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High power-to-weight ratio (PTWR) is an important figure-of-merit for high performance flexible/portable solar
cells. Marrying advanced tandem junction design with three-dimensional (3D) Si nanowire (SiNW) framework
enables a promising route to boost the PTWR. In this work, a radial tandem junction (RTJ) thin film solar cell has
been demonstrated, for the first time, over SiNWs, which consist of radially deposited p-i-n multilayers with
hydrogenated amorphous silicon (a-Si:H) and hydrogenated amorphous silicon germanium (a-SiGe:H) absorp-
tion layers in the outer and the inner junctions, respectively. The strong light trapping within the 3D SiNW
framework allows for the use of a very thin a-SiGe:H (~45 nm) absorption layer to harvest efficiently the long
wavelengths. The RTJ cells fabricated via a one-pump-down process in a single PECVD chamber, directly upon
15 pm thick aluminum foils demonstrate an excellent flexibility that can bend to 10 mm radius and achieve a
record PTWR~1628 W/kg, and accomplish a high open-circuit voltage, filling factor and conversion efficiency of
1.2V, 61.5% and 8.1% on glass, respectively, substantially improved compared to those accomplished by radial
single junction cells. These results highlight the unique potential of 3D radial tandem technology to enable a new

generation of high performance and durable flexible photovoltaics.

1. Introduction

Hydrogenated amorphous silicon (a-Si:H) thin film solar cells are an
industrially-proven photovoltaic technology [1-5] that has been the
ideal choice for building a plethora of flexible/portable, light-weight
and durable photovoltaics [5-7] and biomimetic/bio-friendly photode-
tectors [8,9]. In order to boost the conversion efficiency further and
adapt to the emerging needs of highly flexible and high power-to-weight
ratio (PTWR) photovoltaics, more advanced tandem solar cell structures
have to be used to broaden the light absorption spectrum, which is
limited to A < 700 nm for the a-Si:H thin-film due to its wider optical
bandgap of 1.75 eV. The tandem solar cells adopt two p-i-n junctions
with wider/narrower bandgaps in the front/rear absorption layers to
harness a wider solar spectrum and deliver a higher photo-voltage
output, for example, the commercially available planar tandem a-Si:
H/microcrystalline silicon (pc-Si:H, with a bandgap of ~1.1 eV) solar
cells [10-16]. However, these Si thin film tandem solar cells, with a
thick bottom pc-Si:H layer (~2 um in order to capture the long
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wavelengths) are not very flexible, and the long deposition duration >2
h at a rate of ~0.3 nm/s [11,13,15,17] by using plasma-enhanced
chemical vapor deposition (PECVD), is a huge burden for further cost
reduction, as well as a fundamental limitation for developing high
PTWR performance tandem solar cells.

Actually, the need of such a thick bottom layer of pc-Si:H can be
exempted within a 3D radial junction framework, built over standing Si
nanowires (SiNWs), where the optical absorption path and the electric
separation distance are decoupled [18-23], as witnessed in our previous
works for radial single junction (RSJ) a-Si:H solar cells [3,5,24-26]
constructed over SiNWs grown via vapor-liquid-solid (VLS) mechanism
[27-29]. Unfortunately, depositing a conformal layer of high quality
pc-Si:H on the sidewall of SiNWs is rather difficult, as the formation of
crystalline phase relies heavily on the ion bombardment effect in the
plasma [30,31]. An ultimate solution to address this challenge is to
adopt another low-bandgap thin film material such as hydrogenated
amorphous silicon germanium (a-SiGe:H), which has been used in
planar tandem solar cells [2,32-35], with a narrower and tunable
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bandgap (by varying the Ge content) that allows a broader external
quantum efficiency (EQE) response [36-39], compared to that of a-Si:H
solar cells, as seen for example Fig. 1b. However, such a radial tandem
junction (RTJ) solar cell structure has never been explored in the
literature.

In this work, we demonstrate the first ever radial tandem junction
(RTJ) thin film solar cells, consisting of stacked p-i-n junctions with a-Si:
H (outer) and a-SiGe:H (inner) absorber layers deposited conformally
over VLS-grown SiNWs. Based on optimized SiNW structure and a series
of critical parameter controls over the Si/Ge content ratio, the layer
thicknesses and the tunneling junction designs, RTJ solar cells with ul-
trathin a-Si:H (~55 nm) and a-SiGe:H (~45 nm) absorber layers have
been successfully fabricated upon glass and Al foil substrates, with
greatly improved device performance compared to the planar reference
and single junction counterparts, as well as excellent flexibility allowing
to bend down to a 10 mm radius and a new record PTWR~1628 W/kg.
These results represent the highest performance of the flexible Si thin
film RTJ solar cells constructed on the VLS-grown SiNWs with a record
PTWR value, which are ideal candidates for the construction of a new
generation of flexible and durable photovoltaics, catering to the needs of
the booming markets in portable and wearable electronics [40-42].

(a) Radial Tandem p-i-n Junction Solar Cells (b)
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2. Experiments
2.1. Device fabrication

The RTJ solar cells were fabricated upon tin (Sn) catalyzed VLS-
growth of SiNWs over Al-doped Zinc Oxide (AZO) coated glass and Al
foil (15 pm thick) substrates, with a coaxial multilayer structure of p-
type SiNWs/intrinsic a-SiGe:H/n-type a-Si:H/p-type a-Si:H/intrinsic a-
Si:H/n-type a-Si:H/ITO, as depicted schematically in Fig. la. First, a
nominal 4 nm thick Sn layer was evaporated to the surface of AZO glass,
which was then treated by a hydrogen (Hy) plasma for 5 min, at a
substrate temperature, Hy flow rate, RF power density and chamber
pressure of 200 °C, 20 standard cubic centimeter per minute (SCCM),
10 mW/cm? and 30 Pa, to remove the surface oxide layer and transform
the Sn layer into discrete droplets, with tunable density and diameters.
Then, a mixture of 60 SCCM H,, 6 SCCM silane (SiH4) and 1.8 SCCM
diborane dopant (ByHg) precursor gases was introduced to grow p-type
SiNWs at substrate temperature, RF power density and chamber pres-
sure of 350 °C, 20 mW/cm? and 100 Pa, respectively, for 15 min (see
Fig. 1d). Third, an intrinsic a-SiGe:H alloy layer was deposited around
the SiNWs, by a plasma of 20 SCCM Hj, 6 SCCM SiHy4, with some amount
of GeHy (95% Hy-diluted), at 150 °C, followed by the deposition of n-
type a-Si:H layer, with a mixture of 20 SCCM Hj, 6 SCCM SiH,4 and 2.3
SCCM phosphine (PH3) as precursor gases. Then, the second p-i-n
junction was deposited by repeating the above-mentioned growth steps,
except that now the p-SiNWs and the a-SiGe:H layer were replaced by a
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Fig. 1. The complete RTJ configuration (with ITO layer) and flexible RTJ solar cell fabricated on Al foil are depicted in (a). The solar energy spectra, and normalized
EQE of radial single junction are plotted in (b). The illustrations of the fabrication procedure on AZO-glass substrate: (c) Sn catalyst formation via H, plasma
treatment, followed by (d) the VLS growth of p-type SiNWs from a mixture of Ho, SiH4 and B,Hg. (e) the picture of RTJ solar cells, where the active areas with ITO
appear darker. The SEM images of the as-grown RTJs are shown in (f, top-view without ITO) and (g, h, side-view with ITO), respectively. Scale bar is 200 nm for all.
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p-type a-Si:H layer and an intrinsic a-Si:H layer. Finally, ITO top elec-
trode pads were deposited upon the RTJs through a shadow mask by
using magnetron sputtering, which allows the incident light to shed in
through the top transparent ITO electrodes.

2.2. Device characterizations

The morphology of the RTJ structures was characterized by scanning
electron microscopy (SEM, Zeiss Sigma). The photocurrent density-
voltage (J-V) characteristics were measured under standard AM 1.5 G
illumination conditions (Newport, Oriel Sol-1A), while the external
quantum efficiency (EQE) response was measured with a calibrated
silicon detector by using QE-R system from Enli Tech within a wave-
length range from 300 nm to 1000 nm and a sweep step of 10 nm. The
light absorption was characterized by using a UV-Vis-NIR Spectro-
photometer (UV-3600 Plus, Shimadzu).

3. Results and discussion

Fig. 1e shows a photograph of the RTJ solar cells fabricated on a glass
substrate, while SEM images of the RTJ structures deposited over the
SiNWs, with or without final ITO coating, are presented in Fig. 1g and f,
respectively. An enlarged side view of a selected RTJ unit is displayed in
Fig. 1h, which has an inner coaxial multilayer structure as depicted
schematically in Fig. 1a. According to the statistics presented in Fig. S1,
the standing RTJs have rather uniform diameters, measured at the top or
the root segments, and both are around Dgry ~ 430 nm (with ITO layer),
with a height of Hgrry ~ 1000 nm determined for the longest RTJ units in
SEM images. This indicates a quite conformal coating of the multilayer

p-SINW

i-a-SiGe:H layer
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thin films over the 3D SiNW framework, which is a criterion for the
construction of high-quality radial junction solar cells. To examine the
internal RTJ structure that should have a coaxial multilayer arrange-
ment as indicated in Fig. 2a, selected RTJ units were broken using a
nano-manipulator to reveal the cross-sections, as seen for example in the
two SEM images shown in the left panels of Fig. 2c and d. Interestingly,
the inner and the outer p-i-n junction regions show slightly different
contrast in the SEM images due to the presence of Ge in the inner cell,
and thus allow us to extract and verify the corresponding layer thick-
nesses. As seen in the statistics shown in the right panels of Fig. 2c and d,
the outer a-Si:H and the inner a-SiGe:H absorber layer thicknesses are
found to be around t°&" = 56 + 5 nm and t"¢. = 45+ 6 nm, which
are extracted from five samples at 149 different sites as shown in Fig. 52,
for the sample with deposition durations of 40 min and 30 min,
respectively. Both of them are much smaller than the typical layer
thicknesses used in planar junction solar cells [33,34,43-45].

The band profile of the RTJ solar cells at equilibrium is schematically
drawn in Fig. 2b, where E,, E, and Eyare the bottom of conduction band,
the top of valence band and the Fermi energy level, respectively. When
the light is shed through the outer/top transparent ITO electrodes,
photocarriers are generated in both the outer and the inner absorber
layers, and then separated by the built-in fields in corresponding PIN
junctions. At the middle joint interface, the photo-generated electrons
and holes recombine to deliver a photocurrent that runs through the
stacked PIN junctions in series. As a key parameter to adjust the ab-
sorption bandgap of a-SiGe:H thin film, the GeHy4 flow rate and thus the
Ge content in the deposited thin film, was first tuned with a constant
SiH4 flow rate of 6 SCCM. As shown in Fig. 3a, the optical bandgap,
extracted by measuring the absorption spectra and Tauc fitting [46,47],
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Fig. 2. The diagram of cross section of RTJ is plotted in (a), and the band diagram of RTJ is depicted in (b). The SEM image of cross section of RTJs is shown in the
left panels of (¢) and (d), respectively, for the statistics of thickness of outer and inner absorber layers are depicted in the right panels.
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decreases monotonically with the increase of GeH4 flow rate. By curves of the devices were measured under standard AM 1.5 G illumi-
choosing the optimized a-Si:H p-i-n junction parameter conditions, a nation and shown in Fig. 3b, while the key performance parameters of
series of RTJ cells were fabricated with varied GeH, flow rates, along open-circuit voltage (Voc), short-circuit current (Jsc), fill factor (FF),
with reference cells of a-Si:H RSJ and planar tandem junction. The J-V power conversion efficiency (i) are displayed in Fig. 3c—f, respectively.
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It is found that, while the V¢ always decreases slowly with the increase
of Ge content (as expected), all other parameters demonstrate a similar
trend that peaks at the GeH, flow rate of 20 SCCM. The first stage of Jg¢
increase can be assigned to the increased light absorption when the
optical bandgap is reduced with higher Ge content, while the drop of Js¢
and FF at even higher Ge flow rate/content could result from the
increased defect density in the high Ge-content a-SiGe:H thin films that
can lead to a faster photocarrier recombination [48-50]. Therefore, in
the following experiment, the GeH, flow rate of 20 SCCM was chosen
and fixed for the deposition of the inner a-SiGe:H layer, which according
to Fig. 3a should produce an absorption bandgap of E; ~ 1.35 eV. The
impact of the inner a-SiGe:H layer thickness on the RTJ cells’ perfor-
mance was also investigated and summarized in Fig. S4. After
fine-tuning the Ge content and the inner layer thickness, the RTJ cells
can achieve a high Vpcof 1.2 V, Jsc 0f 11.0 mA/cm?, FF of 61.5% and an
overall conversion efficiency of 5 = 8.1%, which largely outperform
their single junction counterpart fabricated in the same batch, with
typical V¢ of 0.8 V, Jg¢ of 12.4 mA/cmz, FF of 58.6% and conversion
efficiency of n = 5.7%.

Compared to the co-deposited planar tandem a-Si:H/a-SiGe:H thin
film cells (see the blue dashed line in Fig. 3b, with V¢ of 1.21 V, Jg¢ of
7.48 mA/cm?), the Voc of the RTJ cells is only slightly lower, indicating
that the tandem p-i-n junctions deposited over the standing SiNWs by
PECVD can preserve a high electric quality, without much degradation
arising from possible coating inhomogeneities over such complex
structures. Meanwhile, a much higher Jg¢ has been achieved by the RTJ
cells, which highlight the critical role played by the beneficial light
trapping realized within the 3D RTJ matrix. This contribution can be
better revealed by comparing the external quantum efficiency (EQE)
responses, in Fig. 4a and b which were measured under corresponding

(a) Flexible RTJ under bending (b)
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biased lights, of the outer/top a-Si:H and the inner/bottom a-SiGe:H
junctions in 3D radial or planar architecture. It is shown that the EQE
responses of both the a-Si:H and a-SiGe:H junctions in RTJ cells are
significantly enhanced, particularly to the long wavelength ends, where
the light absorption coefficients start to decrease and the contribution of
light scattering among the 3D RTJ units becomes more prominent.

In order to gain further insights into the light absorption patterns or
distributions within the 3D RTJ units, finite element simulation models
of the RTJ cells were constructed by using the RF module of COMSOL
analysis toolkit, like the simulation model built for the radial single
junction cells in our previous works, except that a more complex RTJ
structure is constructed with corresponding thin film materials. As
detailed in Fig. S5, the optical properties (the n-k curves) of the thin film
materials were extracted beforehand via the spectroscopic ellipsometry
(SE) measurement and modeling of the same thin film materials
deposited on planar substrate surface, which provide a solid basis to
achieve a realistic simulation of the RTJ cells. For a standing RTJ unit,
placed within a cubic box with periodic boundary conditions (as speci-
fied in Fig. S6) and under normal y-axis polarized incident, the calcu-
lated light absorption patterns extracted from the cross-section surfaces
in the middle of the RTJ cells are presented in Fig. 4c for different
incident wavelengths and with different Ge contents (labeled by GeHy4
flow rates) in the inner a-SiGe junction. It is found that, while the short
wavelengths are mostly absorbed by the outer a-Si junction, the longer
wavelengths A > 700 nm can penetrate deeper into the RTJ multilayers
and get absorbed by the inner a-SiGe:H layer. Apparently, a relatively
high Ge content (flow rate > 20 SCCM) is necessary for an efficient light
harnessing of the long wavelengths. Meanwhile, the calculated vertical
light absorption patterns extracted from the x-plane and y-plane cross-
sections, as well as the light absorption patterns for the planar cell
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Fig. 5. (a) and (b) show the diagram and photograph of convex-up bending, respectively. The testing photograph after convex-up bending is presented in (c). The J-V
curves vs different bending radius and the value of 5 vs different bending radius are shown in (d) and (e), respectively. The extracted performance parameters Voc,
Jsc, FF and 5 of RTJs fabricated on AZO glass and Al foil, are shown in (f), and compared in the histograms.
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structures, are presented in Fig. S7. Obviously, the longer wavelength
incidences (A > 700 nm) can propagate deeper into the coaxial multi-
layer RTJ cell units, while the short wavelength @400 nm is absorbed
superficially. Compared to the calculated light absorption patterns in the
planar structures, the RTJ solar cells achieve a stronger light absorption
performance, especially for the long wavelengths, which can be attrib-
uted to the significant light trapping effect among the unique 3D RTJ
framework.

Finally, the RTJ units can also be fabricated directly upon
commercially-available aluminum foil (AF) with a thickness of only
15 um, without any separation or protection layer between the RTJ and
the Al substrate. The discrete SINWs provide practical 3D supports that
firmly stand/anchor on the relatively soft AF surface, while the photo-
active RTJ portion coated on the standing SiNW cores are well sepa-
rated/protected from detrimental strain or distortion accumulated on
the AF surface, as depicted schematically in Fig. 5a. Compared to the
RSJ units grown on flexible AF substrate demonstrated in our previous
work [5], the RTJs@AF accomplish a much higher conversion efficiency
n of 6.6%, which is ~20% higher than that of 5.6% for RSJsS@AF. The
solar cell performances of the flexible RTJs@AF cells to those built on
solid AZO glass are also compared and summarized in Fig. 5f, where the
Voc and FF of 1.1 V and 55.1% are apparently lower than those of 1.2 V
and 61.5% for the co-deposited RTJs@AZO glass. However, the
RTJs@AF devices have a slightly higher Jsc of 11.1 mA/cm?, over that
of 11.0 mA/cm? for RTJS@AZO glass, which could arise from the
beneficial bottom reflection effect provided by AF that increases the
light harvesting for the RTJs upon AF substrate, while those on flat AZO
glass substrate have no anti-reflection coating at the bottom. The flexi-
bility of RTJs@AF cells was tested by attaching them to cylinder rods, as
shown in Fig. 5b, with varied convex radii ranging from R = 10-25 mm.
The evolution of the J-V curves measured under AM 1.5 G and after
applying different bending conditions are presented in Fig. 5d. It is
found that the conversion efficiency of the RTJs@AF solar cells expe-
riences only a small 3.9% efficiency drop even after bending to 10 mm
radius, as seen in Fig. 5e, accompanied with slightly decreased Jg¢ from
11.13 mA/cm? to 10.69 mA/cm? and Vo from 1.08 V to 1.05 V.
Moreover, the RTJs@AF demonstrate also an excellent flexibility and
mechanical stability that can retain 87% PCE, 96% V¢ and 95% Js¢
after 150 times convex-up bending to 10 mm radius, as shown in Fig. S8
measured for the samples fabricated in the same batch.

Remarkably, the RTJ thin film solar cells fabricated on AF substrates
have achieved a new record of PTWR~1628 W/kg, nearly 700%, 400%,
500% and 20% improved compared to the flexible a-Si:H thin film solar
cells in the literature [5,51-53], as summarized in Table 1. This
figure-of-merit is particularly important for developing portable or
wearable photovoltaic applications. It is also important to note this first
experimental demonstration of 3D radial tandem solar cells over
VLS-grown SiNWs can achieve simultaneously outstanding flexibility,
good efficiency and high PTWR performance that have not been possible
for the planar tandem solar cells.

In the future, this low temperature growth and fabrication strategy of
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RTJ solar cells could also be applied to other cheaper polymer and even
cardboard (for example [54]) substrates to explore flexible thin film
solar cells at extremely low cost. On the other hand, in order to boost the
RTJ cell efficiency further, a wider bandgap window layer material can
be used, such as pc-SiOy:H that has higher transparency and much less
absorption loss compared to the a-Si:H emitter used in this work, to
improve both the Vp¢ and Jg¢ [55,56]. Or, the a-SiGe:H radial junction
thin film cells can also combine with the wide bandgap perovskite thin
film cells, as the top/outer junction, to achieve a hybrid tandem junction
configuration similar to that described in Ref. [57]. Furthermore, more
systematic parametric optimizations have to be carried out in the future,
with the guidance of finite element modeling and simulation [58], to
maximize the light harvesting performance in the complex 3D RTJ
framework to yield even higher Jgc.

4. Conclusion

In summary, the first radial a-Si:H/a-SiGe:H tandem junction thin
film solar cells have been successfully fabricated over VLS-grown SiINW
matrices, with ultrathin absorber layers within the radially stacked p-i-n
multilayers that allow for a broader spectral range absorption, higher
photo-voltage output, and greatly improved device performance. An
excellent flexibility and a record PTWR performance (~1628 W/kg)
have been accomplished for the RTJ cells constructed directly upon thin
AF substrates, which can bend down to 10 mm radius. These results
highlight the benefits of implementing the advanced tandem solar cell
design over 3D radial junction architecture to develop a new generation
of Si-based high performance, flexible, light-weight and durable thin
film photovoltaics.
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Table 1

Comparison of this work to other flexible a-Si:H thin film solar cells in the published literatures.
Substrate/Thickness (pm) Absorber/Thickness (nm) Voc (V) Jsc (mA/cm?) PCE (%) Power-to-weight ratio (W/kg) Reference
PI/No data No data ~0.8 ~1 3.2 200 [51]
Polyimide/20-30 400 6.5 1.6 5.8 340 [52]
Polyimide/20 400 14.0 0.5 4.4 275 [53]
Al foil/15 80 0.71 14.2 5.6 1382 [51
Al foil/15 45/55 1.1 111 6.6 1628 This work
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