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ABSTRACT: High performance and robustness are the key
factors to boosting wearable and portable applications. Although
the 1D crystal structure makes the Sb,Se; thin film more tolerant
to physical deformation upon bending, the conventional planar
structures still cannot undergo repeated mechanical bending due to
the induced stress/strain inside devices, which can be well
addressed by constructing three-dimensional nanostructures.
Besides, the electron diffusion length has two values, 0.3 ym in
the [221] direction and 1.7 um in the [001] direction, in the
Sb,Se; thin film, which limits the absorber thickness, for getting an
effective carrier collection; thus, a strong light trapping effect
enabling sufficient light harvesting is needed to allow the use of a
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very thin light absorption layer. Herein, the nanoconed Sb,Se; solar cells have been designed, and their light absorption behaviors
were investigated within a finite-element simulation under the substrate back-reflection, indicating that the reflection of the bottom
part always works positively, while the effect of the nanocone sidewall on absorption enhancement largely depends on its geometry,
arising from resonant or scattering modes. These results provide a practical guide in designing/establishing an easier/simpler way to
fabricate high-performance and mechanically stable flexible nanostructured Sb,Se; thin film solar cells.

H ow to fabricate both high-performance and mechanically
stable thin film solar cells with a high power-to-weight
ratio on flexible and lightweight substrates is an important and
interesting issue, to meet the increasing demands of wearable
and portable applications.' " The antimony selenide (Sb,Ses)
as a new but promising candidate, has attracted numerous
interests for its nontoxicity, abundant reserves, low cost, proper
bandgap (E,) of 1.0—1.3 eV, and a high absorption coefficient
of 10° cm_%, in fabricating the high—performance and robust
flexible thin film solar cells.”~'* Recently, a champion/
recorded power conversion efficiency (PCE) > 10% has been
demonstrated on the Mo-coated glass substrates, by preparing
high-quality [00!]-oriented Sb,Se; thin films as the light
absorption layer."” Meanwhile, a flexible Sb,Se; thin film solar
cell has been demonstrated using a multilayer structure of PI/
Mo/Sb,Se;/CdS/ZnO/aluminum-doped ZnO (AZO)/Ag,
getting a PCE of 8.43%."*

Although the unique 1D crystal structure makes the Sb,Se;
thin film more tolerant to physical deformation upon
bending,>" the planar-structured device still cannot undergo
repeated mechanical bending with a small radius; for example,
a 6.6% PCE decline was reported for the planar Sb,Se; thin
film devices on the SU-8 substrates after 1000 cycles of
mechanical bending.'® Thus, how to more efficiently release
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the stress and strain inside a photovoltaic device induced by
repeated bending is a fundamental issue to improve mechanical
stability. Besides, the Sb,Se; thin film usually has two kinds of
electron diffusion length (L), 1.7 ym in the [001] direction
and 0.3 um in the [221] direction,'” which is a limitation to
the Sb,Se; absorber thickness in the range of 0.3—0.6 ym for
an effective carrier collection to fabricate high-efficiency thin
film solar cells. However, such thickness of the light absorption
layer cannot enable sufficient light harvesting to generate a
large enough photocurrent.'” Thus, how to decouple incident
light absorption and photogenerated carrier collection in this
thin film absorption layer, for seeking better performance, is an
essential issue too. As known, constructing three-dimensional
(3D) nanostructures, such as nanocones, nanowires, and so on,
has been proven as a beneficial way to improve the flexibility
and mechanical stability, compared to the conventional planar
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Figure 1. (a) Nanocone design, (b) planar Sb,Se; thin film device, (c-h) fabrication procedures of nanoconed Sb,Se; thin film solar cells, (i) EQE
curves of the nanoconed and planar devices for comparison (W, is 1800 nm, R, is 500 nm), as well as (j) final-fabricated nanoconed Sb,Se; units.

thin film devices, in terms of protecting the deposited thin film
far away from the stress-rich region on the surface of the
flexible substrate.”'®~*' These vertically standing nanostruc-
tures can not only significantly enhance the robustness of the
flexible thin film devices but also efficiently improve the light
trapping capability to achieve a larger photocurrent, thus
allowing the use of a very thin light absorption layer to help
facilitate the carrier collection and tolerate more defective light
absorption layer material.”**~>° More important, the carrier
collection path and light absorption path can be decoupled, by
reasonably designing/constructing the nanostructures.'®°~**
However, these 3D nanostructures have never been
introduced/constructed to fabricate high-performance and
mechanically stale Sb,Se;-based flexible thin film solar cells,
not to mention the investigation on their light absorption
behaviors, especially under the back-reflection of the
substrates.

In this work, we will first perform a straightforward
comparison of the light-harvesting behavior of planar/
nanoconed Sb,Se; thin film solar cells on Mo-coated substrates
based on a finite-element simulation to emphasize the benefit
of light trapping effect realized among the 3D framework.
Then, as shown in Figure 1a, we will investigate the evolutions
of light absorption profiles under different lengths of the
nanocone (L,), bottom radius (R,), aspect-ratios (L,/Ry), and
densities (represented by the width of the simulation box, W,,
as shown in Figure S1a), respectively, as well as the calculated
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external quantum efficiency (EQE) curves and integrated J..
Our results show that the reflection of the Mo layer deposited
on the bottom surface of the substrates can help get an overall
absorption enhancement during the full working wavelength
range and weaken the role of the nanocone geometry on light
harvesting behavior. However, whether the Mo layer deposited
on the nanocone sidewall works positively or negatively on
absorption enhancement, which arises from the resonant or
scattering modes, is determined by the geometry of the
nanoconed core. It is worth noting that this light absorption
behavior has never been investigated and reported under the
back-reflection of the substrates, and it is of practical
importance for fabricating high-performance flexible optoelec-
tronic thin film devices, especially on metal foil substrates that
can be compliable with industry-mature roll-to-roll technology.
Overall, this work can provide a practical guide to design/
establish a simpler/easier fabrication process for constructing
high-performance and mechanically stable flexible nano-
structured Sb,Se; thin film solar cells, which has never been
reported before.

The device structure of nanoconed flexible Sb,Se; thin film
solar cells has been schematically drawn in Figure 1j, which
presents a strong light trapping behavior among such a 3D
nanostructure array. For a deeper understanding of the
beneficial effect of such light trapping behavior, the simulated
EQE curves of the planar Sb,Se; thin film solar cells with
thicknesses of 200, 500, and 800 nm, as well as the nanoconed

https://doi.org/10.1021/acs.jpclett.4c02414
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Figure 2. (a) Simulated light absorption profiles, and (b) simulated EQE curves of nanoconed Sb,Se; units on glass, glass-bottom, Mo-bottom, Mo
substrates, respectively (L, is 1000 nm, R, is S00 nm, W, is 1800 nm). Integrated J,. within the integrated range (c) [300 nm, 1050 nm], (d) [300
nm, 600 nm], (¢) [600 nm, 1050 nm], as an evolution of different L, values.

ones with L, of 200 and 1000 nm, were calculated and
presented in Figure li. The strong light trapping effect realized
among the 3D nanostructures can enable sufficient light
harvesting to allow the use of a very thin absorber (fixed at 200
nm in this work), which can help improve the light absorption
material quality tolerance and thus address the electron
diffusion length trade-off between [221] and [001] directions
of Sb,Se; thin film."” Furthermore, such 3D vertically standing
nanostructures can host/support the subsequently deposited
thin film to make the main working region out-of-plane.”"”*
In our previous work,”'® the simulated stress distribution of
the radially stacked p-i-n junction, which was directly built
upon the 3D vertical silicon nanowire framework grown by a
vapor—liquid—solid (VLS) process, shows that the stresses at
the top of the radial junction units are 3—4 orders of
magnitude smaller than those found at the roots and on the
nearby planar surface surrounding the radial junction units,
indicating that the out-of-plane working regions can be well
protected/kept away from the stress-rich bottom surface of the
flexible substrate. All these results suggest that introducing
nanostructures, such as nanocones and nanowires, as the core
to host the subsequently deposited thin films can enable
sufficient light harvesting and improve the mechanical stability
for fabricating high-performance and robust flexible thin film
solar cells. However, a fundamentally interesting, as well
practically important, issue for building high-performance
nanoconed Sb,Se; thin film solar cells, which lies in that too
long and too dense nanostructures would cause a nonuniform
deposition of the thin film that results in nonuniform
photocurrent generation among/or along the vertical standing
units, should be well addressed. Thus, carrying out a profound
investigation on light harvesting behavior, including the
scattering and resonant modes, should be taken seriously to
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seek the best geometry and density design in the
nanostructures, especially under the back-reflection of flexible
metal foil substrate, which can be well compatible with the
industrial-mature roll-to-roll technology, is meaningful and
important.

Figures 2a and S4 show the simulated light absorption
profiles, under different incident wavelengths from 300 to 1050
nm, extracted from normal-/cross-section surfaces of nanoc-
oned Sb,Se; units, with Ry of 500 nm, L, of 1000 nm, and W,
of 1800 nm, on the four kinds of substrates, which are the
following: i. the bottom and the nanocone parts without Mo
coating (abbreviated as the glass substrate), ii. the bottom part
without but the nanocone part with Mo coating (abbreviated
as the glass-bottom substrate), iii. the bottom part with but the
nanocone part without Mo coating (abbreviated as the Mo-
bottom substrate), iv. the bottom and the nanocone parts with
Mo coating (abbreviated as the Mo substrate), respectively. As
seen from the simulated EQE curves of Sb,Se; units on glass
and Mo substrates plotted in Figure 2b, the back-reflection of
the Mo substrates can greatly enhance light absorption during
the full working wavelength range. Thus, the ], integrated
from EQE values for the nanoconed Sb,Se; units on the Mo
substrates is much larger than that realized on the glass
substrates, as shown in Figure 2c. Furthermore, as the L,
increases from 200 to 2500 nm, the J,. shows a monotonously
increasing trend on the glass substrate, from 14.2 mA/ cm? to
224 mA/cm? while it first increases but then reaches a
saturated value (29.5 mA/cm*@L,, ~ 800 nm, and just with a
~0.9 mA/cm?® improvement) when on the Mo substrate. With
the contribution of the reflection of the Mo layer, the influence
of increasing L,, which can enhance the light trapping effect,
on the EQE response values becomes less prominent.
However, it should be pointed out that the Mo layer is

https://doi.org/10.1021/acs.jpclett.4c02414
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deposited not only on the bottom part but also on the sidewall
part of the nanocones. How do the reflection of the bottom
and nanocone sidewall parts work? The simulated EQE curves
of the nanoconed Sb,Se; units on glass-bottom and Mo-
bottom substrates have also been presented in Figure 2b to
highlight the beneficial effect of the 3D nanocones in light-
harvesting behavior, as well as the integrated J. values in
Figure 2c¢. As seen in Figure 2d, it is clear that the reflection of
the Mo layer deposited on the sidewall of nanocones does not
contribute to an obvious enhancement of the light absorption
during the short wavelength (<600 nm) region. While
switching to the long wavelength (>600 nm) region, the
reflection of the Mo layer on the sidewall of nanocones
positively works, as shown in Figure 2e, as well as the EQE
enhancement ratio (EQEuyo/EQEmo-bortom > 1 and
EQE giuss-bottom/ EQEqiuss > 1) shown in Figure S7. Interestingly,
as the L, increases, the integrated ], differences in the full
working wavelength range (between J.. v, and Jo mo-bottoms OF
Jsc, glass-bottom 20 Joc, glass) becomes smaller, as shown in Figure
2¢, which is inevitably related to the changed nanocone
geometry.

Unexpectedly but reasonably, when changing the R, value
from 500 to 50 nm, a quite different situation of light response
happens, as seen from the simulated light absorption profiles
presented in Figures 3a and S9. Interestingly, compared to the
ones on the glass-bottom (Mo) substrates, a much stronger
light harvesting distribution can be observed for the
nanoconed units on the glass (Mo-bottom) substrates during
the long wavelength region (>600 nm), which is different from
the light absorption behavior of the nanoconed units with Ry, of
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500 nm. Such results can be directly supported by the
simulated EQE curves of Sb,Se; units, as shown in Figures 3b
and S11, as well as the EQE enhancement ratio values shown
in Figures 3c and S12c—f, suggesting that during the long
wavelength region (>600 nm), the values of EQEyobottom
(EQEgIaSS) are larger than EQE,, (EQEglass_botmm), with the
values Of EQ.EMO/EQ.EMO—bottom (EQ.Eglass-bottom/EQ.EGlass) <1
As shown in Figure 3d, with the L, increasing from 200 to
2500 nm, the integrated J,. values of the nanoconed Sb,Se;
units on the Mo (Mo-bottom) substrate increase from 25.1
mA/cm? (26.8 mA/cm?) to 28.9 mA/cm* (32.9 mA/cm?)
with a saturated trend, while it on the glass (glass-bottom)
substrate shows a nearly linear trend increasing from 5.8 mA/
cm? (5.6 mA/cm?) to 14 mA/cm® (12.4 mA/cm?),
respectively. More interesting, as the L, increases from 200
to 2500 nm, the ], difference becomes larger, no matter
whether between [, v, and Ji. mo-bottomy ©OF between
Jsc, glass-bottom 30d Ji olasy Which is opposite to that of Sb,Sey
units with Ry of 500 nm. However, such ] difference is still
mainly determined by the J. values integrated during long
wavelength regions from 600 to 1050 nm, as shown in Figure
S12a,b. Furthermore, the J,. difference values between ],
and ]sc, Mo-bottom (]sc, Mo_]sc, Mo-bottoms red solid hexagon for Rb =
500 nm, red cross marked hexagon for R, = 50 nm), as well as
]sc, glass-bottom and ]sc, glass (]sc, glass-bottom_]sc, glassy blue solid
hexagon for R, = 500 nm, blue cross marked hexagon for R
= 50 nm), have been calculated and plotted in Figure 3e, for
the Sb,Se; units with Ry, of 500 or 50 nm, respectively, as a
function of increasing L, from 200 to 2500 nm. It is interesting
to find that the most ] difference values for the Sb,Se; units

https://doi.org/10.1021/acs.jpclett.4c02414
J. Phys. Chem. Lett. 2024, 15, 9548—9556

9202 JaquianoN 0 U0 Jasn AINN ONIFNVN Ad 3pd 1 +200%2[/90 L 09€€/8756/8€/S L /4pd-ajone/pojadi/Bio-soe sqnd wouy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02414/suppl_file/jz4c02414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02414/suppl_file/jz4c02414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02414/suppl_file/jz4c02414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02414/suppl_file/jz4c02414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02414/suppl_file/jz4c02414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02414/suppl_file/jz4c02414_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02414?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c02414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(@) (b)

()

35 _ 40 . 2
—&— glass 1= glass-bottom Mo-bottom —&— glass —=— glass-bottom Mo-bottom ) - * B R,=50 nm
b Mo i 35| —&— Mo : L & £ R,=100 nm
A‘TE\ o ———9 &E\ <O < R,=200 nm
S5l oo € S x| o 5 & R,=300nm
2 2 N &——i—G——F % <\E 0 = Ry=400nm
S . . £ T . . £ # R,=500 nm
=20t Sidewall Scattering =25 i Sidewall Scattering = At ’
8 - g - o * o
B B Mode : 2 E’ 20 - Mode Resonant - g ol - g5 me
© ) © { .
5 10l Resonanté S 15}¢ % QE
£ - L=200 nm £ L=1000 nm 33[ )
= 5| @ 5 = 10} : - J J a8 o
‘ Integrated range [300 nm, 1050nm] Integrated range [300 nm, 1050nm] 4| v'sc. Mo™Ysc, Mo-bottom =
o M . . . 5 . N ) . . . <
0 100 200 300 400 500 0 100 200 300 400 500 1 10
R, (nm) Ry, (nm) L/Ry
(d) (e) (f)
100
Jsc, Mo'Jsc, Mo-bottom_o 12k Ln/Rb=3 05} Ln/Rb:4
" —~ L,=600 nm, R,=200 nm J J
__ 8ot =] & sc, Mo Y s¢, Mo-bottom
&£ 10 E = PEototon g § oo}
w o
3 eof G 2 £
o % [} o 08F
@
S 1 Sost 3]
g |4 , £ 5
© 40 f L/Ry=3 o o 10
g2 |J L,=600 nm, R,=200 nm S o6k e
o .0 &— Mo u ©
0k e} 3 45k
Mo-bottom | -
041 Mo Mo-bottom
0 . . . . " . . . " . . . . . 20 " . . . .
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000 0 100 200 300 400 500
Wavelength (nm) Wavelength (nm) Ry (nm)

Figure 4. Integrated J_ values for the Sb,Se; units with (a) L, = 200 nm and (b) L, = 1000 nm, as a function of R, respectively. (c) J. difference
values for nanoconed Sb,Se; units as a function of L,/R, values. (d) Simulated EQE curves for the Sb,Se; units on Mo and Mo-bottom substrates
Use, Mo—Jsc, Mo-bottom = 0), and (e) corresponding EQE enhancement ratio (Inset: simulated light absorption profiles for the Sb,Se; units on Mo/
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values ranging from 50 to S00 nm.

with R, of 500 nm, no matter whether J.. vo—Jsc, Mo-bottoms OF
Jse, glass-bottom—Jsc, glass are larger than zero, except when the L,
increases to 2500 nm, the corresponding i mo-Jsc, Mo-bottom
value is smaller than zero (—0.1 mA/cm?). As R, is 50 nm, all
the J,. difference values are smaller than zero. What can cause
such interesting results? Indeed, among a 3D vertical-standing
nanostructure array, as schematically drawn in Figure 1j, two
different light absorption/interaction ways exist, which is i. the
incident light is trapped and in-coupled into the resonant
mode in a one-dimensional (1D) cavity-like nanostructure,
following the concept of light injection into a fiber, or ii. the
incident light scatters among 3D vertical-standing Sb,Se; units
and is harvested.”*™**

To assess and distinguish the main contribution, which
arises from the resonant or scattering modes in absorption
enhancement, a simple but instructive simulation has been
carried out by changing the Ry value from 50 to 500 nm
(seems more like nanowire or nanocone), with L, of 200 and
1000 nm, respectively. The ] values for the Sb,Se; units on
Mo and Mo-bottom substrates, with L, values of 200 and 1000
nm, have been calculated by integrating the EQE response
(Figure S13) and plotted as a function of Ry, increasing from 50
to 500 nm, respectively, as shown in Figure 4a,b. As shown in
Figure 4a (L, ~ 200 nm), with the R, increasing from 50 to
500 nm, the integrated ] mo-bottom decreases first, and then
increases, but the ], shows a monotonically increasing
trend. More interestingly, when the R, < ~150 nm, the
nanostructured core seems more like a 1D nanowire, and thus
the Ji. Mo-bottom 18 larger than the ]\, where the resonant
mode works and plays a dominant role in absorption
enhancement. However, when the R, > ~150 nm, the
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nanostructured core seems like the nanocone, and thus the
Jec, Mo-bottom < Js, Mo» Where the light scattering mode plays a
determined role in the light-harvesting behavior, which can be
supported by the simulated EQE curves plotted in Figure S14.
When L, = 1000 nm, as presented in Figure 4b, the integrated
Jic has a similar trend to that with L, = 200 nm, except the
turning point location is at ~250 nm (R, < ~250 nm,
]sc, Mo-bottom > ]sc, Mo’ Rb > ~250 nm, ]sc, Mo-bottom < ]sc, Mo)' As
known, nanowire-based solar cells can directly benefit from the
absorption enhancement induced by the resonant mode, which
mainly depends on the geometric parameters of nanostruc-
tures.”> Therefore, the geometric factor called aspect ratio,
which can be defined by L,/R,, is introduced to describe the
geometry of the nanostructure, as well as the ] difference
values (.., mo—Jse, Mo-bottom) Nave been calculated and plotted as
a function of L,/Ry in Figure 4c. Interestingly, when the Ry
value is S0 or 100 nm, the ] difference values are always
smaller than zero (J., Mo bottom > Jic, Mo)» €ven the L, is just 200
nm. However, when the R, > 200 nm, the ], difference values
decrease from positive to negative as the L /R, increases, in
other WOI’dS, from ]sc, Mo > ]sc, Mo-bottom tO ]sc, Mo < ]sc, Mo-bottom* A
small enough R, or a large enough L, makes a large enough
L,./Ry, which can help the nanostructured core seem more like
a 1D nanowire, where the resonant mode plays a dominant
role in absorption enhancement. Taking the J.. no-Jsc, Mo-bottom
= 0 for an example, as marked by a gray dash circle in Figure
4c, the L, /Ry has a value of 3, with L, = 600 nm, and R, = 200
nm. From the simulated EQE curves presented in Figure 4d, it
can be found that although the J mo = Jic, Mo-bottomy the EQE
curves of the Sb,Se; units on Mo and Mo-bottom are similar
but not identical, especially during the long-wavelength region,
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as well as the calculated EQE enhancement ratio (EQE,/
EQEpo-bottom) values as a function of the wavelengths plotted
in Figure 4e. Furthermore, the light absorption profiles have
been extracted under 4 = 950 nm and presented as an inset in
Figure 4e, to get a deeper insight into such an interesting light-
harvesting behavior. The light absorption profile, extracted
from the sample on the Mo-bottom substrate, shows a more
effective light harvesting within the absorber layer with
relatively uniform power distribution, compared to the one
on the Mo substrate, which just has the highest absorption
zones near the top segment of the core. This phenomenon
indicates that the incident light has been coupled/collected
effectively into the nanowire-like structure, following the field
distributions of the resonant propagating modes within the 1D
cavity,’>** for the nanoconed Sb,Se; units on the Mo-bottom
substrate. At the same time, the Mo layer on the sidewall of
nanocones reflects the incident light and prevents a deeper
propagation into the absorber layer. Besides, as shown in
Figure 4f, the J,. difference values (Ji, yo—Jic, Mo-bottom) fOr the
Sb,Se; units with L;/Ry, = 4, have been calculated and plotted
as a function of increasing Ry, as well as the calculated EQE
enhancement ratio and the simulated light absorption profiles
at the long wavelength region (Figure S18). The J,. difference
values show a monotonically increasing trend, changing from
negative to positive (from Jso, Mo < Jsc, Mo-bottom 0 Joc, Mo >
Jee, Mo-bottom), indicating that a larger Ry, needs a larger L, /R, to
help the resonant mode play a dominant role in absorption
enhancement, in other words, a large enough length L, is
needed to make the nanostructured core seem like 1D
nanowire cavity. For example, as shown in Figure S19, even
if the Ry, is 500 nm, when the L, is 3000 or 4000 nm, the
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]sc, Mo_]sc, Mo-bottoms and ]sc, glass»bcttom_]sc, glass values are smaller
than zero.

Another important geometry parameter is the density of the
nanoconed Sb,Se; units, which has been proven to play an
important role in the absorption enhancement of such 3D
nanostructures.”*** The simulations for the nanoconed Sb,Se,
units with different densities can be performed by changing the
simulation box width (W), as defined in Figure Sla, from
1300 to 3000 nm, with the corresponding density changing
from 5.92 X 10"/cm® to 1.11 X 10”/cm’, respectively. The
simulated EQE curves of the nanoconed Sb,Se; units on the
Mo and Mo-bottom substrates have been plotted in Figure Sa
and b, respectively, as well as the light absorption profiles in
Figure S20. As the W increases, the EQE curves, whether on
the Mo or Mo-bottom substrates, decline obviously in the full
working wavelength range. The decreased EQE curves are
similar but not identical, especially during the long wavelength
region >900 nm. The EQE curves on the Mo-bottom
substrates have a stronger absorption peak at 4 = 900 nm,
compared to that on the Mo substrates, which can be seen
more clearly from the EQE curves plotted in Figure Sc, for the
nanoconed Sb,Se; units with L, = 1000 nm, Ry = 200 nm, and
W, = 1800 nm. Also, the EQE enhancement ratio has been
calculated and plotted in Figure 5d, showing that when the 4 >
900 nm, EQEu./EQEyobottom < 1, which can also be
supported by the extracted absorption profiles shown in
Figure 5f. A similar phenomenon can be observed with other
W, values, as shown in Figure S21. The integrated J,. values are
shown in Figure Se, as a function of W,, as well as the
calculated ], difference. When changing the W, from 1300 to
3000 nm, both the integrated J,. show a monotonically
decreasing trend, with a decline of —6.3 mA/cm? for the
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Sb,Se; units on the Mo substrates (from 29.7 mA/cm? to 23.4
mA/cm?), and —5.9 mA/cm?® for the Mo-bottom substrates
(from 29.8 mA/cm? to 23.9 mA/cm?). Thus, the J,. difference
changes from —0.1 to —0.5 mA/cm?, as shown in Figure Se. A
similar varied trend also happens for the nanoconed Sb,Se;
units with L, = 600 nm, and R, = 200 nm, as shown in Figure
S22.

All these observations indicate that i. the back-reflection of
the Mo layer deposited on the bottom part of the substrate can
help get an overall absorption enhancement within the
absorber; ii. with the back-reflection of the Mo layer, the
absorption enhancement is still affected by the geometry of
nanoconed cores, especially during the long wavelength region,
but this function has been weakened compared to that on the
glass substrates; iii. when the nanoconed core seems like a 1D
nanowire cavity, the absorption enhancement is dominated by
the resonant mode, and the Mo layer on the nanocone sidewall
would prevent a deeper light propagation into the nanoconed
Sb,Se; unit; iv. When the light scattering mode dominates the
absorption enhancement, the reflection of the Mo layer
deposited on the nanocone sidewall can help the effective
light path be much larger than the physical diameter.

In summary, this work is the first demonstration to
investigate the light absorption behavior for the nanostructured
thin film solar cells under the back-reflection of the substrates,
especially the reflection from the nanostructure sidewall. By
performing simulations of the nanoconed Sb,Se; unit on the
glass, glass-bottom, Mo-bottom, and Mo substrates, the light
absorption profiles under different geometries have been
investigated, which shows that the light-harvesting can be
enhanced by the back-reflection of the Mo layer deposited on
the bottom surface of the substrates; however, the effect of
sidewall Mo layer on absorption enhancement, arising from
resonant or scattering modes, is determined by the geometry of
the nanocone. These results have provided a unique
perspective guide in designing the nanostructure for thin film
solar cells and establishing an easier and simpler process to
fabricate high-performance and mechanically stable flexible
nanostructured Sb,Se; thin film solar cells, which has never
been reported before.

B METHODOLOGY

Simulation Model. The design and fabrication process of
flexible nanostructured Sb,Se; thin film solar cells has been
shown schematically in Figure la to lh. According to the
published literature on planar thin film devices,'* the
simulation model is built, as shown in Figure Slab. Taking
the geometrical dimensions (L,, Ry, W,) of the nanocone into
consideration, as well as fixing the top radius of the nanocone
at 2.5 nm and thickness of the light absorption layer at 200 nm,
a finite-element simulation has been carried out on the light
absorption behavior, within a periodic array of nanoconed
Sb,Se; thin film units on the glass substrate with/without Mo
coating (i. the glass substrate, ii. the glass-bottom substrate, iii.
the Mo-bottom substrate, iv. the Mo substrate), as schemati-
cally drawn in Figure Slc—f. The complex refractive index (n-
k) curves of Mo, CdS, Sb,Se;, and AZO layers in this
simulation, extracted from published literature,**™** are shown
in Figure S2. Besides, for a simplified representation, the
bottom planar part among the nanoconed units has been
removed in all performed simulations in this work, which can
help us focus on the contribution arising from nanocones.

Optical Calculation. Using the following equation, the
absorption power distribution (P,,) can be calculated

P, = cl, 4rk/A
where c is the light speed in vacuum, I, = £ E*/2 is the local
electromagnetic energy density, k is the imaginary part of the
refractive index 7 = n + ik.

Then, the percentage of effective absorption realized in the
Sb,Se; absorber can be calculated by integrating the power
dissipation losses within a selected volume of each material
layer, and normalizing them with respect to the total power of
the incident light field, as following

VVSbZSe3 = f Bibst/Rncident
Sb,Se;layer

1 2
where P, = / —c-e-Eds
incident top-plane 2

The effective absorption power can correspond to an upper
bound of the EQE of the thin film solar cells (excluding
recombination issues), when assuming that the absorption of
one photon generates only one electron—hole pair.

Then, the short-circuit photocurrent density (J,.) can be
calculated by

]sc,EQE = qu(lE(/DS(/Dd/1
where S(4) is photons per second.
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