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Broader context

Extremely lightweight and ultra-flexible infrared
light-converting quantum dot solar cells with high
power-per-weight output using a solution-processed
bending durable silver nanowire-based electrodet

Xiaoliang Zhang, @2 *3° Viktor A. Oberg,” Juan Du,? Jianhua Liu® and
Erik M. J. Johansson () *°

Lightweight and flexible solar cells are highly interesting materials for use in new applications, such as
spacecraft, aircraft and personal pack load. PbS colloidal quantum dots (CQDs) exhibit a broad and
strong light absorption spectrum covering the ultraviolet-visible-near infrared region, allowing for
incorporation of very thin CQD films into solar cells with high power conversion efficiency (PCE) from
solar light to electricity. Herein, we report an extremely lightweight and ultra-flexible CQD solar cell
constructed on a polyethylene naphthalate substrate with a thickness of 1.3 um. A solution-processed
Ag nanowire network with excellent mechanical, optical and electrical properties was prepared as the
front-electrode in the solar cell. The thickness of the complete CQD solar cell is less than 2 pum,
and ~10% PCE with a weight of 6.5 g m~2 is achieved, resulting in a power-per-weight output of
152 W g~% The flexible solar cell possesses durable mechanical properties and maintains high-level
photovoltaic performance under extreme deformation and after repeated compression—stretching
deformation. Moreover, the flexible CQD solar cell shows impressive stability both under continuous
illumination and after storage under ambient conditions. These results reveal that solution-processed
CQDs are compatible with an ultra-flexible substrate for the construction of ultra-lightweight infrared
light-converting CQD solar cells with possibilities for new exciting solar energy applications.

Ultra-flexible and lightweight solar cells with high power output per weight have attracted much attention due to their high potential for utilization in
applications such as spacecraft, aircraft, personal pack load and wearable electronic devices. PbS colloidal quantum dots (CQD) are promising candidates for
the fabrication of flexible and lightweight solar cells due to their nanocrystal character, which enables functioning energy conversion even in the case when the
solar cell is under extreme deformation. Moreover, the PbS CQD possesses the advantages of solution-processability, size-dependent optoelectronic properties
and a broad light absorption spectrum covering the ultraviolet-visible-near infrared wavelength region. In this study, we report an ultra-flexible and extremely
lightweight PbS CQD solar cell. The solar cell is fabricated on a 1.3 pm-thick flexible polyethylene naphthalate foil substrate and an Ag nanowire network with
strong mechanical properties and a large aspect ratio and is used as a transparent and conductive front-electrode. The thickness of the full solar cell is less than
2 pum and the device gives ~10% power conversion efficiency with an extremely low weight of 6.5 g m 2, resulting in a high power-per-weight output of
~15 W g~ . The demonstrated CQD solar cell shows good mechanical properties and works during large compression-stretching deformation. In particular,
the solar cell also exhibits promising stability both under continuous illumination and after storage under ambient conditions. These results reveal that the
CQDs are very promising materials for realizing flexible, efficient and extremely lightweight solar cells that makes it possible for utilization of solar energy in
many new applications.

1. Introduction

“School of Materials Science and Engineering, Beihang University, Beijing 100191, Flexible and lightweight solar cells have attracted considerable
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attention due to the possibility of use in interesting applications,
such as spacecrafts, aircrafts, portable or wearable power supplying
devices, or on curved surfaces of buildings or automobiles to

f Electronic supplementary information (ESI) available. See DOL 10.1039/c7ee02772a  supply electric power, or indoor and outdoor decorations for
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multifunctioning."® The dominating silicon-based solar cell
technology is based on silicon wafers, which are brittle and
rather thick. Therefore, it is difficult to use silicon-based solar
cells in applications that require highly flexible and extremely
lightweight solar cells. Other solar cell technologies are therefore
needed for these applications. Specifically, solar cell materials
with strong light absorption (which reduce the solar cell thickness)
and high flexibility that can be prepared at low temperature to allow
for deposition on thin plastic substrates are therefore highly
interesting. Moreover, solar cells fabricated on flexible sub-
strates with a low-temperature fabrication approach are also
compatible with continuous roll-to-roll fabrication approaches
with spraying or printing techniques, which makes it possible
for very high throughput solar cell production and therefore
lowering of the solar cell cost.” > The lightweight solar cell may
also decrease the energy consumption for the solar cell trans-
portation and installation and thus, further decreasing the
carbon foot-print and energy pay-back time for the solar cells.
In the light of these advantages, various solar cell technologies
were developed to minimize the solar cell weight and maximize the
solar cell flexibility, mechanical resilience and power conversion
efficiency (PCE), which are primary benefits for the flexible solar
cells.”>™*® The power-per-weight (or specific weight or specific power)
is a critical metric for the flexible or lightweight solar cells. As such,
ultrathin organic solar cells (OSCs) and perovskite solar cells (PSCs)
have been reported;>"®'” among them, the PSC has a power-per-
weight output of 22.6 W g~ '. In addition, the power output
during and after bending is very important for the flexible solar
cells, and the mechanical stability of the materials in the solar
cell is therefore essential for the utilization in applications.

PbS colloidal quantum dot (CQD) is a promising material for
flexible and lightweight solar cells due to its nanocrystalline
character, wide and strong light absorption spectrum covering
the ultraviolet (UV)-visible-near infrared (NIR) region, solution
processability and size-dependent optoelectronic properties.*s*
The CQD film may also have specifically advantageous mechanical
properties due to the possibility to change the distance between
the CQDs in the film without distorting the crystal structure of the
CQDs. With the advances in CQD surface chemistry, energy band
engineering and device architecture optimization, rapid progress
has been achieved in the past few years, aiming to improve the
solar cell efficiency and stability,>*>® and a PbS CQD solar cell with
a PCE of more than 11% was obtained.?® The state-of-the-art CQD
solar cells are generally constructed by inserting a CQD solid film
with a thickness of 350-450 nm between an electron transport
material (ZnO or TiO,) and a metal (Au) electrode.*® Thus, the
weight and mechanical properties of the CQD solar cells are
predominantly determined by the substrate and front trans-
parent electrode. Although the flexible CQD solar cell has been
demonstrated and the device possesses high bending durable
mechanical properties,®*** the device shows much lower effi-
ciency than the solar cell fabricated on the traditional glass/
indium tin oxide (ITO) substrate. Whether ‘‘lightweight” can
be achieved for the CQD solar cells and whether these CQD
solar cells can withstand extreme deformation have not been
investigated previously.
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Herein, we report an extremely lightweight and ultra-flexible
CQD solar cell with a high power-per-weight output. The solar
cells were fabricated on a 1.3 pm-thick flexible polyethylene
naphthalate (PEN) substrate at a low temperature. The thickness
of the complete solar cell is less than 2 um and a PCE of
~10% was achieved, resulting in a power-per-weight output
of 15.2 W g~ ". The ultra-flexible CQD solar cell shows good
compression-stretching mechanical stability and maintains
a high power output under the extreme compressed state.
Moreover, the solar cell shows good stability both under constant
illumination and on storage at ambient conditions.

2. Results

2.1. Solution-processed flexible electrode

The front electrode in the flexible solar cells generally requires
high optical transmittance, low sheet resistance and good
mechanical properties. ITO is commercially applied as a front
electrode in many optoelectronic devices due to the high
transmittance and conductivity. However, the brittle properties
of ITO significantly decrease the conductivity under deformation,
limiting its applications in the ultra-flexible solar cells.*>>®
Conductive polymers, such as poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS),>*® and carbon materials,
such as carbon nanotubes and graphene,**~”*® have also been
investigated for use as an ITO alternative electrode for flexible
solar cells. However, the conductivity or transparency of these
electrodes is much lower than those of the ITO-based electrodes,
which result in lower solar cell efficiency compared with that of
the ITO electrode-based solar cells. Metal nanowire (NW)-based
electrodes, such as Ag NWs, possess remarkable conductivity,
transparency and outstanding mechanical properties. Therefore,
the Ag NWs are believed to be one of the most promising
electrode materials for the flexible photovoltaic or optoelectronic
devices.>** The performance of the metal NW-based electrode
generally increases with the decrease in the diameter of the NW,
while the increase in the NW length/diameter aspect ratio
will reduce light scattering and decrease the resistance in the
film.**~*°

Therefore, in this study, Ag NWs with an average aspect ratio
of 5000 (average diameter of ~30 nm and length of 100-200 um,
Fig. S1, ESIf) were utilized as the transparent and conductive
front-electrodes in the flexible CQD solar cells.

The CQD solar cell was fabricated on a flexible PEN foil with
a thickness of 1.3 um, which was adhered on a glass/poly-
dimethylsiloxane (PDMS) supporting substrate via van der
Waals forces for the device fabrication processes as shown in
Fig. 1a. After fabrication, the solar cell was peeled away from
the glass/PDMS supporting substrate. The Ag NW ink was spin-
coated on the PEN foil under ambient conditions. Fig. 1b
presents a photograph of a sample of glass/PDMS/PEN/Ag
NWs, and it can be observed that the sample is very transparent.
A photograph of an Ag NW-covered glass substrate for the hard
solar cell fabrication is presented in Fig. S2 (ESI{). During the
deposition of Ag NWs on the substrate, the conductivity or
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Fig. 1 Transparent and conductive Ag NW-based electrode. (a) Schematic of the Ag NW electrode preparation. The thin PEN film is adhered on the
glass/PDMS supporting substrate for device fabrication. (b) Photograph of the sample of glass/PDMS/PEN/Ag NWs. (c) SEM image of the Ag NWs
deposited on the PEM substrate. (d) Light transmission spectra of the Ag NWs deposited on the glass and flexible PEN substrate. (e) Resistance evolution
of the Ag NW electrode under compression. Insets are photographs of the PEN/Ag NW electrode under compression state. The PEN/Ag NW network was
peeled away from the glass/PDMS supporting substrate and adhered on the pre-stretched elastomer. Ry is the resistance of the flat Ag NW electrode
(0% compression), and R is the resistance of the Ag NW electrode under compression that differs (5-60%). (f) Low-magnification and (g) high-
magnification SEM images of the flexible PEN/Ag NW electrode under compression. The Ag NW remains firmly adhered on the PEN substrate under the
deformation without any broken NWs or NWs pointing out from the substrate.

transparency could be fine-tuned by the spin-coating (Fig. S3,
ESIt). We observed that the prepared Ag NW-based electrode
shows comparable or even better transparency and conductivity
than the traditional ITO-based electrode, which indicates that
the Ag NW electrode may offer a low-energy consumption route
for high-quality electrode fabrication and may also be compatible
with a solution-processed scalable roll-to-roll fabrication strategy.
Fig. 1c shows a scanning electron microscopic (SEM) image of the
Ag NWs deposited on the flexible PEN substrate, which reveals
that an Ag NW network with contacts between the NWs is formed
on the PEN substrate even though the concentration of the Ag
NWs is low due to the large aspect ratio of the NWs.

Fig. 1d shows light transmission spectra of the substrate
(glass and flexible PEN) and the substrate covered with the

356 | Energy Environ. Sci., 2018, 11, 354-364

Ag NW network. For comparison, the light transmission spectra
of the traditional glass/ITO substrate was also measured and
plotted. It can be observed that the substrate/Ag NW network
exhibits high light transmittance. In particular, the flexible
PEN/Ag NW network has an average transmittance of ~80%
in the visible and NIR region, which is required for the PbS
CQD solar cell due to its broad light absorption spectrum. As
demonstrated above, the conductivity of the transparent electrode
under the deformed state is critical for the solar cell performance,
directly influencing the device efficiency under deformation. To
evaluate the conductivity evolution of the Ag NW networks under
extreme deformation, the substrate of PEN/Ag NWs was peeled
away from the glass/PDMS supporting substrate and adhered on
a pre-stretched elastomer (Fig. S4, ESIt). The resistance of the

This journal is © The Royal Society of Chemistry 2018
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Ag NW network on the glass/PDMS/PEN and the flexible substrate
PEN/Ag NWs attached on the pre-stretched elastomer was
compared and we found that there is no noticeable difference
in the resistance after the flexible PEN substrate is peeled away
from the glass/PDMS supporting substrate (Fig. S5, ESIt). This
suggests that the Ag NW network firmly sticks on the PEN
substrate and shows good mechanical properties. During the
separation of the flexible PEN/Ag NWs from the supporting
substrate, the NW network remains is intact, thus maintaining
the high-performance properties.

Fig. 1e shows the evolution of the resistance of the Ag NW
network with compression; the insets are the photographs of
the PEN/Ag NWs network under extreme compression. It can be
observed that the Ag NW electrode maintains high conductivity
even under extreme compression. The resistance of the Ag NWs
network under ~60% compression increases only by ~15%,
which is important for the flexible solar cell under the deformed
state. Fig. 1f and g present the SEM images of the flexible PEN/Ag
NW network electrode under compression, which show that the
NW networks strongly adhere to the PEN substrate without any
NWs broken or pointing away from the substrate.

2.2. Ultra-flexible and lightweight CQD solar cell

Fig. 2a schematically displays the solar cell device architecture
with a structure of PEN/Ag NWs/AlZnO (AZO)/PbS-PbX, (X =1
and Br)/PbS-1,2-ethanedithol (EDT)/Au. The CQD layers were
prepared and deposited through solution-based methods, and
the back contact Au film was deposited using thermal evaporation.
The details for the solar cell fabrication are described in the
Experimental section and schematically presented in Fig. S6 (ESIt).
Briefly, the AZO nanoparticle (NP) layer functions as an electron
transport layer in the device (Fig. S7, ESIt). The transmission
spectra of the substrate covered with Ag NWs and AZO NP layer is
shown in Fig. S8 (ESIT). The PbS CQD was synthesized using a hot-
injection method. The light absorption and photoluminescence
spectrum, and TEM image of the PbS CQDs are shown in Fig. S9
(ESIT). A bilayer of the PbS CQD solid was incorporated into the
solar cell. For the first n-type PbS CQD solid layer, the CQDs were
treated with PbX, and the second less-n type (or p-type) CQD solid
layer were treated with EDT for ligand exchange. Solution-phased
ligand exchange was carried out to prepare the PbS-PbX, CQD ink
and subsequently, the PbS-PbX, CQD solid layer was deposited
using single-step of spin-coating of the CQD ink. The CQD ink
enables a flat energy landscape in the CQD solid film and shows
advantages for high packing density.>® The second CQD solid layer
treated with EDT functions as an electron blocking layer in the
device. The corresponding energy levels of each material are
presented in Fig. 2b. The surface morphology of the AZO and
CQD solid layer was measured atomic force microscopy (AFM),
and the results show that the solution-processed AZO and CQD
solid layers are uniform and cover a large area with low roughness
(Fig. S10, ESIT). The thickness of each layer is marked in Fig. 2a;
the thickness of the complete CQD solar cell is ~1.9 pm, which is
around thirty times thinner than the thickness of a human hair.
For comparison, a solar cell was also fabricated on the traditional
glass/ITO substrate as a controlled device (Fig. S11, ESIf).

This journal is © The Royal Society of Chemistry 2018
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Moreover, a CQD solar cell with Ag NWs on a microscopic slide
as a front transparent electrode was also fabricated for comparison,
and the corresponding cross-sectional SEM image is shown in
Fig. S12 (ESI%).

Fig. 2c and d show the photographs of the back side and
front side of the fabricated flexible CQD solar cell, respectively.
The solar cell was placed on a dandelion, and it can be seen that
there is no deformation of the dandelion observed (Fig. 2¢), which
implies that the fabricated CQD solar cell exhibits extremely light-
weight properties. Fig. 2f shows the solar cell under the compression
state when the solar cell was adhered on the pre-stretched elastomer.
The device was uniformly wrinkled as the elastomer relaxed and this
allowed for evaluation of the device performance under the com-
pression state, which will be discussed in the following section.

The photovoltaic performance of the device was measured
under the AM 1.5G 100 mW cm ™2 illumination. Fig. 2g presents
the photocurrent density-voltage (J-V) characteristic curves of
the CQD solar cells fabricated on the different substrates; the
corresponding photovoltaic parameters are summarized in
Table 1. The solar cell constructed on the traditional glass/
ITO substrate shows an open-circuit voltage (V,.) of 0.65 V, a
short-circuit current density (Js.) of 25.7 mA cm™ > and a fill
factor (FF) of 0.65, resulting in a high PCE of 10.8%. The Ag NW
electrode-based solar cells fabricated on glass and flexible PEN
substrates give an impressive PCE of 9.7% and 9.9%, respectively.
During the J-V measurement, different voltage scanning directions
(forward (from J;. to V) and backward (from V,, to J;.)) as well as
different voltage scanning rates were applied for the measure-
ments. The results reveal that no hysteresis behavior was observed
for the demonstrated flexible CQD solar cell and there is no
noticeable effect of different voltage steps (1-100 mV) in the J-V
measurements (Fig. S13 and S14, ESIY).

Fig. 2h shows the incident photon-to-current efficiency (IPCE)
spectra of these solar cells. The solar cells have broad light absorp-
tion and the flexible solar cells have a relatively lower IPCE value in
the UV region due to the absorption of the PEN substrate (Fig. 1d).
The photocurrent density was integrated from the IPCE results,
which indicate that the integrated photocurrent is in agreement
with the results from the -V measurements (Fig. S15, ESIt).

The steady-state photocurrent density (Jypp) and efficiency
at the maximum power point (MPP) of the flexible solar cell
were tested under continuous AM 1.5G 100 mW cm > illumination
(Fig. 2i). The device shows a stable Jypp and a slightly increased
power output within a short-term illumination of 400 s. The long-
term steady-state performance is discussed further below. Fig. 2j
presents the statistical analyses results of the CQD solar cells
fabricated on the different substrates. The devices show high
reproducibility and the CQD solar cells with Ag NW network as
the front electrode have similar performance, which suggests that
the demonstrated CQD solar cells are substrate insensitive,
offering much room for appropriate substrate selection for
certain applications.

2.3. Mechanical properties of ultra-flexible CQD solar cell

The CQD solar cell performance under extreme mechanical
deformation is important for use in flexible and foldable

Energy Environ. Sci., 2018, 11, 354-364 | 357
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Fig. 2 Device architecture and performance of the ultra-flexible and lightweight CQD solar cell. (a) Schematic structure of the CQD solar cell with a
device architecture of PEN/Ag NWs/AZO/PbS-PbX,/PbS-EDT/Au. (b) Energy levels of the materials used for the device fabrication. The energy levels
were obtained from the literature.2°3%%° Red and gray ball presents the photoinduced electron and hole, respectively, which transport to the
corresponding electrode under the built-in electric field within the device. Photograph of the (c) back side and (d) front side of the flexible solar cell.
The size of the flexible substrate with six solar cells is ~2 x 2 cm?. (e) The flexible solar cell placed on a dandelion without any deformation of the
dandelion. (f) The flexible solar cell under the extreme compression state. (g) J-V curve and (h) IPCE spectra of the CQD solar cell with glass/ITO,
glass/Ag NWs and flexible PEN/Ag NWs substrate, respectively. The J-V curves were recorded under AM 1.5G 100 mW cm~2 illumination. (i) Steady-state
efficiency and photocurrent density of the flexible solar cell at the MPP. (j) Statistics comparing the solar cells with glass/ITO, glass and PEN substrates,
respectively.

Table 1 Photovoltaic performance of the CQD solar cell fabricated on the different substrates. The performance was measured under AM 1.5 G
100 mW cm™2 illumination

Substrate Voe (V) Jse (MA cm™?) FF PCE (%)
Glass/ITO 0.65 (0.64 + 0.1) 25.7 (24.8 + 0.8) 0.65 (0.64 + 0.1) 10.8 (9.9 + 0.9)
Glass/Ag NWs 0.64 (0.63 + 0.1) 24.4 (23.8 + 0.8) 0.62 (0.61 + 0.1) 9.7 (9.1 % 0.6)
PEN/Ag NWs 0.64 (0.63 + 0.1) 24.6 (23.6 + 0.9) 0.63 (0.62 + 0.1) 9.9 (9.0 £ 0.9)

358 | Energy Environ. Sci, 2018, 11, 354-364 This journal is © The Royal Society of Chemistry 2018
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applications. Therefore, the flexible CQD solar cell was peeled
away from the glass/PDMS supporter and stacked on a pre-
stretched elastomer via van der Waals forces (Fig. S16, ESIT).
The width of the elastomer is much larger than the solar cell
size to assure that the strain will be nearly one dimensional and
uniform on the solar cell. The elastomer was slowly relaxed and
the photocurrent-voltage (I-V) curve was recorded by compression
of 5 or 10% steps. During the compression, folds and winkles were
uniformly formed on the solar cells and under high compression,
the density of the folds and wrinkles largely increased (Fig. 3a).
Fig. 3b shows the I-V curves of the flexible CQD solar cell under
compression, which shows that the device maintains functional
solar cell properties even under 60% compression. The corres-
ponding IPCE spectra of the flexible CQD solar cell under
compression are displayed in Fig. S17 (ESIt), which shows that
the solar cell shows comparable IPCE when the solar cell is
under small compression (<30%).

View Article Online
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The photovoltaic parameters of the flexible solar cell under
compression are summarized in Fig. 3c. The solar cell maintains
high-level output of FF and V,. under compression and almost
no degradation in the V,. and FF was observed until 40%
compression. The photocurrent and power output (POP) nearly
linearly decreases until 40% compression due to the linear
decrease in light absorption area of the solar cell, leading to
nearly constant PCE of ~9% accounting for the decreased
surface area during compression. The SEM images of the solar
cell under compression are presented in Fig. S18 (ESIt). When
the flexible CQD solar cell is under high compression, cracks are
observed on the Au electrode and part of the Au electrode is
broken off from the solar cells, which may lead to the decreased
performance (Fig. S19, ESIT).

In certain applications, it is important that the solar cell
should operate even after the device is re-stretched to the flat
state after the compression. Therefore, the solar cell was also
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Fig. 3 Photovoltaic performance of the flexible CQD solar cell under the compression—stretching. (a) Flexible CQD solar cell was adhered on the
pre-stretched elastomer. The elastomer is slowly relaxed and the compression starts from flat (0 compression) until 60% compression with steps of ~5%
or ~10%. (b) I-V curves of the solar cell under linear compression. (c) Photovoltaic parameter metrics of the solar cell as a function of the compression.
The solar cell gives nearly constant PCE of ~9% (without any masks for the measurement) with the compression until 40% compression. POP: power
output. (d) /-V curves of the solar cell under flat state (0 compression), 30% compression and re-stretched back to flat state (0 compression). (e) Device
efficiency metrics plotted at each 30% compression—stretching during 40 continuous cycles.
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compressed from 0 (flat) to 30% by linear compression and
re-stretched back to 0 (flat). The cyclic compression-stretching
was repeated for 40 cycles and for each cyclic compression-
stretching, the I-V curves were recorded (Fig. S20, ESIt). Fig. 3d
shows the I-V curves of the first cyclic compression-stretching.
We found that a slightly lower photocurrent was obtained after
the solar cell was re-stretched to the flat state from 30% compression
compared with the original photocurrent. Fig. 3e shows the device
efficiency as a function of cyclic compression-stretching; the other
photovoltaic parameters are summarized in Fig. S21 (ESIT). The
corresponding IPCE spectra of the flexible CQD solar cell with
compression-stretching cycles are displayed in Fig. S22 (ESIT).
After 40 repeated compression-stretching cycles, ~85% of original
performance is maintained. The slightly decreased efficiency
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with cyclic compression-stretching is primarily attributed to the
decreased FF and V,., which may result from the increased
resistance in the devices probably due to cracks in the Au
electrode or due to parts of the Au electrode flakes off the solar
cell. The solar cell performance under compression-stretching
in parallel to the Au electrode array was also studied, which
suggests that the solar cells show similar results independent of
the compression-stretching direction (Fig. S23, ESIt).

2.4. Solar cell stability

The solar cell stability is critical for the flexible solar cell overall
photovoltaic performance and is also important for practical
applications. Therefore, the stability of the flexible CQD solar
cell is tested under both continuous illumination and after
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Fig. 4 Stability upon illumination and storage under ambient conditions. (a) Steady-state efficiency, photocurrent density and photovoltage of the
flexible CQD solar cell at the MPP under continuous AM 1.5G 100 mW cm™~2 illumination. Normalized (b) PCE, (c) Ve (d) Jsc and (e) FF of the CQD solar
cells fabricated on the different substrates versus time of storage under ambient conditions.
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storage under ambient conditions. The flexible solar cell
was placed under a solar simulator with continuous AM 1.5G
100 mW cm ™2 illumination for ~290 min. The evolutions of
the Jupp, photovoltage (Vypp) and PCE at the MPP were traced
with the illumination time as shown in Fig. 4a. The flexible CQD
solar cell maintains high-level output during the continuous
illumination and we did not find any noticeable degradation.
Both Jypp and Vypp maintain a high-level output, which results
in that the device efficiency is almost the same as the original
efficiency. During the photostability measurement, after around
290 min, the illumination was blocked using a mechanical
shutter and the solar cell was placed under dark condition for
~10 min. Then, the shutter was removed and the solar cell was
again subjected to the AM 1.5G 100 mW cm ™2 illumination. The
solar cell showed rapid light-response and quickly retained its
previous photovoltaic performance obtained before closing the
shutter.

The unencapsulated CQD solar cells with different sub-
strates were also stored under ambient conditions. Fig. 4b-e
show the evolution of the photovoltaic parameters of the CQD
solar cell with storage time, which show that the solar cells
maintain high-level performance. No significant degradation
was observed for the glass/ITO-based solar cell after storage for
35 days; moreover, more than 85% of original efficiency was
maintained for the flexible solar cell. Therefore, we conclude that
the demonstrated CQD solar cells exhibit promising stability
both under continuous illumination conditions and after storage
under ambient conditions.

3. Discussion

High power conversion efficiency is generally highly desirable
in numerous solar cell applications. However, concerning certain
applications, the power output per weight (watts-per-gram) may
be more important compared with the energy conversion per unit
area. For application as a lightweight portable power source, in
areas such as spacecraft, aircraft and personal pack load, the pay
load is a premium.>"® For these purposes, various lightweight
solar cells have been studied. Table S1 (ESI) summarizes the
watts-per-weight output of different lightweight solar cells.
Traditional lightweight solar cells, such as silicon and copper
indium gallium selenide (CIGS) solar cells, have a watt-per-weight
output of <3.5 W g~ '. Recently, an ultrathin PSC, constructed on a
1.4 pm-thick PET substrate with PEDOT:PSS as a front electrode,
has a PCE of 12% and weight of 5.2 g m~?, leading to a power-to-
weight output of 22.6 W g~ *."” The flexile CQD solar cell demon-
strated in this work shows a PCE of 9.9% and 6.5 ¢ m ™2, leading to
a power-to-weight output of ~15.2 W g~ . Due to the broad light
absorption spectrum and strong light absorption of PbS CQDs, the
CQD solid with a thickness of 350-450 nm is generally applied in
the solar cells, which is an advantage for lightweight solar cells.
Moreover, the solution-processed CQD may be an ideal material
for the continuous fabrication approaches, such as roll-to-roll
printing or spray techniques. This study also shows the advantage
of the CQD-based solar cells regarding flexibility due to the

This journal is © The Royal Society of Chemistry 2018

View Article Online

Energy & Environmental Science

possibility to change the distance between the CQDs during
compression or stretching without affecting the material within
the CQD.

The results of the lightweight and ultra-flexible CQD solar
cell presented in this study were also compared with previously
published academic results on the flexible QD solar cells (Table S2,
ESIt), which show that the flexible CQD solar cell reported in this
study exhibits the highest efficiency and highest power-to-weight
output. The high performance obtained by the as-prepared CQD
solar cell is partly due to the higher conductivity and transparency
of the Ag NW network electrode compared with the metal mesh,>*
ultrathin metal film*® and carbon electrode,** which were utilized
previously. Moreover, the CQD solid prepared with CQD ink
technology enables a flat energy landscape in the CQD solid film
and allows to improve the passivation of the PbS CQD with PbX,,
which also contributes to the improved performance.>" Moreover,
we also compared the demonstrated CQD solar cell with other
solar cells with Ag NWs as a front electrode (Table S3, ESIt); we
found that the CQD solar cell also shows higher efficiency than
these solar cells, which may be due to the small diameter and large
aspect ratio of the NWs used in this study. The similar perfor-
mance of the CQD solar cell fabricated on the glass and flexible
PEN substrates with the Ag NWs as a front electrode also
provides great potential for the optimization by selecting the
substrate according to the applications while maintaining high
power conversion efficiency.

4. Conclusions

In conclusion, ultra-flexible and extremely lightweight CQD
solar cells were successfully constructed. The solution-processed
flexible Ag NW network electrode shows comparable transparency
and conductivity as the traditional ITO-based electrode and exhibits
good mechanical properties. The solar cell shows a lightweight of
6.5 g m 2 and high power-per-weight output of 15.2 W g~ *. The
ultra-flexible CQD solar cell maintains high-level photovoltaic
performance under extreme deformation and shows durable
performance after repeated cyclic compression-stretching.
Moreover, the flexible CQD solar cell shows higher efficiency
than previously reported flexible CQD solar cells. The high
performance is achieved due to the advantageous properties
of the Ag NW front electrode with a large aspect ratio of the Ag
NWs, the energy level alignment of the different layers in the
solar cell, and the solution-phase ligand exchange for the CQDs.
This study reveals that CQDs have a strong potential for use in
lightweight and ultra-flexible solar cells, which can have many
exciting future applications.

5. Experimental
5.1. Materials

Ag NWs (~20 mg mL™" in isopropanol) with a diameter of
~30 nm and a length of 100-200 pm were provided by XFNANO
materials Tech Co., Ltd. The flexible PEN foil (1.3 pm thickness)
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and all reagents and solvents for this study were purchased
from Sigma-Aldrich and used as received.

5.2. Substrate preparation

A thin PDMS (Sylgard 184, Dow Corning) layer was prepared on
the glass slide (2.5 x 2.5 cm®). The mixed solution of base and
curing agent at a weight ratio of 10:1 was spin-coated on the
glass substrate at 3000 rpm for 30 s, and subsequently annealed
at 70 °C for 1 h to obtain the solid PDMS film. The PEN foil was
thoroughly stretched and adhered to the glass/PDMS supporter
via van der Waals force that allows for the solar cell fabrication
processes, such as spin-coating, annealing and metal evaporation.

5.3. Solar cell fabrication

The solar cell fabrication process is schematically presented in
Fig. S6 (ESIt). The Ag NW ink was prepared by diluting the
obtained Ag NW ink from ~20 mg mL™ " to ~5 mg mL~" with
isopropanol and dispersed with ultrasonic dispersion for 4.5 min.
The Ag NW ink was spin-coated on the PEN film at various speeds
(700-4000 rpm, see ESLT for the resulting optical and electrical
properties of the films) under ambient conditions to obtain the Ag
NW network with different transparencies and resistances. Then,
the substrate covered with Ag NW network was sintered at 150 °C
for 20 min under nitrogen atmosphere. The AZO nanoparticle ink
was prepared according to the literature.*' The AZO nanoparticle
layer was deposited on the Ag NW network using spin-coating and
was subsequently sintered at 140 °C for 30 min under ambient
conditions.

The PbS CQDs capped with oleic acid ligand were synthesized
using a hot injection method according to a previous report.>>>>
Solution-phase ligand exchange was performed prior to the CQD
solid film deposition according to the literature with modification.>
Briefly, the CQD octane solution (~10 mg mL ") was filtered using
a filter with a pore size of 0.2 um. The CQD octane solution (5 mL)
was mixed with the dimethylformamide (DMF) solution (5 mL)
containing 0.11 M Pbl, and 0.03 M PbBr, and 0.04 M ammonium
acetate. The mixed solution was stirred vigorously for 5 min at room
temperature for ligand exchange. After ligand exchange, the CQDs
transfer to the DMF phase from the octane phase and the oleic acid
ligands are left in the octane phase. The octane solution was
removed using a pipette and the CQDs in DMF were washed with
octane for three times to thoroughly remove residual oleic acid
ligands. Then, the CQDs were precipitated by adding 5 mL
toluene and collected by centrifugation. After drying for 30 min
under a vacuum condition, the collected CQDs were dispersed
in butylamine at a concentration of ~200 mg mL~'. The
PbS-PbX, CQD solid film was deposited using single-step spin-
coating CQD butylamine ink. The spin-coating process was
carried out in a nitrogen atmosphere and the CQD solid film
was annealed at 50 °C for 10 min in a nitrogen dry box. Another
two layers of CQD solid were treated with EDT (0.01 volume% in
acetonitrile) deposited on the PbS-PbX, CQD solid film under a
nitrogen atmosphere. The CQD octane solution (~50 mg mL ™)
was spin-coated on the PbS-PbX, CQD solid at 2500 rpm for 15 s.
After storing the CQD solid film under dark condition and under
ambient conditions over night, an Au film with a thickness of

362 | Energy Environ. Sci., 2018, 11, 354-364

View Article Online

Paper

80 nm was thermally evaporated on the top of the CQD solid film
to complete the solar cell device. After Au deposition, the solar
cell was peeled away from the glass/PDMS supporting substrate.

5.4. Characterization

The light transmission spectra were measured using an Ocean
Optics HR2000 spectrometer equipped with a Micropack
DH-2000-BAL light source. SEM images were measured using
a scanning electron microscope (SEM, Zeiss LEO1550) at an
accelerating voltage of 5 kV. TEM images were measured using
a transmission electron microscope (JSM 2100) at an accelerat-
ing voltage of 200 kV. The steady-state PL spectra were recorded
using the Fluorolog Spectrophotometer (HORIBA JOBIN
YNON). AFM images were obtained using the DIMENION icon
with ScanAsyst equipment under ambient condition. The sheet
resistance of the Ag NW network electrodes was measured using
a four-point probe equipment (Automatic four-point probe
CMT-SR2000N).

The solar cell photovoltaic performance was measured under a
Newport solar simulator (model 91160) with AM 1.5G illumination
as the light source at with intensity of 100 mW c¢m 2. The light
intensity was calibrated using a certified reference Si solar cell
(Fraunhofer ISE) before the measurement. The J-V curve was
scanned using the Keithley model 2400 digital source meter under
nitrogen atmosphere. The solar cells fabricated on the controlled
glass/ITO and glass substrates as well as glass/PDMS supported
flexible solar cells were initially measured using a black metallic
mask with an area of 0.068 cm®. The voltage sweep rate was set at
10 mV with a delay of 10 ms for the voltage sweeping. Changing
the voltage sweep rate and sweep direction of the solar cell did not
generate a noticeable difference in the results. IPCE spectra were
measured using a computer-controlled setup consisting of a xenon
lamp (Spectral Products ASBXE 175), a monochromator (Spectral
Products CM110), a LabJack U6 and a potentiostat (PINE, AFRDE 5).
A certified reference solar cell (Fraunhofer ISE) was used for
calibration prior to measurement.

The photovoltaic performance under the compression and
the cyclic compression-stretching measurements were conducted
by sticking the flexile solar cell on a pre-stretched elastomer. Silver
paste was placed on the overhead of Au electrode to increase the
conductivity with the connection. The elastomer was slowly relaxed
or stretched and the I-V curve was recorded using the Keithley
model 2400 digital source meter under ambient conditions.

The photovoltaic performance under compression and the
cyclic compression-stretching measurements were conducted
by sticking the flexible solar cell on a pre-stretched elastomer. A
silver paste was placed on top of the Au electrode to increase
the stability of the electrical connection to the measurement
cable. The elastomer was slowly relaxed or stretched and the I-V
curve was recorded using the Keithley model 2400 digital
source meter under ambient conditions.

5.5. Calculation of power-per-weight

The power-per-weight is defined as the device power output per
unit area under AM 1.5G 100 mW c¢m illumination to the
device weight per unit area."®'” The flexible CQD solar cell
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demonstrated in this study has a PCE of 9.9% and weight of
~6.5 g m % For 1 m” area and under AM 1.5G 100 mW cm >
illumination, the device would therefore generate 9.9 W power
output with a specific weight of 15.2 W g~ '. The data of other
solar cells are presented in Table S1 (ESIt), which was obtained
from the literatures or approximate calculation after the density
of each layer in the solar cells is determined.'®"7>¢~%!
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