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Combining light-harvesting with detachability in
high-eﬃciency thin-ﬁlm silicon solar cells†
Sanjay K. Ram, *a Derese Desta, b Rita Rizzoli, c Michele Bellettato,b
Folmer Lyckegaard,a Pia B. Jensen,a Bjarke R. Jeppesen,a Jacques Chevallier,a
Caterina Summonte,b Arne Nylandsted Larsena and Peter Balling a
Eﬀorts to realize thin-ﬁlm solar cells on unconventional substrates face several obstacles in achieving
good energy-conversion eﬃciency and integrating light-management into the solar cell design. In this
report a technique to circumvent these obstacles is presented: transferability and an eﬃcient lightharvesting scheme are combined for thin-ﬁlm silicon solar cells by the incorporation of a NaCl layer.
Amorphous silicon solar cells in p-i-n conﬁguration are fabricated on reusable glass substrates coated
with an interlayer of NaCl. Subsequently, the solar cells are detached from the substrate by dissolution of
the sacriﬁcial NaCl layer in water and then transferred onto a plastic sheet, with a resultant post-transfer
eﬃciency of 9%. The light-trapping eﬀect of the surface nanotextures originating from the NaCl layer on
the overlying solar cell is studied theoretically and experimentally. The enhanced light absorption in the
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solar cells on NaCl-coated substrates leads to signiﬁcant improvement in the photocurrent and energy-
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conversion eﬃciency in solar cells with both 350 and 100 nm thick absorber layers, compared to ﬂatsubstrate solar cells. Eﬃcient transferable thin-ﬁlm solar cells hold a vast potential for widespread deploy-
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ment of oﬀ-grid photovoltaics and cost reduction.

Introduction
Thin-film solar cells (TFSC) are being increasingly applied in
building-integrated photovoltaics and consumer electronics,1–3
due to their attractive attributes like potential for roll-to-roll
processing,4 and aesthetic compatibility.5,6 As the sizes of electronic devices decrease, so does the required electrical power
for their operation, making TFSCs ideal for cordless power
supplies that harvest ambient light energy in devices like
sensors and internet-of-things devices.7 Amorphous silicon
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(a-Si : H) TFSCs are particularly appealing for such applications, because of the mature high-yield and low-cost manufacturing technology. Non-toxicity and compatibility with
indoor lighting are additional qualities that make a-Si : H solar
cells well-suited for wearable electronics.
Three major interconnected constraints stand in the way of
achieving ubiquitous applicability of Si-TFSCs: cost-eﬀectiveness, low energy-conversion eﬃciency and the diﬃculty in fabricating solar cells on diverse substrates. Advancement in solar
cell technology can increase cost-eﬀectiveness through better
and low-cost materials, higher eﬃciencies, and improved durability. Thinner absorber layers are intricately linked to the cost
issue as they increase the cell stability and reduce the material
cost, but on the downside, lead to decreased absorption of
light and poor eﬃciencies.8 Strategies for increasing the utilization of incident light to generate more photocarriers are
essential in Si-TFSCs to maximize the current density and
energy-conversion eﬃciency, and especially so in the newer
ultra-thin (active layers ≤100 nm thick) solar cells.9–15 A processing related constraint arises from the fact that fabrication
of device-quality silicon thin-films typically requires temperatures in the range of 200–300 °C and substrates with optimized
surfaces, commonly glass.16,17 The glass substrate is one of the
factors that contribute to high manufacturing costs,18 and due
to its rigidity, restricts many potential applications of solar
cells. Although Si-TFSCs have been fabricated on some uncon-
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ventional substrates,2,18–20 low-cost mass manufacturing of
solar cells with high eﬃciencies on these substrates are yet to
be seen.
The concept of transferable solar cells – devices which can
be grown on compatible and optimized substrates, detached
and then transferred to other destination surfaces – oﬀers an
appealing solution21 for opening the door to economical substrate-recycling22 and a plethora of novel low-cost applications.
A number of approaches are reported for separating semiconductor thin-films from their underlying substrates.23–26
The reported techniques of separation of TFSCs from substrates either restrict the kind of primary substrates that can
be used (e.g., silicon wafer substrate only) or the configuration
of the solar cell (e.g., n-i-p configuration for separation along a
Ni interlayer).27 Applying wet chemical etching process to
TFSCs to etch away a temporary growth substrate to create a
detachable solar cell has been reported.28
As can be expected with a thin-film electronic device,
detachment and transfer of solar cells may be detrimental to
device integrity and functioning, often leading to low energyconversion eﬃciencies.29,30 Further, detachable TFSCs require
a smooth plane of separation over a large area, precluding
incorporation of light-trapping nanostructures or nanotextures
at the back, which is a crucial part of competitive TFSC technology. In this work, we report high-eﬃciency detachable solar
cells with an integrated light-trapping strategy using a NaCl
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sacrificial layer between an a-Si : H solar cell and its glass substrate. With experimental and theoretical studies we show that
the nanostructured surface grains of as-deposited NaCl leads
to light trapping in the solar cell with a consequent significant
enhancement of the eﬃciency. Finally, we demonstrate the
detachment of the solar cell from the primary substrate by dissolution of the NaCl layer in water and its transfer to a secondary plastic substrate with retention of high eﬃciency.

Results
Fabrication, detachment and transfer process
The schematic illustration of the steps involved in the proposed method of fabrication, detachment and transfer of a
Si-TFSC is shown in Fig. 1. First, a thin layer of NaCl (500 nm)
was deposited at room temperature on a 3.5 × 3.5 cm2 glass
substrate, shown in Fig. 1a. Immediately afterwards, a 100 nm
thick encapsulating protective dielectric layer of SiO2 was deposited on the NaCl layer, shown in Fig. 1b. The front electrodes were fabricated using transparent conducting oxides
(TCO), by the sequential deposition of a 220 nm thick indium
tungsten oxide (IWO) layer,31 followed by an 8 nm thick aluminum doped ZnO (AZO) layer to protect the IWO layer from the
reducing atmosphere of the H2 plasma during the solar cell
fabrication, shown in Fig. 1c.

Fig. 1 Schematic illustration of the steps involved in the proposed technique for transferring solar cells from the growth substrate (glass) to an
unconventional substrate ( plastic sheet in this report): (a) deposition of sacriﬁcial NaCl layer on a glass substrate, (b) deposition of SiO2 barrier layer,
(c) front-electrode TCO (IWO/AZO) coatings, (d) p-i-n type a-Si : H solar cell deposition, (e) back-electrode ITO/Ag deposition, (f) spin-coating of a
thin PMMA layer to protect the solar cell structure, (g) immersion of the device assembly in warm water (∼40 °C) to enable quick dissolution of the
NaCl layer, (h) detachment of the solar cell from the glass substrate, (i) attachment of the free-standing solar cell to a plastic sheet.
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The a-Si : H solar cells were grown in a superstrate configuration ( p-i-n type) in a cluster-type radio frequency plasmaenhanced chemical vapor deposition (RF-PECVD) reactor, at
13.56 MHz. Fig. 1d shows the a-Si : H solar cells on the NaCl/
SiO2/TCO-coated substrates. The deposition conditions were
optimized for obtaining conformal growth of the silicon layers
over the nanotextured surface. For comparison, reference solar
cells (not shown in Fig. 1) were also fabricated under the same
deposition conditions on a similar TCO-coated flat glass substrate and on a commercially available textured Asahi substrate
(glass substrate coated with SnO2 : F).32 In this work, two sets
of solar cells were fabricated and studied, one with cells
having conventional thickness (300–350 nm) of absorber
layers, and the other set with cells having ultra-thin (100 nm)
absorber layers. Hereafter, the conventional thickness solar
cells are denoted as SC, while the ultra-thin solar cells are
denoted as USC, for all the three kinds of substrates, namely,
NaCl-coated glass (NaCl-SC and NaCl-USC), untextured glass
(Flat-SC and Flat-USC) and Asahi (Asahi-SC and Asahi-USC).
Finally, for the back electrical contacts to the devices, a 30 nm
thick indium-tin-oxide (ITO) layer followed by a 200 nm Ag
layer were deposited through a metallic shadow mask with
3 mm diameter holes to obtain multiple circular solar cells on
the same glass substrate, as depicted in Fig. 1(e).
Fig. 1(f–i) illustrate the steps of detachment and transfer of
the solar cell. An inevitable concern in a layer-dissolution
approach is to prevent the device from being exposed to any
solvents (water in our case) during the dissolution of the sacrificial layer. To this end, a final protective layer of polymethyl
methacrylate (PMMA) was spin-coated on the solar cells, schematically shown in Fig. 1f. Since the PMMA layer covers the
cell up to the edges of the substrate, a linear scratch was
applied on the solar cell, ∼1 mm inside of the edges along the
four sides of the substrate to create a channel through which
water could come in contact with the NaCl layer. The sample
was immersed in water preheated to ∼40 °C to facilitate dis-
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solution of the NaCl layer, which led the solar cell to be
detached from the underlying substrate within a few seconds
and float up, as shown schematically in Fig. 1g and h. The
free-floating solar cell was removed with wooden spatulas and
placed on an inexpensive plastic sheet coated with PMMA.
After the transfer, a polydimethylsiloxane (PDMS) block with
an anti-sticking coating was placed on the solar cell for application of slight and evenly distributed pressure. The sheet was
baked in a convection oven at 50 °C for 30 minutes. Finally,
acetone soaked clean-room swabs were used to remove selectively the PMMA layer over the back-contacts and over the
extending TCO strip to expose the metal area and TCO underneath, respectively. Dots of silver paste were applied on top of
the exposed TCO area and the back-contacts to enable good
electrical contacts. Fig. 1i shows the transferred solar cell with
its contacts.
Structural analyses of surfaces and interfaces
Fig. 2a shows the surface topography of the NaCl/SiO2-coated
substrate studied by atomic force microscopy (AFM). This
surface reveals a nanotextured appearance, with paraboloidshaped surface grains, ∼300 nm in diameter at the base. The
height of these surface grains is ∼100 nm and the root mean
square surface roughness (σrms) is ∼18 nm. The surface topography of the substrate after coating consecutively with IWO
and AZO on top of NaCl is shown in Fig. 2b. The surface
roughness is seen to be maintained and the morphology of the
nanotextured surface also retained after the coating of the TCO
layers, due to the fact that the IWO layer is amorphous in
nature and grows conformally.31 In Fig. 2c the surface morphology of the Asahi substrate is shown for comparison. The
textured Asahi surface with σrms ∼ 43 nm is composed of a few
large pyramidal-shaped surface grains with base width
approximately 700–900 nm and clusters of small-sized grains
approximately 50–70 nm. Visually, the surfaces of the NaCl
coated substrate and the Asahi substrate are quite similar to

Fig. 2 AFM images of the surface morphologies (5 μm × 5 μm) of (a) the glass/NaCl/SiO2 surface, (b) the surface of the same substrate after rf-MS
deposited 220 nm IWO and 10 nm AZO layers, and (c) a commercial Asahi (SnO2 : F) substrate. The images shown in (d) and (e) correspond to the
cross-sections of FIB milled transferred NaCl-SC and Asahi-SC, respectively. Diﬀerent layers are shown in false color for better visualization and
identiﬁcation of the device structure.
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each other with the exception of the large grains on the Asahi
surface. To further ascertain the random distribution of the
nanostructured features on the surface, we turn to the autocorrelation function, which expresses how the surface is correlated to itself at a certain distance.33 The deduced autocorrelation lengths (LACF) for the TCO coated NaCl and Asahi are
184 nm and 262 nm, respectively.
Scanning-electron-microscopy (SEM) images of the focusedion-beam (FIB) milled cross-section of NaCl-SC and Asahi-SC
are shown in Fig. 2d and e, respectively. It is evident from the
cross-sectional analyses that the nanostructured features of the
NaCl surface are retained in each layer, throughout the solar
cell growth, similar to what is observed in the surface analyses.
The interface of SiO2/NaCl seems to be slightly distorted after
dissolving the NaCl; however, no such deformity or distortion
can be noticed at the SiO2/TCO interface.
Optical performance of solar cells
The total optical absorption of the complete p-i-n a-Si : H solar
cells (conventional and ultra-thin) with a back-reflector is calculated from the measured total reflection as (1 − total reflection)%. In Fig. 3a the absorption spectra of the NaCl-SC, the
Flat-SC and the Asahi-SC having ∼300 nm thick i-layers are presented. The optical absorption of the Asahi-SC is, as expected,
higher than that of the Flat-SC, owing to the optimized surface
textures in the Asahi substrate. Textured SnO2 Asahi substrates

Fig. 3 Optical absorption spectra of (a) the solar cells with 300 nm
i-layers, deposited on Flat, Asahi (ANS10ME) and NaCl-coated substrates, (b) the ultra-thin solar cells with 100 nm i-layer deposited on
Flat and NaCl-coated substrates.
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are popular as light trapping substrates in solar cell manufacturing. In this work, Asahi ANS10ME substrates are used,
which have a better light-scattering and electrical mobility
than Asahi U.32 A similar broadband enhancement in the
optical absorption can be observed in the NaCl-SC with the
major enhancement in the absorption occurring in the long
wavelength region (>600 nm). In Fig. 3b the wavelength dependence of the total optical absorption of the ultra-thin solar
cells: the NaCl-USC, the Asahi-USC and the Flat-USC (∼100 nm
thick i-layer) are shown. The onset of a noticeable improvement in the absorption spectra of the NaCl-USC device with
respect to the Flat-USC is seen to be around λ = 500 nm,
because light at and beyond this wavelength penetrates the
solar cell to reach the back-reflector surface in these ultra-thin
solar cells and the advantage of the textured surfaces over the
planar surfaces becomes evident.34 The increased optical
absorption in the long-wavelength region is apparent in both
NaCl-SC and NaCl-USC, demonstrating the light-trapping
benefit of the nanostructured surface over the flat substrate.
FDTD numerical simulation
An optical modeling study using finite-diﬀerence time-domain
(FDTD) simulation software from Lumerical35 was carried out
to calculate the absorption profiles of the solar cells on the flat
and the nanostructured NaCl surfaces (Flat-SC and NaCl-SC)
for wavelengths 400–800 nm. The details of the simulation
model can be found in the Experimental section. Fig. 4a compares the simulated optical absorption spectra of the p-i-n
a-Si : H Flat-SC and NaCl-SC for a 300 nm thick i-layer. The
simulations agree qualitatively with the experimental data
(Fig. 3a) and the basic spectral shape is well reproduced by the
optical model. In particular, the enhancement of the optical
absorption at the long wavelengths for the NaCl-SC compared
to the Flat-SC is qualitatively similar. The optical absorption
spectra of the Flat-SC are reproduced excellently in the simulation, while the simulated absorption in the NaCl-SC is somewhat lower than the experimental measurements. This diﬀerence arises from non-idealities in the simulation parameters,
and the non-uniform optical variations (compared to simulations) in the nanostructured surfaces/interfaces along the
z-direction. The nanograins are implicitly assumed to be perfectly homogeneous along the z-direction in the simulations
carried out in 2D (xy-plane). Also, the refractive indices and
thicknesses of the materials grown over the textured surfaces
can deviate slightly from the assumed values obtained from
materials grown on flat growth surfaces.
The distribution of the simulated optical absorption densities in the layers of the solar cells NaCl-SC and Flat-SC are
shown for 650 nm and 735 nm light in Fig. 4b and c, respectively. The Flat-SC device shows regions of high and low optical
absorptions at these long wavelengths arising from Fabry–
Perot resonances within the film. In case of interfaces and
reflectors that acquire nanotextures from the nanostructured
NaCl surface underneath, such a strong interference eﬀect is
not seen because the structured back reflector induces a field
with a range of propagation directions and non-trivial phase
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Fig. 4 (a) Optical absorption as a function of wavelength, calculated by FDTD modelling for the Flat-SC and the NaCl-SC having 300 nm thick
i-layers. The calculated optical absorption distribution proﬁles of the p-i-n a-Si : H thin-ﬁlm solar cells (Flat-SC and NaCl-SC) are shown for two long
wavelengths: (b) λ = 650 nm and (c) λ = 735 nm. In these images the light propagates in the +ve y direction and the polarization of the light is in the
x-direction. The dotted lines are added to demarcate the a-Si : H thin-ﬁlm from the top and bottom TCOs.

delays. This leads to the visible spatial inhomogeneity of the
absorption in the NaCl-SC. At λ = 735 nm, the absorption
profile of the Flat-SC shows an overall low absorption, whereas
in the NaCl-SC, localized higher absorption regions are visible
throughout the a-Si : H absorber layer. The parasitic absorption
near the back-reflector is enhanced in the long wavelength
region, due to the nanotextured Ag layer. These parasitic losses
associated with textured Ag surfaces are well-studied in
literature.34,36–38 The solar-spectrum-weighted electron generation rate profiles calculated across the a-Si : H layers of the
Flat-SC, and NaCl-SC devices are shown in Fig. S1 of the ESI.†
Photovoltaic performance of TFSCs

Fig. 5 (a) The J–V characteristics, under AM 1.5 direct solar spectrum,
100 mW cm−2 irradiation, of the p-i-n a-Si : H Flat-C, Asahi-SC, NaCl-SC
( pre-transfer) and NaCl ( post-transfer). (b) The J–V characteristics of
ultra-thin solar cells: Flat-USC, Asahi-USC and NaCl-USC.

In Fig. 5a we present the J–V characteristics of the solar cells
(Flat-SC, NaCl-SC and Asahi-SC) with 350 nm i-layers deposited
in the same run of the PECVD system, measured under AM 1.5
direct spectrum, 100 mW cm−2 solar irradiation. The solar-cell
device parameters such as short-circuit current density ( Jsc),
open-circuit voltage (Voc), fill-factor (FF) and energy-conversion
eﬃciency (η) are listed in Table 1. The reference cell, Flat-SC,
yielded an energy-conversion eﬃciency of 6.4% with a Jsc of
14.8 mA cm−2. The J–V characteristic of one of the pre-transfer
NaCl-SC (with the NaCl interlayer still intact between the solar
cell and the original growth substrate) having the best
eﬃciency of 8.5% with a Jsc of 20.7 mA cm−2, is shown in
Fig. 5a with a dashed-dotted line. The pre-transfer and posttransfer solar cell parameters were measured on circular
devices, at diﬀerent locations on the same substrate. The J–V

Table 1 The device parameters obtained from J–V characteristics of the p-i-n a-Si : H solar cells with 350 nm and 100 nm thick i-layers. The
enhancements in Jsc and η are calculated using ΔJsc = [( Jsc-textured-SC − Jsc-Flat-SC)/Jsc-Flat-SC] × 100% and Δη = [(ηtextured-SC − ηFlat-SC)/ηFlat-SC] × 100%,
respectively

a-Si : H p-i-n devices

Substrate

i-layer (nm)

Voc (mV)

FF (%)

η (%)

Δη (%)

Jsc (mA cm−2)

ΔJsc (%)

Flat-SC (reference)
Asahi-SC
NaCl-SC (pre-transfer)
NaCl-SC (post-transfer)
Flat-USC (reference)
Asahi-USC
NaCl-USC

Glass/TCO
Asahi-SnO2 : F
Glass/NaCl/SiO2/TCO
Plastic sheet
Glass/TCO
Asahi-SnO2 : F
Glass/NaCl/SiO2/TCO

350
350
350
350
100
100
100

731
730
719
729
795
803
813

59
67
57
68
62
69
69

6.4
10.3
8.5
9.0
5.9
8.8
8.0

—
61.0
32.8
40.6
—
49.2
35.6

14.8
21.1
20.7
18.3
12.0
15.8
14.3

—
42.6
40.0
24.0
—
31.9
19.2
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characteristic of a transferred NaCl-SC, characterized after
attachment to the plastic sheet, is shown with a solid line in
Fig. 5a. A maximum eﬃciency of 9% and Jsc of 18.3 mA cm−2
were obtained from the transferred solar cell. The Asahi-SC
showed an eﬃciency of 10.3% with a Jsc of 21.1 mA cm−2, indicating the superior quality of the solar cell and eﬀectiveness of
the deposition conditions in ensuring conformal growth.
The J–V characteristics of the ultra-thin solar cells (FlatUSC, NaCl-USC and Asahi-USC) are presented in Fig. 5b and
the device parameters are given in Table 1. The Flat-USC
device revealed an eﬃciency of 5.9% and a Jsc of 12.0
mA cm−2. The eﬃciency of the Flat-USC is very close to its
thicker counterpart and the loss of Jsc due to the reduced
thickness is compensated with the improved Voc. The NaClUSC achieved an eﬃciency of 8% and a Jsc of 14.3 mA cm−2.
The Asahi-USC shows η = 8.8% and Jsc = 15.8 mA cm−2.

Discussion
In our study, a very thin NaCl layer (50–200 nm) led to diﬃculties during the transfer process, resulting in cracks and patchy
detachment of cells (results not shown here). Instead, for the
glass substrate used in the present investigation, the optimum
thickness of NaCl layer was found to be ∼500 nm which
allowed an easy detachment of the solar cell. The potential of
water dissolvable NaCl epitaxial interlayers (grown at high
temperatures on preferred crystalline orientated substrates) for
detaching epitaxially grown small area thin-films structures
was recognized decades ago,25 as was the usefulness of NaCl
single crystal substrates for growing epitaxial thin-films.26,39,40
However, in our work, the epitaxial characteristic of NaCl is
not required, and a low-cost thermally-evaporated layer of NaCl
is suﬃcient to create the sacrificial layer over a large area.
Organic materials like polyvinyl acetate (PVA),41 and NaCl,25,26
both water soluble, have been reported for the separation of
semiconductor materials from their growth substrates but
unlike NaCl (with a high melting point of 801 °C),39 PVA is not
capable of withstanding the Si-TFSCs fabrication process.
A sacrificial layer made of the NaCl thin-film is chemically
inert, electrically non-conducting, and can be simply dissolved
in water in a quick and non-toxic process. Wet chemical
etching of metal layers is expensive and time-consuming, and
potentially damaging to the undersurface of the solar cell. In
contrast, the NaCl-based detachment oﬀers another industrially relevant advantage in that the substrate is minimally
damaged and can be prepared for a next cycle of solar cell
deposition with a very low cost-per-substrate-reuse cycle.22
As seen in Fig. 1, a SiO2 layer separates the NaCl layer from
the rest of the solar cell. The SiO2 layer in this approach acts as
both a barrier layer as well as a supporting layer, and is a
crucial and distinguishing feature. During the silicon deposition, the SiO2 layer prevents contamination with Na, which
can be detrimental to the TFSC.42 It also protects the NaCl
layer from the humidity in the atmosphere and the subsequent
layers of semiconductor materials from any structural or func-
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tional damage from the underlying NaCl and any impurities
therein.43 The electrical transport properties of the TCO coated
on the substrates remained unchanged even after the substrates were stored in ambient conditions in the laboratory for
several weeks, indicating that the SiO2 barrier layer between
the NaCl and the TCOs helps to maintain the stability of the
substrate (see the Experimental section).
The SiO2 layer also provides a stable undersurface for the
TCO and the overlying solar cell structure after the NaCl is dissolved away. A disturbance or disruption of material is inevitable at the plane of separation between thin-films. However,
this disruption can be minimized or the plane of separation
can be shifted away from the thin-films stack that is going to
be transferred by using protective interlayers. In this approach,
the SiO2 layer functions both to protect the overlying layers
and to shift the plane of separation away from the solar cell.
Thus, we can see in Fig. 2d that the interface of SiO2/NaCl
seems to be slightly distorted after dissolving the NaCl;
however, no such deformity or distortion can be noticed at the
SiO2/TCO interface. The SiO2 layer has no role in the electrical
performance of the solar cell, and therefore is a sacrificial
layer that bears the impact of the separation process, leaving
behind the solar cell unaﬀected. In terms of industrial adaptability, the SiO2 layer is compatible with in-line solar cell manufacturing processes.
The light-trapping eﬀect in the solar cells brought about by
the surface nanotextures of the NaCl layer is a determinative
factor that boosts the commercial viability of the present
approach significantly. The surface morphology of the 500 nm
thick NaCl layer studied with AFM (Fig. 2a and b) shows paraboloid shaped surface grains (∼300 nm base diameter and
∼100 nm in height) randomly distributed over the surface. The
near-conformal deposition of the solar cell layers results in
nanotexturing up to the back of the NaCl-SC leading to a nanotextured back-reflector. The observed broadband absorption
enhancement in both the conventional thickness and ultra-thin
p-i-n solar cells fabricated on the NaCl coated substrates thus
arises from a combination of in-coupling of short-wavelength
light at the front and eﬀective scattering of longer wavelength
light at the internal interfaces and the back.44 The light-trapping eﬀect observed experimentally is also corroborated by our
simulation studies, Fig. 4. To our knowledge, neither the morphology of thermally-deposited multilayer NaCl film as thick as
few hundreds of nanometers nor the eﬀect of the roughness of
the NaCl layer on the optoelectronic properties of overlying
semiconductor layers is explored in the literature, but few
studies reveal the optical behavior of similar features. Periodic
paraboloid nanoscale protuberances (200 nm base diameter
and 70 nm height) were previously explored for anti-reflection
properties in n-i-p a-Si : H TFSCs and shown to improve the incoupling of the incident light into solar cells.45 A back-reflector
on nanocone-shaped a-Si : H features (150 nm height of cones)
with a flat front surface was reported to provide light-trapping
eﬀects at longer wavelengths.46
The similarity between the photocurrent densities of the
solar cells fabricated on the NaCl-coated substrates and on the
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Asahi substrates in Fig. 5 implies that the nanotextured
surface of the NaCl has an eﬃcient photon-harvesting eﬀect
without any noticeable deterioration of the electrical properties of the solar cells (Table 1). According to theoretical
studies by Tamang et al.,44 a 24% enhancement in the Jsc in a
multiscale textured single junction p-i-n (μc-Si : H) solar cell
with a 500 nm period/base-width of the textured back-reflector
is possible if the periods/base-width of the front textures are in
the range of 100–500 nm. This is similar to the 300 nm–
500 nm sized features inherently present in the NaCl-coated
substrate solar cells in this work, and can be expected to be at
least equally eﬀective for light-trapping in a-Si : H solar cells.
It is known that apart from the height of the nanoscale features in the random textured system (quantified by roughness,
σrms), the spatial distance between the adjacent features
(understood from the autocorrelation length, LACF) also determine the optical eﬀects of as well as material growth over the
features.47–49 The simultaneous dependence of photocurrent
generation on both the LACF and the σrms was reported for c-Si
and μc-Si : H solar cells, revealing that optimal combinations
of these two parameters are eﬀectively responsible for the
current.49 In this study, it was shown that at a fixed σrms the Jsc
shows a bell-shaped dependence on the LACF, so that for a
certain height of roughness there can be a range of values of
LACF that lead to equivalent Jsc. In our study, the σrms = 43 nm
and LACF = 262 nm in Asahi and the σrms = 18 nm and LACF =
184 nm in NaCl coated substrate denote smaller and more
close-set features in the latter, but an optimal balance between
the two parameters lead to a good Jsc in the NaCl-SC in spite of
smaller features.
The NaCl-SC shows significant improvements of 32.8% and
40% in the eﬃciency and the short-circuit current density,
respectively, compared to the reference Flat-SC. The post-transfer eﬃciency of 9% is the highest among all reported transferred thin-film solar cells, and close to the best reported
eﬃciency in the category of single-junction a-Si : H TFSCs
without any additional conventional light-management techniques, to our knowledge.15,50–52 Particularly remarkable is the
improvement of the performance in the 100 nm i-layer ultrathin solar cells on NaCl substrate, where enhancements of
35.6% in the eﬃciency and 19.2% in the Jsc are seen in the
NaCl-USC compared to the Flat-USC. The performance of the
ultra-thin solar cell is also, to our knowledge, a first time
reported 8% eﬃciency for a transferrable, ultra-thin (100 nm
i-layer), single junction a-Si : H solar cell.
As seen from Table 1, the Voc in the transferred and the
reference Flat and Asahi cells are ∼730 mV, which we believe
can be further improved by optimization of the solar cell
layers. There can be a number of reasons responsible for a low
Voc, like the low bandgap of the intrinsic layer, presence of
defects in the absorber layer, the Fermi level position of the
doped layers, work function of the TCOs, and untreated and
defective p/i and n/i interfaces.53–56 While a high hydrogen
dilution in silane leads to a better material quality and
improvement in the optical bandgap of the absorber layer, it
also leads to poor conformality of the layers over textured sur-
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faces. A higher H2 dilution can also lead to formation of microcrystalline phase on textured surfaces, lowering the bandgap
and therefore the Voc. We have tried to maintain a balance
between the material quality and conformal growth by using a
lower deposition temperature along with low H2 dilution
(Fig. S2–S4†). In our intrinsic amorphous silicon material, the
bandgap is around 1.7 eV as confirmed by both spectroscopic
ellipsometry (SE) and reflection and transmission (R&T)
studies. Comparing the ultra-thin solar cells with the cells
having conventional thickness i-layers, the role of the thick
i-layer (350 nm) in decreasing the Voc becomes evident. The Voc
of the ultra-thin a-Si : H solar cells on planar substrate with
100 nm thick i-layer is ∼795 mV, which is 64 mV higher than
that of the thick Flat-SC. Similarly, there are improvements in
the Voc by 70–80 mV in NaCl-USC and Asahi-USC. There are
two possible factors that contribute to lower Voc in the cell
with the thicker i-layer: the increase in the number of defects
and the reduction in the built-in potential in the thicker absorber layers.53
The unexpectedly lower FF of the solar cells (both conventional and ultra-thin) on the flat substrates compared to the
nanostructured NaCl coated substrate possibly originates from
the diﬀerence between the thicknesses of the electrically resistive protective AZO layers in the solar cells on flat and NaCl
substrates. The short growth time fixed by estimating the deposition of ∼8 nm layer thickness over a flat surface may lead to
lower thickness of the layer over a textured surface. Likewise,
the buﬀer layer determined to be optimal for the textured surfaces may result in a thicker layer for the planar devices
keeping the same deposition duration. Overall, a thinner
i-layer and judicious use of buﬀer and barrier layers can
further improve the solar cell performance and the transfer
process.55,56
The core concept of dissolution of a NaCl interlayer is universal enough to be applicable to a broader range of devices
without any major changes in the existing manufacturing
process or the solar cell architecture, or a need for additional
sophisticated machining. The approach presented here can be
adapted to n-i-p solar cells by replacing the TCO layer with a
metal (Ag or Al) layer, as well as to Si-TFSCs on other growth
substrates like metal foils.

Conclusion
We demonstrated a simple, low-cost and scalable approach to
detach silicon thin-film solar cells from their growth substrates
by water-based dissolution of a sacrificial NaCl layer, while
simultaneously harnessing the light-trapping eﬀect in the
solar cell grown on the nanotextured surface of the NaCl layer
underneath. The eﬀective light-harvesting brings about
remarkable enhancements in the short-circuit current density
of p-i-n a-Si : H solar cells on the NaCl coated substrate – 40%
in conventional thickness solar cells and 19.2% in ultra-thin
solar cells, and significant enhancement in the eﬃciencies of
both, compared to their planar substrate counterparts.
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Preservation of the energy-conversion eﬃciency after the transfer process, and compatibility with the existing solar cell manufacturing processes including roll-to-roll processing are
salient advantages of our NaCl based detachment technique.
We achieved 9% post-transfer eﬃciency in the solar cell on a
low-cost plastic sheet, which is the highest eﬃciency reported
to our knowledge in an a-Si : H solar cell detached and transferred by any method. Highly eﬃcient transferable thin-film
solar cells with a built-in light-trapping scheme oﬀer a practical route to achieving solar cell integration with surfaces of
sundry materials. The transfer of optimally fabricated photovoltaic devices to unconventional surfaces can enable ultralightweight aﬃxable solar cells which are anticipated to open
up diverse integration and application possibilities.

Experimental section
Interlayer fabrication
The sacrificial NaCl layer was deposited on a pre-cleaned and
baked glass BOROFLOAT® 33 glass substrate (3.5 × 3.5 cm2) at
room temperature by a thermal evaporation technique. NaCl
was heated by means of a resistance foil made from refractory
material (W or Mo). The distance between the source and the
substrate was 13 cm. A protective SiO2 layer was subsequently
deposited by an electron-beam-evaporation technique. The distance between the source and the substrate was 20 cm.
Front-electrode coatings31
The TCOs (IWO and AZO) were deposited by an rf-magnetron
sputtering (rf-MS) technique at room temperature. The IWO
layer deposition was performed using an In2O3 ceramic target
containing 1 wt% WO3, at 40 W rf power and 2.25 mTorr
pressure of an Ar + O2 gas mixture, where the O2 dilution in Ar
is 0.75%. The AZO layer was deposited using a ZnO ceramic
target containing 2 wt% Al2O3, at 100 W rf power and
2.25 mTorr Ar pressure. The resistivity of the TCO double layer
(IWO + AZO) deposited on the glass substrate was ∼5.5 × 10−4
Ω cm. The TCO layers overlying the NaCl and SiO2 layers were
characterized by low resistivity ∼4 × 10−4 Ω cm and high
optical transparency above 85% in the visible light range,
implying no significant adverse influence of the surface morphology of the TCO layers.
Solar cell fabrication13,48
The p-i-n type a-Si : H TFSCs were grown in an RF-PECVD
cluster-type system in the temperature range of 120 °C to
170 °C (measured on the substrate). The p-i-n solar cells were
deposited using specific gas mixtures for each layer, in order
to obtain the desired optical and electrical properties, in the
following sequence: (1) an 18 nm p-type a-Si : C : H window
layer, using a (SiH4 + H2 + B2H6 + CH4) gas mixture, (2) a
3–6 nm thick undoped a-Si : C : H buﬀer layer, using (SiH4 +
CH4 + H2), (3) a 100–350 nm thick intrinsic (i) a-Si : H layer,
using (SiH4 + H2) and (4) a 35 nm thick n-type a-Si : H layer,
using a (SiH4 + H2 + PH3) mixture.
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Back-electrode coatings
A 30 nm thick ITO layer was first sputtered using an In2O3
ceramic target containing 10 wt% SnO2 at 150 °C, 40 W rf
power and 14 mTorr Ar pressure, followed by a thermally evaporated 200 nm thick Ag layer to provide the back electrical contacts to the devices.

Characterization studies13,48
The surface topography of the substrates was studied using
atomic force microscopy (AFM, Bruker Dimension Edge) and
the cross-sectional analysis of the solar cell devices was carried
out using a focused ion beam instrument (FIB, FEI VERSA 3D).
Spectroscopic ellipsometry (Sentech 850 PV) technique was
employed to study the structural compositions of the silicon
( p, i, n and buﬀer layers) and the TCO (ITO and IWO) thin
films and obtain their optical parameters. The R&T measurements were carried out on the silicon thin films, the TCOs and
the solar-cell devices using a spectrometer equipped with a
150 mm integrating sphere (PerkinElmer Lambda 1050). The
optical, structural and optoelectronic properties of the silicon
thin film layers of the solar cells can be found in Fig. S2–S4
and in the Table S1 in the ESI.† The solar cell current density
vs. voltage ( J–V) characteristics under one sun illumination
were measured at 100 mW cm−2 AM1.5 irradiance using a calibrated Oriel solar simulator with a xenon arc lamp. The light
is irradiated over the whole area of the sample through the
glass/plastic side. The device diameter is 3 mm as determined
by the back-contact-reflector dimension and the spacing
between the devices (from edges) is 1.5 mm. For the NaCl-SC,
the ( J–V) characteristics of a few randomly chosen cells were
carried out before the transfer to minimize pre-transfer handling and accidental scratch damage.

FDTD optical modeling
The AFM topographical data of the NaCl-coated substrate were
imported into the simulation to model the realistic solar cell
architecture. For simplicity, a conformal coating with the consecutive TCOs, and the doped and the intrinsic a-Si : H layers
was considered. The thicknesses of the layers were estimated
from the growth rates of the individual layers and with the
help of the cross-sectional FIB-SEM images of the fabricated
devices. A periodic boundary condition with a period of 1 μm
was used in the x-direction and perfectly matched layer boundary conditions were applied in the y-direction. A broadband
EM plane wave (400–800 nm) propagates into the simulation
region in the positive y-direction. The final absorption data is
averaged for the values obtained for parallel and orthogonal
polarization. The refractive indices of all layers except the Ag
were obtained from SE and R&T measurements (Fig. S4 and
S5†). The optical data for Ag was taken from literature.57
Details of the simulation methodology can be found in our
previously reported works.13,48
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