized. Furthermore, for the indium diffusivity in
the solid-state Bi-metal is not efficient at 100°C, the
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FIGURE 1 Diagram of the device fabrication process: (A1) cleaning of FTO glass, (A2) sputtering of SnO,, (A3) evaporation of Bi,
(A4) VSS growth of Bil; NSs, (A5) deposition of Spiro-OMeTAD and (A6) deposition of top contact. (B) Cross-sectional schematic diagram of
Bil; NSs cell. (C) Band-energy diagram of the complete device

diffusion process is the control step.*** Depicted in  the Bi thickness.** More importantly, the preferred orien-
Figure S3, the horizontal-aligned Bil; NSs at the surface  tation is independent of precursor thickness, which was
of the Bi precursor hinders the diffusion process, with a  also verified by both the SEM (Figure S2) and X-ray dif-
result, the supply of indium is not as sufficient as the ver- fraction (XRD) (Figure 3A) results. Therefore, the crystal
tically aligned NSs. Consequently, the horizontal-aligned size can be precisely controlled by the Bi thickness. The
Bil; NSs has the slowest growth rate, and vertically = controlled morphology of vertically aligned Bil; NSs

aligned orientation is the dominated orientation. enables a future study of NSs geometry effect on device
performance.®**

2Bi (s) + 31x(g) — 2Bils(s). (1) To study the crystal structure of Bil; NSs, the XRD

patterns of as-grown Bil; NSs with different Bi precursor

The NSs grain size is always associated with the syn- thicknesses on the SnO,/FTO substrate were character-

thesis condition, for instance, the precursor thickness, ized. As shown in Figure 3A, the XRD patterns match

temperature, reaction time, and so forth.** In this work, well with the mixed peaks of tetragonal structure of SnO,
vertically aligned Bil; NSs were synthesized under differ- (Space-group: P42/mnm(136) with lattice constants of
ent conditions. The results show that the temperature a = 4.75A, ¢ = 3.20 A) and hexagonal structure of Bil,
variation (90°C-110°C) and reaction time (1-3 h) do not (PDF no. 48-1795, Space-group:R-3(148) with lattice con-
have a great impact on the Bil; NSs grain size, the related  stants of @ = 7.52 A and ¢ = 20.72 A).*>*¢ The XRD pat-
discussion can be found in Figures S4 and S5. However, terns from different precursor thicknesses all show a
shown in Figure S2, the Bil; grain size increased with the  higher relative intensity of diffraction peak from the
raise of precursor thickness. This implies that the final (300) plane at 41.57° compared to that of the Bil; powder
grain size is determined by the amount of the precursor  reference. The I-Bi-I plane stacked along the [003] direc-
in the I-rich growth condition, which can be indicated by tion, the results confirm that Bil; NSs were in the
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FIGURE 2
(from bottom to top) FTO/SnO,/Bil; NSs/Spiro-OMeTAD, (D) TEM image of Bil; NSs, (E) Zoomed-in image of the red dash rectangular
area in (D), (F) SAED pattern of Bil; NSs (FFT filtered images)

preferential alignment of I-Bi-I plane, which is perpen-
dicular to the substrate.*’ Besides, the low diffraction
background and sharp diffraction peaks indicate the high
crystallinity of Bil; NSs, and no redundant diffraction
peak is observed.

The bandgap of Bil; has been determined both experi-
mentally and computationally with values ranging from
1.43 to 2.2 eV.* UV-visible spectrophotometry was pet-
formed for Bil; NSs on the glass. As extrapolated in the
Tauc plot in Figure 3B, the Bil; NSs is an indirect
bandgap material (E; ~1.74 £ 0.05 eV), which agrees
with the experimental results*®*? and first principle anal-
ysis.*® Depicted in Figure 3B and Figure S6, there is an
enhanced light absorption from the antireflection effect.
The average refection of Bil; NSs based on 20, 30, 40 nm
Bi precursor over 400-900 nm range are 14.5%, 3.0%, and
2.4%, respectively. The corresponding reflection spectra
are plotted in Figure S6. Moreover, the average refection
of Bil; (Bi 30 nm) is one order of magnitude lower than
that of the planar Bil; > The anti-reflection property is
attributed to the light trapping nature of the NSs. Related
discussion can be found with optical simulation results
shown in Figure S7. Moreover, the anti-reflection effect
enhanced with the increase of precursor Bi thickness,
which is caused by the improved filling ratio and the

(A) Top-view SEM images of Bil;, (B) Tilted-angle view (60°) SEM image of Bil; NSs, (C) Cross-sectional SEM images of

increased height of Bil; NSs (Figure S2). The absorption
of Bil; (Bi 30 nm) reached as high as 95% at wavelength
below 650 nm and has a clear cutoff at 670 nm and no
sub-bandgap or impurity absorption signal is observed.

Figure 3C,D shows the photoluminescence (PL) and
time-resolved photoluminescence (TRPL) of Bil; NSs,
respectively. The PL spectra were obtained with 514 nm
excitation, and a PL peak at 670 nm was observed. The
TRPL of Bil; NSs (red dots) was obtained with 365 nm
excitation, and the instrumental response function is
shown with black dots. With the mono-exponential
fitting, the effective lifetime was estimated to be within
the range from r ~0.54 to 0.56 ns (Figure 3D and
Figure S8). The effective carrier lifetime is consistent with
the previous report.'*54

Moreover, solar cell devices with FTO/SnO,/Bil;
NSs/spiro-OMeTAD/Au  structure were fabricated.
Figure 4A shows the current density-voltage (J-V) curves
and the external quantum efficiency (EQE) of champion
devices, and the device performances are summarized in
Table S1. The champion device based on 30 nm Bi film
demonstrated the highest PCE of 1.45% with a short-
circuit current density (Jo) of 6.36 mA cm™?, an open-
circuit voltage (V,.) of 0.47 V, and a fill factor (FF) of
48.52%. Additionally, the device shows EQE values
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FIGURE 3 (A) X-ray diffraction patterns of (from bottom to top) FTO/SnO,/Bil; (Bil; based on different precursor Bi thickness),

(B) UV-vis absorption spectra and T, plot of glass/Bil; (Bil; based on different precursor Bi thickness), (C) the Steady-state
photoluminescence (PL) spectra, (D) Time-resolved photoluminescence spectrum of Bilz

between 30% and 39% at a wavelength range from 400 to
650 nm. The calculated J,. from EQE spectra was
6.02 mA cm 2. Moreover, from the EQE spectra, there is
a poor photo-generated carrier extraction of higher-
energy photons. This implies the recombination of
electron-hole pairs for higher-energy photons that prefer-
entially absorbed at the SnO,/Bil; interface.'” The EQE
result suggests a need for interface engineering to
enhance the performance of the Bil; solar cell. A possible
strategy is to insert a buffer layer (such as CdS,*
CulnS,,”! or ZnS>?) between SnO, and Bil; to overcome
the low electron collection. In Figure 4A, the low dark
saturated current at low bias indicates less trap-assisted
recombination in 3D devices compared with the polycrys-
talline thin film counterpart.'®>*>>* The less trap-assisted
recombination is due to the reason that the self-
passivated surface of vertically aligned Bil; suppressed
the carrier recombination at the Bils/spiro-OMeTAD
interface. Notably, our devices show the highest reported
PCE based on Bil; to our best knowledge, and the com-
parison of our work and other reported work is shown in
Table S2. The enhanced performance is attributed to less

trap-assisted recombination in the superior crystallinity
Bilz;, and a more efficient photogenerated carrier separa-
tion and collection in the 3D device.'>** In addition, the
light-trapping structure of 3D arrayed Bil; NSs minimizes
the number of unabsorbed photons and therefore
enhances the photocurrent.*

Figure 4B shows the precursor thickness effect on
the device performance and the photographs of the
corresponding device are shown in Figure S9. The Bil; NSs
solar cell based on 20 nm Bi exhibited a PCE of 0.62%
(Je =292 mA cm ™2, V. =044V, and FF = 48.42%). Its
lower PCE than the champion device was attributed to the
less light absorption. However, as shown in Figure 4B and
Table S3, a decrease of PCE was observed when Bi thick-
ness surpassed 30 nm.

Besides the PCE, device stability is another essential
concern for practical application. As the grain boundary
provides charge accumulation sites and infiltration path-
ways for moisture and oxygen, they become the most
vulnerable sites for device degradation.>® Thanks to the
self-passivated surface and monocrystalline nature of Bilz
NSs, the NSs device showed decent stability. Figure 4C is
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(A) J-V characteristic and external quantum efficiency (EQE) of the best-performing Bil; solar cells with device area of

0.0314 cm?, (B) J-V characteristic of Bil, solar cells based on different Bi thickness, (C) The PCE stability of a high-performance Bil; solar
cell without encapsulation stored in a desiccator with humidity of 30 + 5%, and (D) stability tests of Bil; solar cells exposed in continuous
AM1.5G illumination (100 mW cm™2) for 24 h in the ambient condition with a humidity of 70 + 5%

a long-term stability test of the champion device stored in
a desiccator with humidity 30 + 5% without encapsula-
tion. Moreover, the devices were tested in an ambient
environment at 25°C and with 60-90% humidity,
maintained 82% of its initial PCE after 30 days. Most
importantly, the Bil; NSs device also exhibits extraordi-
nary stability under continuous light saturation condi-
tions. Figure 4D shows that the tested devices without
packaging remained 96% of its initial PCE after 24 h of
continuous AM1.5G illumination (100 mW cm™2) in the
ambient condition with a high humidity of 70 + 5%.
These results demonstrate that Bil; NSs are air-stable and
can be a competitive choice for the photovoltaic light
absorber.

3 | CONCLUSIONS

In summary, we reported the 3D heterojunction Bil; NSs
solar cells with the highest PCE of 1.45% to our best
knowledge, and we attributed the high performance to
the superior crystallinity of Bil; and the efficient
photogenerated carrier separation and collection in the

3D device. Our study demonstrates the capability of syn-
thesizing high crystallinity monocrystalline Bil; NSs with
a controlled grain size. More significantly, our Bil; solar
cell showed decent stability. The nonencapsulated device
remained 96% of its initial PCE after 24 h of continuous
(AML1.5G) illumination and 82% after month storage in
30 + 5% humidity. With the knowledge gained in this
work, Bil; proves its strong potential for less toxic, effi-
cient and long-term stable solar cells. Moreover, the
vapor growth strategy developed here can also be widely
used for other multilayered materials.

4 | EXPERIMENTAL SECTION

4.1 | Substrate preparation

The Bil; NSs solar cells were fabricated on FTO glass,
which was ultrasonically cleaned by detergent, acetone,
isopropanol, and deionized water in sequence. After
blowing dry the substrate with N,, 40 nm thick SnO, was
sputtered as the electron transport layer with a deposition
rate of 0.6 A s™'. The DC sputtering uses an Sn target and
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a gas flow rate of 5sccm O, and 50 sccm Ar at 60 W
power. After that, Bi-metal with different thicknesses was
thermally evaporated with a deposition rate of 1 A s7*.

4.2 | Vapor phase growth of Bil; NSs

The growth of Bil; NSs was a vapor-solid-solid reaction
carried out in a furnace (OTF 1200X-11, MTI) with a qua-
rtz tube. The as-prepared substrates and iodine powder
were placed into two small quartz containers at the cen-
ter of the quartz tube. The iodine powder was spread uni-
formly inside one quartz container, and the substrate was
placed close to the opening end of another container.
Thereafter, the growth was performed at 100°C for 1 h
with the Ar flow rate of 300 sccm. Iodine vapor is trans-
ported toward the sample by Ar gas. After growth, the
samples were transferred into a nitrogen-filled glove box.

4.3 | Hole transport layer and top-
contact depositions

To embed the Bil; NSs into the hole transport layer, a
solution of spiro-OMeTAD (80 mg mL™" chlorobenzene)
was spin-coated at 1500 rpm for 30 s. After that, 100 nm-
thick gold was thermally evaporated at a rate of 1 A s™*
as the top electrode.

4.4 | Characterization

The as-grown Bil; NSs were characterized by the XRD
(Bruker D8 X-ray Diffractometer, USA) utilizing Cu K«
radiation, TEM (JEOL [2010F] under an accelerating
voltage of 200 V), and scanning electron microscopy
(FESEM, JEOL JSM-7100F, TESCAN VEGAD3).
Ultraviolet-visible spectroscopy (Varian Cary 500) was
used to obtain the absorption and reflection spectra. PL
and TRPL were measured with an FS5 fluorescence spec-
trometer. Carrier lifetime was convolved with mono-
exponential decay fittings. The device performance was
measured with an AM® solar simulator (Abet Class AAB
Sun 2000, calibrated by a KG5-filtered Si reference cell).
The current density-voltage (J-V) curves were measured
with a Keithley 2400. To calculate the EQE, the photocur-
rent under monochromatic illuminations at different
wavelengths was measured by using a 150 W xenon lamp
and a monochromator.
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