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ABSTRACT: A microsecond time-scale photonic lift-off (PLO) process was used to
fabricate mechanically flexible photovoltaic devices (PVs) with a total thickness of less

than 20 um. PLO is a rapid, scalable photothermal technique for processing extremely
thin, mechanically flexible electronic and optoelectronic devices. PLO is also compatible
with large-area devices, roll-to-roll processing, and substrates with low temperature
compatibility. As a proof of concept, PVs were fabricated using CulnSe, nanocrystal ink
deposited at room temperature under ambient conditions on thin, plastic substrates heated
to 100 °C. It was necessary to prevent cracking of the brittle top contact layer of indium
tin oxide (ITO) during lift-off, either by using a layer of silver nanowires (AgNW) as the
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top contact or by infusing the ITO layer with AgNW. This approach could generally be
used to improve the mechanical versatility of current collectors in a variety of ultrathin electronic and optoelectronic devices

requiring a transparent conductive contact layer.

KEYWORDS: photonic lift-off, ultrathin photovoltaics, flexible devices, copper indium diselenide (CulnSe,), nanocrystals,

solution-processable, transparent conducting electrodes, top contact

B INTRODUCTION

There are many emerging applications for flexible, lightweight
photovoltaic devices (PVs) such as building and product-
integrated designs that are easy to install with effective solar
energy-harvesting capability. Bendable and foldable PVs are
particularly well-suited for application on nonflat surfaces.”
Human-centered personal applications such as smart home
“Internet-of-Things” systems and wearable electronic devices
also benefit from thin PVs with atypical form factors.”
Lightweight, flexible PVs offer the potential for high-
throughput roll-to-roll production with lower thermal budget
and reduced substrate material costs.””’

Fabrication processes for electronic and optoelectronic
semiconductor devices, however, have generally been devel-
oped based on the use and handling of rigid substrates. For
example, PVs are usually made on bulky wafers or thick pieces
of glass. Mechanically flexible, lightweight solar cells typically
require significant changes in manufacturing approaches.
Plastic substrates cannot tolerate high temperature processing,
and extremely thin (<20 ym) devices are too fragile to handle.
In this context, lift-off techniques offer a useful approach to
device fabrication, requiring only minimal adjustments to well-
optimized processes.

In a lift-off process, active device structures are fabricated on
a rigid carrier substrate and then removed using either physical,
chemical, or thermal methods. Physical methods of cleavage
rely on the exertion of significant mechanical forces, which can
crack the devices and make achieving process uniformity a
challenge.*™"* Chemically aided lift-off involves the dissolution
of sacrificial layers between the device and the substrate, often
relying on corrosive etchants that can damage device
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components.*™"” This demands new materials and device
designs to avoid a loss of essential device function. Lift-off
methods using localized heating with a laser have become
attractive.'® However, beam-width limitations pose a challenge
to process throughput.'” Another problem is that excimer
lasers operating with ultraviolet (UV) wavelength lead to
ashing of organic and polymer materials due to their strong
light absorption.”” A different light-driven thermal approach
called photonic lift-off (PLO) uses the photothermal response
of a metal-coated glass substrate to promote the release of a
device layer illuminated with high-intensity pulsed light. The
temperature at the point of light absorption can get very hot,
with temperatures reaching up to 855 °C, but with light pulses
lasting less than 200 us, it can be used to detach devices
without damage since the localized heating is rapidly dissipated
through the supporting substrate. In contrast to laser lift-off,
direct illumination of the polymer is prevented by the metal
layer, which prevents ashing and provides for a clean lift-off
process. The power density and duration of the light pulses are
widely tunable, making the use of PLO on a wide variety of
heat-sensitive films and materials, including polymeric
substrates, possible. PLO also offers large illumination areas,
making rapid processing of large area substrates and roll-to-roll

scalability possible.
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Here, we demonstrate the use of the PLO technique to
produce ultrathin PVs less than 20 um thick using a
commercially available photonic curing tool (PulseForge
Invent Model I1X2-951, NovaCentrix). PV devices were
fabricated on polyimide (PI) films using a CulnSe, nanocrystal
ink as the semiconductor light-absorber layer. This nanocrystal
ink enables working devices to be made without high-vacuum
deposition or high-temperature (>550 °C) selenium vapor
annealing of the CulnSe, layer. CulnSe, nanocrystals are stable
in air and can be conveniently deposited by spray coating
under ambient conditions (<100 °C) without further sintering
at elevated temperatures. Other kinds of nanocrystals, such as
metal halide perovskites, PbS, PbSe, or CdTe, can be used to
make PVs as well, but they are processed under inert
environmental conditions.”' ~>* We found that the typical top
contact layer of indium tin-oxide (ITO) was prone to cracking
during the lift-off process and significantly limited the
mechanical flexibility of the devices. To overcome this, a top
contact of silver nanowires (AgNW) or a mixed layer of ITO
and AgNW was found to significantly improve the durability of
the devices and enable damage-free lift-off of the devices.

B EXPERIMENTAL METHODS

Materials. Copper(I) chloride (CuCl, anhydrous, >99.99%),
indium(III) chloride (InCl;, anhydrous, >99.999%), elemental
selenium (Se, 99.99%), oleylamine (OLAm, technical grade 70%),
tributylphosphine (TBP, 97%), diphenylphosphine (DPP, 98%),
toluene (anhydrous, 99.8%), cadmium sulfate (CdSO,, >99.99%),
and thiourea ((NH,),CS, >99%) were obtained from MilliporeSigma.
Toluene (ACS reagent, >99.5%), ethanol (anhydrous, ACS/USP
grade), and ammonium hydroxide (NH,OH, 18 M) were purchased
from Fisher Scientific. Ultrapure (type I) grade deionized water (DI-
H,0) was used with a resistivity of 18.2 MQ-cm at 25 °C. Polished
soda-lime glass (25 X 25 X 1.1 mm) was purchased from Delta
Technologies. The rigid carriers used in the PLO process were
obtained from Thin Film Devices, USA. These substrates were
composed of 500 um-thick Eagle XG slim glass substrates (Corning,
USA) with 200 nm of W/Ti alloy (80:20) sputtered on one side as
the light-absorber layer (LAL). A PI2525 polyimide (PI) precursor
solution was purchased from HD MicroSystems. AgNW dispersed in
isopropanol at a concentration of 20 mg/mL were purchased from
ACS Material. OLAm was stored in a N,-filled glovebox prior to use
after degassing on a Schlenk line at 110 °C under vacuum for 1 h
followed by blanketing with N, overnight at 110 °C. All other
materials were used as received.

CulnSe, Nanocrystal Synthesis. Colloidal ligand-stabilized
CulnSe, nanocrystals were synthesized by a combination of heat-up
and hot injection using two different phosphine precursors. TBP:Se
was used as the Se source, and DPP was added to increase the
reaction yield.”***° A solution of TBP:Se was prepared in a N-filled
glovebox by dissolving Se powder (0.790 g, 10 mmol) in 10 mL of
TBP at room temperature. Also in a N,-filled glovebox, a reactant
solution of S0 mL of OLAm, CuCl (0.495 g, S mmol), InCl; (1.106 g,
S mmol), and 1.5 mL DPP was prepared in a 125 mL three-neck flask.
The three-neck flask was sealed by septa and wires and transferred to
a Schlenk line. The mixture was placed under vacuum for 30 min at
110 °C and then blanketed with N, at 110 °C for another 10 min.
The mixture was heated to 180 °C at a rate of 8 °C min™'. The
TBP:Se precursor solution was then removed from the glovebox with
a syringe and rapidly injected into the flask. The temperature was
raised to 240 °C at 8 °C min™". After heating for 10 min at 240 °C,
the flask was removed from the heating mantle and allowed to cool to
about 50 °C before opening in air to extract the nanocrystal product.

CulnSe, nanocrystals were isolated from the crude reaction mixture
by precipitation with 20 mL of ethanol and centrifugation at 4500
rpm (2600g for rcf, g being gravity) for 10 min. The slightly black
supernatant was discarded. The nanocrystals were redispersed in 6 mL

of toluene and then precipitated again by adding 6 mL of ethanol.
After centrifugation at 4500 rpm for 10 min, the supernatant was
discarded. The nanocrystals were redispersed in a minimal amount of
toluene (~7 mL) and transferred to a 20 mL glass vial. The
nanocrystals were dried, transferred into a N,-filled glovebox, and
then redispersed in anhydrous toluene to obtain a concentration of
100 mg mL™". Typical reactions yield 650 mg of nanocrystal product.

Solar Cell Fabrication and Testing. 1” X 1” LAL-coated glass
substrates were used as the rigid carrier to support PI film preparation
and deposition of the PV device layers shown in Figure 1. About 0.3
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Figure 1. Illustration of the CulnSe, nanocrystal (CIS NC) solar cell
design. The Au bottom contact is deposited on the PI film. The top
contact was either ITO, AgNW, or a mixture of ITO and AgNW.

mL of PI2525 polyimide precursor solution was dropped onto the
LAL side of each substrate and then spin-coated using a two-step
process (500 rpm for 10 s followed by 1000 rpm for 30 s, at an
acceleration of 500 rpm s™'). The films were soft-baked to remove the
solvent from the coating by stepped heating in air for 10 min at 60 °C,
10 min at 70 °C, and then 20 min at 80 °C. The dried films were then
subjected to a hard-bake at 300 °C for 1 h under N, to obtain cured
PI films with a thickness of 18 ym. Chromium (10 nm) and gold (80
nm) layers were deposited by thermal evaporation in a Kurt J. Lesker
Nano36 thermal deposition system through a patterned mask.”” Using
a Sonotek ExactaCoat ultrasonic automated spray system equipped
with a 120 kHz ultrasonic nozzle, CulnSe, nanocrystals dispersed in
toluene at a concentration of S mg/mL were spray-deposited onto
substrates heated to 100 °C.** The spray nozzle was raster-scanned
across the substrates with a 3 mm raster spacing, at a speed of 10
mm/s, an ink injection rate of 0.1 mL/min, an air pressure of 1.6 psi,
and a nozzle-to-substrate height of 11.5 cm. The CdS device layer was
deposited onto the nanocrystal films by chemical bath deposition
(CBD).*® Aqueous solutions of 160 L of 15 mM CdSO,, 275 uL of
1.5 M thiourea, and 350 uL of 18 M NH,OH were mixed and
dropped onto substrates heated to 90 °C. The substrates were
covered with a glass dish for 2 min, then rinsed with DI-H,O, and
dried with compressed N,. Layers of intrinsic ZnO (i-ZnO) and ITO
were deposited by radio frequency (RF) sputtering in an Ar
atmosphere using a Kurt J. Lesker PVD75 thin film deposition
system, with ZnO (99.9%) and ITO (In,05:SnO, 9:1, 99.99%)
targets supplied by Kurt J. Lesker. The sputter deposition area was
shadow-masked into eight rectangular regions corresponding to eight
individual devices fabricated on the 1” X 1” substrate. The active
device area varied slightly from 0.08 to 0.11 cm?® and was measured in
each case to determine all reported power conversion efliciencies
(PCE). AgNW were deposited on top contact layers by spray coating
under ambient conditions onto the ZnO layer. The AgNW ink was
diluted with isopropanol to a concentration of 0.8 mg/mL and
deposited with a Sonotek ExactaCoat ultrasonic automated spray
system equipped with a 120 kHz ultrasonic nozzle. Typical deposition
conditions were a raster spacing of 3 mm, a speed of 10 mm/s, an ink
injection rate of 0.1 mL/min, an air pressure of 1.6 psi, and a nozzle-
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to-substrate height of 11.5 cm. The thickness of the AGNW layer was
controlled by using either 12, 15, or 18 coating cycles. Eighteen
coating cycles yield a 320 nm film thickness. Control devices were
made using the same PV device fabrication processes on soda-lime
glass instead of PI. For these devices, the glass substrates were cleaned
before depositing the Cr and Au layers by placing them in an
ultrasonic bath of 1:1 vol % acetone:isopropanol for 5 min followed
by S min sonication in DI-H,O and drying with compressed air.
PLO Processing. PLO processing was carried out using a high
instantaneous power photonic lift-off tool (PulseForge Invent (IX2-
95X)) from NovaCentrix, USA. This tool uses a 24 mm-diameter
flash lamp with five lamp drivers capable of emitting broadband light
(200—1100 nm) with an intensity of up to 45 kW/cm® The spectral,
intensity, and temporal distributions of the light emission from the
PLO tool are provided as Figure S1 in the Supporting Information.
The beam is extremely uniform, and the variation is less than 5%
around the edges. The side of the substrate carrying the PV devices
was placed on the processing table with the noncoated side of the
carrier facing the flash lamp, and the working distance between the
noncoated side of the carrier and the flash lamp was 10 mm. A high
intensity light pulse was flashed through the carrier over an interval of
150 ps with an average pulse fluence of 4.55 + 0.04 J/cm?. Thermal
response at the LAL—polyimide interface during PLO was simulated
using the SimPulse software, an interactive photonic pulse thermal
response simulation tool that solves a one-dimensional heat
conduction model. The essential thermophysical properties of the
materials, including optical absorptance, density, thermal conductivity,
and heat capacity, are used. The values used in the computations are
listed in Table 1. A convective heat flux is defined at all boundaries

Table 1. Material Parameters Used in SimPulse Simulation

densit;r) thermal conductivity heat capacity

material (g/cm (W/m-K) (J/kg-°C)
LAL (Ti/W) 19.25 160 134
Eagle XG glass 3.28 1100 12
polyimide (from 1.42 0.15 1089

PI2525)

using a convective heat transfer coefficient of 15 W m™" °K™! as the
sample is typically suspended in air during the PLO process. More
information on the governing equations for this 1-D modeling tool
and its validation can be found in Guillot et al.**>°

Material Characterization. Scanning electron microscopy
(SEM) images were obtained using a Zeiss Supra 40 VP SEM
operated at an 8 keV accelerating voltage. Samples were electrically
grounded to the SEM sample holder with copper tape to prevent
charging. Optical transmittance and reflectance spectra were
measured in a 2 inch integrating sphere (StellarNet Inc., IC2) using
a StellarNet Inc., Blue Wave spectrophotometer with a deuterium-
tungsten light source (Analytical Instrument Systems Inc., DT2000).
Spectra were analyzed using SpectraWiz spectrometer software
(StellarNet Inc.).

PV Device Characterization. Current—voltage characteristics of
the PVs were measured with a Keithley 2400 general purpose source
meter and a Xe lamp equipped with an A M. 1.5 filter. Conductive
silver paint (SPI Supplies) was applied to make contact between the
top contact layer (ITO or AgNW) and the electrical probes.

B RESULTS AND DISCUSSION

Figure 2a illustrates the PLO process. An intense broad band
pulse of light (35 kW/cm?, 150 ps, 200—1100 nm) is provided
to the thin LAL, which consists of 200 nm of W/Ti alloy.31
The LAL converts the incident light pulse into heat and
facilitates lift-off of the device layer. In this study, we used PI as
the substrate material to support the PV devices. The LAL also
prevents direct illumination of the device layer. Figure 2b
shows the photographs of an array of CulnSe, nanocrystal PVs
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Figure 2. (a) Illustration of the PLO process and the material stack.
As shown on the left, PVs are fabricated on a thin layer of PI that has
been deposited on the metal LAL on a rigid glass carrier. As shown on
the right, the light pulse is delivered through the glass side of the
substrate to illuminate the LAL and generate the heat needed to
release the PI film carrying the PV devices. (b) Photographs of an
array of CulnSe, nanocrystal solar cells. The active area of each device
is approximately 0.1 cm”. The image on the left shows the device layer
on the underlying glass support prior to PLO, and on the right, the
ultrathin PI-supported solar cells have been released from the
substrate and are wrapped around a gloved finger.

before and after the PLO process. The lifted-off PVs are still
functional and can be curled, bent, and flexed as shown.

The thermal response of the LAL during the PLO process
was simulated using the SimPulse program using typical lift-off
pulse conditions (35 kW/cm? 150 us) using the optical
transmittance T, and reflectance R, of the LAL-coated glass
carriers shown in Figure 3. The total light absorbed by the
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Figure 3. Optical transmittance and reflectance spectra of an LAL-
coated glass carrier.

LAL-coated glass during the PLO process is determined by
integrating the absorptance A of the LAL over the entire
spectral range. The absorptance A is related to T and Ras A =
100% — T — R. The LAL-coated glass absorbs 55% of the
incident light during the PLO process. Note that the
transmittance of the LAL is near zero, as needed to prevent
light penetration to the devices. Figure 4 shows the
temperature increase at the LAL—PI interface calculated
using a model of a 20 pum film of PI on the LAL-coated
glass substrate using a 150 us light pulse. The temperature at
the LAL—PI interface reaches 855 °C in about 200 us and then
rapidly drops to 350 °C after only 350 wus. Al-Ajaj and
Kareem®” showed by thermal gravimetric analysis (TGA) that
polyimide films begin to vaporize at temperatures between 600
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Figure 4. Temperatures of the LAL—PI interface (blue curve) and PI
interface (orange curve) calculated using the SimPulse program based
on 20 ym of PI on the LAL-coated glass substrate illuminated by a
150 s pulse at 45 kW/cm? in air at 25 °C. (Inset) The temperatures
at the LAL—PI surface (blue curve) and the PI surface (orange curve)
drop below 50 °C within S0 ms.

and 700 °C. The temperature at the LAL—PI interface greatly
exceeds this during the PLO process, resulting in the release of
the PI film and device layer. In this way, PLO is fundamentally
similar to the laser lift-off 3process18_20 but with the advantage
of large-area illumination.”

The rapid response of the transient PLO process ensures
that devices do not experience exceedingly high temperatures.
The model calculations show that the PI surface in contact
with the PV devices does not exceed 200 °C, re-equilibrating
back to room temperature within S0 ms. Significant heat
transfer from the LAL to the PV devices is prevented by the
low thermal conductivity of the PI layer (0.146 W/mK at
room temperature),”* and most of the heat generated at the
LAL is dissipated through the glass carrier substrate due to its
much higher thermal conductivity (1.09 W/m-K at room
temperature). The intervening vapor layer (thermal con-
ductivity of 0.0262 W/m-K at room temperature) that is
created between the PI and LAL during the release of the
device layer (i.e., lift-off) also further reduces heat conduction
to the devices. The optical and thermal protection provided by
the LAL enables the use of a variety of other polymers as well,
including both thermosets and thermoplastics (see the
Supporting Information, Figure S4).

The integrity of the different material layers used in the PV
devices was examined after PLO. Figure Sa shows the SEM
images of a CulnSe, nanocrystal layer deposited on Au-coated

PI before and after PLO. There are no distinct cracks or
changes in morphology. Figure Sb shows the XRD of the
CulnSe, nanocrystal layer before and after PLO. There is no
loss of chalcopyrite crystal structure and no indication that
impurities like CuSe or In,Se; form, which are the typical
byproducts of high temperature degradation of CulnSe,.***
This provides further confirmation that the devices do not
experience high temperatures during PLO. Similar character-
ization of the CdS and ZnO layers also showed that PLO does
not damage these materials (see the Supporting Information,
Figure S5).

Although there was no thermal damage to the devices during
the PLO process, we found that the transparent conductive
oxide (TCO) top contact layer of ITO was too brittle. Figure
6a shows the devices made with ITO top contacts. They have

Highlighted
single device
(active area ~0.1 cm?)

Figure 6. (a) Photographs of devices with ITO top contact cracking
after PLO (top) and devices with AgNW top contact intact after PLO
(bottom). The active area outlined in yellow of each device is around
0.1 cm® (b) SEM images of an ITO top contact (left) before and
(right) after PLO. PLO leads to significant cracking of the ITO layer.
(c) SEM images of the spray-coated AgNW film as the top contact
before PLO (left) and after PLO (right).

obvious problems with cracking and delamination. The SEM
images of the devices after PLO in Figure 6b also reveal
significant cracking of the ITO layer. The PVs made with ITO
top contacts no longer functioned after PLO (see the
Supporting Information Figure S6 for device performance
data). We found that the top contact layers of AgNW resolved
that problem. AgNW layers can be deposited to form films
with optical transparency and electrical conductivity com-

IE —— After PLO

—— Before PLO
I Chalcopyrite CulnSe,
n JCPDS #01-080-0535

Intensity

[
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Figure S. (a) SEM images of a CulnSe, nanocrystal film spray-deposited on PI before PLO (left), showing the typical island-like grain morphology
from spray-coating, and after PLO (right), the morphology was retained without any crack formation. (b) XRD patterns of a CulnSe, nanocrystal
film spray-coated on polyimide before and after PLO. The reference XRD peaks provided as gray drop lines correspond to JCPDS no. 01-080-0535

for chalcopyrite CulnSe,.
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parable to ITO,”” with an added advantage of being able to be
deposited from solution under ambient conditions. As shown
in the bottom photograph in Figure 6A, the AgNW film does
not crack after PLO. The SEM images of a spray-deposited
AgNW film shown in Figure 6¢ also show no signs of crack
formation in the AgNW layer after PLO.

PVs made with AgNW top contacts remain functional after
PLO. The average power conversion efficiency (PCE) of the
devices decreased slightly from 1.8 to 1.6%, as shown in Figure
7a, but the AgNW top contacts solve the problem of top
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Figure 7. (a) Box plot of the PCE of devices fabricated with AgNW
top contacts on polyimide substrates before and after PLO. The box
plot denotes median (center line), mean value (dot), 25th (bottom
edge of the box), 75th (top edge of the box), 95th (upper whisker),
and Sth (lower whisker) percentiles. The sample size in each column
is eight devices. (b) J—V curve of the best device from the sample
group. (c) Performance parameter (V,,, J,, and FF) box plots before
and after PLO.

contact cracking experienced with ITO. Figure 7b shows the
current—voltage response of a device before and after PLO.
Figure 7c shows the device statistics. After PLO, there are no
changes in open-circuit voltage (V,.) and fill factor (FF), but
the short-circuit current (J,.) does decrease slightly. Devices
made on soda-lime glass using the same fabrication process
and then tested at the same time as the devices made on PI
also showed a similar J. drop (Figure S6 in the Supporting
Information). The control devices made on soda-lime glass
were not exposed to intense beam of light from the PulseForge
tool, so we attribute the slight loss of short-circuit current and
decline in performance to material and device aging and not
the PLO process.

The PV device performance was improved by combining
both AgNW and ITO as the top contact layer. The AQNW top
contacts eliminated cracking during PLO, but the AgNW top
contacts yielded devices with slightly reduced performance,
with PCEs of around 2.0% compared to 2.5% when ITO is
used. The spray-deposited AgNW films exhibited optical
absorbance comparable to sputter-deposited ITO and were

even more electrically conductive (sheet resistance of ITO is
~19 Q/sq while AgNW exhibits ~5 €/sq); however, the
electrical contact of the nanowire network with the underlying
ZnO layer is not as good and the higher work function®®”” of
Ag leads to a lower carrier collection efficiency and PCE. To
seek an optimal ratio for flexibility and performance, a series of
combinations of these two materials were implemented for the
solar cell top contact. As Table 2 shows, the different top

Table 2. Coating Conditions and PCE Results of Group 1,
2, and 3 Devices

device no. of AgNW thilcixcl)ess % of devices retaining near
group no.  coating cycles (nm) original PCE after PLO
group 1 12 200 5%

group 2 15 120 33%

group 3 18 N 100%

contact compositions in group 1, group 2, and group 3 devices
were controlled by the thickness of the ITO film and the
number of AgNW spray-coating cycles. With lowering the ITO
film thickness from 200 to 120 nm, and eventually to 50 nm,
the yield of functional devices, which exhibited near original
PCE after PLO, increased from less than 5% to about 33% and
then 100%, respectively. As shown in the after-PLO pictures
(Figure 8a—c), group 1 devices clearly cracked, group 2 still
exhibited minor cracks, while group 3 devices, with 50 nm ITO
and 18 coating cycles of AgNW that correspond to a film
thickness of 320 nm, were all free of morphology damages.
Also, they showed comparable PCE before and after PLO,
similarly with no change in V. or FF but slightly lower ]
values (Figure 8d—f). For every group of devices, a control
sample was made on soda-lime glass under the same conditions
for comparison. The PCE of the control sample for group 3
devices also decreased slightly over time at about the same rate
as the devices processed by PLO due to J,. changes (Figure S8
in the Supporting Information).

Table 3 summarizes the PCE obtained from the devices
made with the three different top contacts of ITO, AgNW, and
ITO with AgNW. The cracking of the ITO top contacts during
lift-off resulted in no working devices after PLO. The solar cells
on PI fabricated with the combination of AgNW and ITO
demonstrated the highest PCE, with a champion PCE of 2.8
and 2.2% before and after PLO. Overall, these results
demonstrate that the PLO process can aid in fabricating
lightweight, ultrathin (<20 pm) solar cells that could be
attractive for space and stratospheric applications. Further, this
process, as demonstrated, also enables monolithic device
fabrication on the top of polymeric films, not requiring
transferring the completed devices to foreign substrates after
lift-off, which is a typical step in other lift-off mechanisms.*~>°

B CONCLUSIONS

Fabrication of ultrathin solar cells less than 20 gm thick using
the PLO process was demonstrated. The PLO process involves
separating thin and flexible, device-carrying polymeric films
from a rigid carrier by irradiating an LAL with high-intensity
pulsed light. The LAL—PI interface reaches 855 °C during the
PLO process, which promotes lift-off of the PI layer. The
devices do not experience these extreme temperatures because
the LAL blocks light penetration to the devices and the heating
generated by the rapid light pulse is quickly dissipated through
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Figure 8. (a) Photograph of group 1 devices showing significant
cracking of ITO after PLO. (b) Photograph of group 2 devices
showing minor cracking after PLO. (c) Photograph of group 3 devices
all free of morphology damages after PLO. (d) PCE statistics box plot
of group 3 devices before and after PLO. The box plot denotes
median (center line), mean value (dot), 25th (bottom edge of the
box), 75th (top edge of the box), 95th (upper whisker), and Sth
(lower whisker) percentiles. The sample size in each column is eight
devices. (e) J—V curve of the best device from group 3. (f)
Performance parameter box plots of group 3 devices before and after
PLO.

Table 3. Summary of Champion PCE for Devices with
Different Top Contact Compositions

top contact champion PCE before PLO  champion PCE after PLO

ITO 2.57% 0
AgNW 1.96% 1.79%
AgNW and ITO 2.84% 2.20%

the glass substrate. SEM and XRD data all confirmed that the
materials in the device layers maintain their integrity during the
PLO process, with no observable changes in morphological or
structural attributes of the solar cells. The only modification
required was a change in the top contact material from ITO to
AgNW or a combination of ITO and AgNW. The typical ITO
top contacts were found to be too brittle and prone to cracking
during the lift-off process to be used effectively with PLO.
With the improvement in mechanical durability of the top
contacts, PV devices could be lifted-off without significant
degradation in PCE. CulnSe, nanocrystal solar cells on the
flexible PI substrate with a champion efficiency of 2.2% were
fabricated using a top contact layer of thin ITO and AgNW.

The PLO process is amenable to the use of other types of
polymer substrates as well. This work exemplifies how
solution-processable materials and processes can be coupled
with PLO to achieve new pathways to fabricate low-cost,
lightweight, and ultrathin electronic and optoelectronic
devices.
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Spectral and intensity distribution of light emission from
a PulseForge lamp and temporal distribution of a typical
light pulse used in the PLO process; photographs of
three different polymer films delaminated from glass
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