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ABSTRACT: Flexible colloidal quantum dot (QD) optoelec-

tronics apply the superior properties of colloidal QDs to flexible RS LI - . .
devices, exhibiting unique advantages in the fields of imagers, solar 0 g 0

cells, displays, wearable sensors, on-skin electronics, robotics, and 3]

bioimaging. Here, we show that colloidal QD photodiodes éo,e-

(QDPDs) with an ultrathin QD absorber layer have record & s

bending stability with 100,000 repetitive bending cycles in QD % < 0.7

devices. The QDPDs obtained a high-quality p—n junction with a 20ns 100,000 cycles

1700 rectification ratio. The formation of a Fabry-Pérot cavity by fs pulse 08 O 2000 20010’ 600’ 3010’ 101"

the layered stack results in a 3.4-fold enhanced light absorption,
while the ultrathin structure ensures a near-unity efficient extraction
(97%) of photogenerated charge carriers from the PbS QD film upon illumination with 1330 nm short-wavelength infrared light.
Finally, upon suppression of the capacitance effect, the response time of this QDPD can be as short as 20 ns, which is the fastest
response for flexible colloidal QDPDs.

KEYWORDS: flexible optoelectronics, bending stability, colloidal quantum dots, photodetector, short-wave infrared

Bending cycles

Bl INTRODUCTION

Thin-film devices based on colloidal quantum dots (QDs)
show unique advantages for flexible optoelectronics, with
applications ranging from flexible imagers, solar cells, or

and introducing polyimide to improve QD passivation and film
morphology have been proposed to improve the bending
stability,”* while flexible electrodes,””* electron transporting
layers (ETL),”**” and active layers**™" have been introduced

displays to wearable sensors, on-skin electronics, robotics, and
bioimaging.' ™ In particular, QD-based devices hold the
promise of being bendable, lightweight, and processable across
multiple length scales, which are all required features for
flexible optoelectronics.*™® Moreover, as an optoelectronic
material, QDs feature easily tunable properties and are suitable
for cost-effective solution-based processing.””~"* Flexible QD-
based devices, however, often suffer from failure, as repeated
bending compromises the device integrity and deteriorates
performance. Bending strain, for example, is known to induce
cracks in thin films, which lead to the degradation of flexible
structures.'®'” Stress relaxation in strained films can lead to
crack formation/propagation,'® or interfacial delamination.
Obviously, such changes in the device structure limit the
durability of flexible QD optoelectronic devices,'”*° especially
when proper operation depends on charge transport through a
QD film or charge transfer at interfaces.'®*' With growing
demands for reliable flexible optoelectronics with stable
performance therefore comes the requirement for bending
stability of the components.

Considerable progress has been made in overcoming issues
with the bending stability for flexible colloidal QD optoelec-
tronics. Adaptations such as enhancing interface adhesion””
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to improve the mechanical properties of thin-film devices.
Quantitatively, the best-reported QD photodetector main-
tained 88% of the initial photocurrent after 12,000 bending
cycles,’ a result that still needs further improvement in view of
the increasing demand of applications that require high
bending stability, such as portable flexible solar cells, displays
and imagers, wearable sensors for sports and medical use.
Interestingly, a number of studies indicate that thinner films
may suffer less from bending-induced damage.”>>* Supported
100 nm-thick Cu films, for example, were found to withstand
100 times as many bending cycles than similarly strained, 3.75
pm-thick films,>> while photodetectors using 20 nm thin
perovskite films did not show damage after 1000 bending
cycles, in contrast to similar devices with 200 or 600 nm-thick
film.*> Such results suggest that reducing the film thickness
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Figure 1. (a) Depiction of the different methods used to fabricate a stack of ultrathin n-PbS and p-PbS QDs, indicating in method 1 the traditional
method and in method 2 the concentration gradient ligand exchanged method. The gray balls mean the colloidal QDs before ligand exchange, the
red balls mean n-type QD ligands exchanged by TBAI, and the blue balls mean p-type QD ligands exchanged by EDT. (b) Element analysis of I/Pb
and S/Pb molar ratio of TBAI-exchanged film and TBAI-exchanged film after soaking in the EDT solution as measured by X-ray fluorescence
(XRF) spectroscopy. (c) Dark current measured with —1 to +1 V applied voltage of the QDPDs consisting of S0 nm n-type and 50 nm p-type QD

films, fabricated via methods 1 and 2.

could also improve bending stability for devices based on thin
QD films.

Here, we demonstrate ultrathin PbS QD photodiodes
(QDPDs) that offer record bending stability while remaining
efficient detectors of infrared light. We combined these
characteristics by counteracting the reduced absorption in a
thin QD film through the formation of a Fabry—Pérot cavity in
the QDPD stack that enhances light absorption by 3.4-fold.
The ultrathin devices have a 50 nm-thick active layer, in which
we implement a p—n junction by gradually shifting the QD
surface treatment from yielding n-type to yielding p-type PbS
QD films, an approach that avoided any in situ change in
doping type during film formation. The resulting QDPDs have
a pronounced +1/—1 V rectification ratio of 1700, a carrier-
extraction efficiency of 97%, and a record response time of 20
ns. The idea that thinner films suffer less from bending-
induced damage is confirmed by experimental observations
showing crack formation in QDPDs with thicker QD films but
not in thinner films. In line with this observation, such QDPDs
show no signs of breakdown after 100,000 repetitive bending
cycles. These results indicate that designing QDPDs with an
ultrathin active layer is a viable path toward realizing the
combination of super bending stability and high performance
for flexible colloidal QD photodetectors.

B RESULTS AND DISCUSSION

In this work, we fabricated QDPDs with thin absorber layers
by sandwiching a film of n-type PbS QDs with a band gap
absorption at 1330 nm between n-ZnO and a film of p-type
PbS QDs with a band gap absorption at 950 nm. Details on the
QD synthesis and an overview of QD characteristics can be
found in Supporting Information S1. As outlined in Supporting
Information S2, we fabricated QDPDs using these QDs by
means of repetitive spin coating and solid-state ligand
exchange. First, a flexible substrate (PET/ITO) was stuck on
a glass support with a double-sided tape, after which we formed
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an electron transfer layer (ETL) by spin coating a layer of ZnO
nanocrystals on the ITO-coated PET. Next, we spun a film of
oleate-capped QDs and extracted the oleate ligands by
dropping a solution of tetrabutylammonium iodide (TBAI)
on top of the QD film, a known procedure to form an n-PbS
QD film.*® An additional layer of p-PbS QDs was formed in a
similar way using a solution of ethanedithiol (EDT) for
extracting the oleate ligands.*

In line with a previous work,"® we first integrated ultrathin
diode stacks through the sequential deposition of a 50 nm n-
type and a 50 nm p-type PbS QD layer in a flexible system, as
schematically depicted in Figure la (method 1 on the flexible
PET/ITO/ZnO substrate). However, the resulting stacks
exhibited a substantial dark current of 2.18 mA/cm” at —1 V
reverse bias and a rectification ratio of only 3.81 at +1/—1V
bias. In agreement with recent literature on QDPDs with
ultrathin absorber layers,'”*” elemental analysis throughout the
stack formation indicated that the EDT exposure reduced the
amount of iodide in the PbS film (see Figure 1b). This
outcome indicates that the abrupt transition from TBAI to
EDT prevents the formation of a p—n junction in the PbS QD
film, which probably accounts for the inferior current/voltage
characteristics. To preserve the integrity of the p—n junction in
the PbS QD film, we reduced the thickness of each deposited
PbS QD film while gradually increasing the concentration of
the EDT bath during the transition from TBAI to EDT
exposure (see Figure la, method 2).

Supporting Information S3 provides results from field-effect
(FET) transistor and UV photoelectron spectroscopy (UPS)
measurements on a PbS QD film subjected to TBAI ligand
exchange before and after soaking with EDT. As can be seen,
TBAI treatment results in an n-PbS QD film with relatively
deep CB and VB band edges and a Fermi level close to the CB
edge. Moreover, EDT soaking turns this n-PbS QD film into a
p-PbS film, as attested by the different FET characteristics and
the upward shift of the energy levels by 0.5 eV. A similar
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Figure 2. (a) Diagram and SEM image outlining the cross-section structure of the QDPD stack. (b) Optical photograph of the device under
bending conditions, where the contact pads have a diameter of 1.5 mm. (c) J—V curve in the dark and under illumination with a 1050 nm LED. (d)
Wavelength-dependent EQE of the QDPD stack, highlighting the maximum value recorded at 1330 nm. (e) Wavelength-dependent detectivity at
—1 V bias. (f) Response time measurement with a variable contact pad diameter after illumination by a 100 fs, 1030 nm laser pulse.
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Figure 3. Absorptance enhancement and carrier extraction efficiency in photodetectors. (a) Schematic diagram of the Fabry—Pérot cavity formed
by the layered stack of a QDPD. (b) Simulation of the absorptance at the exciton peak (1330 nm) as a function of the PbS layer thicknesses, either
within a QDPD or on PET. As can be seen, a 50 nm-thick film exhibits a 3.4-fold enhanced absorptance. (c) Variation of the carrier extraction

efficiency as a function of the active layer thickness.

exposure to a lower concentration EDT solution, however,
only leads to a 0.1 eV shift of the band edges and mostly
preserves the n-type character of the initial film. This surface
change is gradual and concentration-dependent based on the
dark current with different concentrations of EDT measured in
Supporting Information S4. As demonstrated in Figure lc, our
approach significantly enhanced the performance character-
istics of the QDPD on the PET substrate, probably because the
densification of the PbS QDs suppresses the leaching of iodide
upon transitioning to more concentrated EDT baths.
Following the deposition of a gold top contact, this flexible
QDPD exhibited a dark current of 4.84 yA/cm?® at —1 V
reverse bias and a +1/—1 V rectification ratio of 1704.
Figure 2a provides a schematic representation of the QDPD
stacks fabricated by using this gradual junction-formation
method, where the resulting PbS QD film is sandwiched
between a PET/ITO/ZnO electrode serving as the n-type
contact and a gold electrode acting as the p-type contact.
Elaborate details regarding the fabrication process are provided
in the Methods section. The scanning electron microscopy
(SEM) cross-section of a representative device stack displayed
in Figure 2a confirms that this approach yields the intended
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stack where the total n-PbS/p-PbS QD film has a thickness of
100 nm. Additionally, an optical photograph of the devices
with a 1.5 mm diameter under bending conditions is depicted
in Figure 2b. Figure 2c illustrates the current—voltage
characteristics of a QDPD featuring a 50 nm-thick photoactive
layer—as determined by the n-type layer of PbS QDs—in the
dark and illuminated with 1030 nm light having a power
density of 14.3 mW/cm® Notably, the dark current density of
the ultrathin device is as low as 107° A/cm? while the
photocurrent is nearly voltage-independent at —1 V bias.
Moreover, as shown in Figure 2d, scanning the excitation
wavelength yields a maximum external quantum efficiency
(EQE) of 27% at approximately 1330 nm, a wavelength
corresponding to the band gap transition of the n-PbS QDs.
From noise current measurements, we calculated a maximum
detectivity (D*) of 2.1 X 10" cm Hz®® W' at 1330 nm (see
Figures 2e and Supporting Information S$S for further details).
Finally, Figure 2f presents the response time—defined as the
time needed for the photocurrent to drop from 90 to 10% of
the initial level—of a series of QDPDs that have contact pads
of different diameters, upon illumination with a 100 fs laser
pulse at a bias voltage of 0 V. The corresponding current
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transients are provided in Supporting Information S6.
Interestingly, upon reducing the contact pad diameter to 50
um to suppress the capacitance effect, a response time of only
20 ns is obtained, which is the shortest reported for flexible
colloidal QD photodetectors.”**’

As a rule of thumb, thinner absorber layers absorb less light,
thereby reducing the quantum efliciency and detectivity of
QDPDs using ultrathin absorber layers. Constructing meta-
structures or plasmonic resonances can enhance light
absorption by a QD film in a tunable spectral range.*”*!
Such approaches may, however, negatively impact the
integration of the active and transport layers while also adding
complexity and cost to the fabrication process. As illustrated in
Figure 3a, the QDPDs presented in this study address this
issue through the formation of a Fabry—Pérot cavity within the
QDPD stack. As outlined in Supporting Information S7, the
interference within the layered QDPD stack between incident
light and light reflected by the gold surface can enhance the
optical field in parts of the QDPD stack, most notably the n-
PbS photoactive film, which enhances the light absorption by
the device. Based on optical simulations, we estimate that the
light absorption by a 50 nm QD layer at 1330 nm can increase
in this way from 8.0% for a film on ITO/PET to 27.4% for the
same film within the QDPD, i.e., a 3.4-fold enhancement (see
Figure 3b). We confirmed this estimate experimentally by
reflection measurements, where we subtracted the reflection of

the QDPD stack from that of the Au/ITO substrate, which
yielded a comparable absorbance at 1330 nm of 27.7% (see
Supporting Information S8). Interestingly, this absorption is
nearly identical to the EQE of the QDPDs, which highlights
the near-unity charge-carrier extraction—estimated for the
given EQE at 97%—from the photoactive layer. As shown in
Figure 3c, the extraction efficiency is closely related to the
active layer thickness, reducing from 97% for a S0 nm-thick n-
PbS layer to 79% for a 400 nm-thick layer. Probably, the longer
transport time for charge carriers in thicker QD films enhances
the charge carrier loss through trapping and recombination.
Figure 4 summarizes the results of a bending durability
analysis of QDPDs with an ultrathin, 50 nm n-PbS absorber
layer and similar devices with 200 and 400 nm thick n-PbS
layers for comparison. We will refer to these devices as QDPD-
50, QDPD-200, and QDPD-400, respectively. In the first
experiment, we measured the dark and photocurrent of a
QDPD-50 after different bending cycles under a 7-mm
bending radius. As shown in Figure 4a, the J—V curves of
such a QDPD remained unchanged after 10° bending cycles.
Obviously, this result leads to a constant dark and photo-
current measured at —1 V, which concurs with QDPD-50
featuring a constant EQE throughout the bending cycles (see
Figure 4b,c). This result contrasts starkly with those of QDPD-
200 and QDPD-400, for which the EQE drops to 81 and 69%
after 10° bending cycles, respectively. It thus appears that
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QDPDs with a thinner active layer better withstand
degradation due to repetitive bending, for which a constant
EQE during 10° cycles sets a new benchmark in flexible
colloidal QD optoelectronics.

To further understand the origin of the performance loss in
the case of QDPD-200 and QDPD-400, we analyzed the
device surfaces after bending using SEM. As can be seen in
Figure 4d—f, cracks emerge after repetitive bending in QDPD-
200 and QDPD-400, but not in QDPD-50. In Supporting
Information S9, we show cross-section SEM images (Support-
ing Information S9) of the QDPDs with thin (50 nm) and
thick (400 nm) active layer devices taken near the edges of a
crack, which indicate that cracking comes with delamination in
the thick device. Given the stark difference between the
thickness of the PET substrate (0.18 mm) and the QDPD
stacks—regardless of the n-PbS film thickness, this difference
in bending stability is probably not related to a different strain
induced in the QD film upon bending. Moreover, computa-
tional studies indicate that densely packed QD films with short
inorganic ligands may withstand a strain of more than 10%
before yielding,** which is well below the strain attained in the
bending cycles used here. Therefore, the bending-induced
damage in thicker films could reflect the thickness-dependent
mechanical properties of QD films. Such a link between
thickness-dependent mechanical properties and differences in
microstructure has been made for Cu films.”* Interestingly,
depending on the film thickness, deposited nanoparticle films
are expected to crack upon drying, with critical thicknesses in
the range of SO nm."” As a result, QD films that are a few tens
of nanometers in thickness may have better elastic properties
and withstand higher strain before fracture.

In Figure 4gh, we display the results of additional tests on
QDPD-50, where we changed the bending angle from 0 to
180° in steps of 30°. As can be seen, additional bending has no
impact on the overall J—V curves or on the EQE until a 120°
bending angle (Supporting Information S10). Figure 4i and
Supporting Information S11 compare the preserved EQE vs
bending cycles obtained here on QDPD-50 with literature
reports on flexible optoelectronic QD devices.””*>*"**7*¢ As
can be seen, retaining almost 100% of the initial EQE after
100,000 bending cycles—brought about by reducing the
thickness of the photoactive layer and thus minimizing strain—
is a unique result that sets a new reference for flexible QD
optoelectronics.

B CONCLUSION

In summary, we demonstrate flexible colloidal QD photo-
detectors that withstand at least 100,000 bending cycles while
featuring a near-unity carrier extraction efficiency of 97%.
These characteristics are obtained by implementing a QD
design based on an ultrathin absorber layer. The resulting
photodiodes attain a +1/—1 V rectification ratio of 1700 and
exhibit an EQE of 27%. This high EQE results from the
formation of a Fabry—Pérot cavity within the QDPDs, which
enhances light absorption by 3.4-fold. Moreover, by reducing
the size of the contact pads to inhibit capacitance effects, these
ultrathin, flexible QDPDs exhibit response times as short as 20
ns. We suggest that the exceptional bending stability of these
QDPDs reflects the better mechanical properties of thin versus
thick QD films, possibly because thick films are more prone to
cracking upon drying. Further improving the bending perform-
ance of the device in the application, introducing an additional
layer, such as encapsulation, could potentially reduce the strain

experienced by the QD layers, possibly improving their
stretchability and durability. This work expands the potential
applications of flexible colloidal QD optoelectronic devices in
the fields of displays, wearable sensors, on-skin electronics,
robotics, and so on.

B METHODS

Colloidal QD Synthesis. PbS quantum dots absorbing at 950 and
1330 nm were synthesized using lead oleate and N,N’-disubstituted
thioureas as precursors.”’ Details on the QD synthesis and an
overview of QD characteristics can be found in Supporting
Information S1.

Preparation of ZnO Film. ZnO nanocrystals (NCs) were
synthesized following a standard method as described in the article.**
ZnO NCs were dispersed in a solution of 2% butylamine in
chloroform at a concentration of 40 mg mL™". The ZnO NCs solution
was filtered through a filter (0.45 ym) and stored in the refrigerator
for future use.

Fabrication of the Flexible QD Photodiode. Before
fabrication, the PET/ITO substrates were ultrasonically cleaned
with acetone, ethanol, and deionized water; stuck on the glass with a
double-sided tape; and then treated with O, plasma. ZnO NCs in
chloroform (40 mg mL™") were spun on top of the substrate with a
spin speed of 2500 rpm for 1 min, annealed at 80° for 30 min, and
then also treated with O, plasma. The PbS QD solution was then
deposited on the ZnO layer via the layer-by-layer method: for each
layer, 40 uL of the QD solution was dropped and spun at 2500 rpm
for 30 s. Oleate-capped QDs are electrically insulating, and the ligands
must be replaced by shorter ligands. For the PbS-TBAI layer, TBAI
solution (10 mg mL™" in methanol) was applied to the substrate for
30 s and spun at 2500 rpm for 10 s, followed by two-time acetonitrile
rinsing. For the optimized concentration gradient ligand exchange
method for the EDT-exchanged PbS layer, the first layer was used
with 25 mg/mL QDs and EDT solution (0.005 vol % in acetonitrile),
the second layer was used with 25 mg/mL QDs and EDT solution
(0.01 vol % in acetonitrile), and the third layer was used with 50 mg/
mL QDs and EDT solution (0.02 vol % in acetonitrile). Finally, Au
(80 nm) was thermally evaporated on the PbS film, and then the
device was stripped from the glass.

Device Characterizations. ]—V measurements were taken using
a sourcemeter (Keithley 2400) under a N, atmosphere. The temporal
response of each photodetector was evaluated by measuring the
transient photocurrent (TPC) recorded with a 1-GHz oscilloscope
(DSO8104A Infinium, Agilent), while a 150 fs pulsed laser
(PHAROS, Light Conversion) with a 200-kHz repetition rate
illuminated each individual photodetector pixel. All reported TPC
experiments were done using 1030 nm excitation without external
bias across the device. The I-V curve, detectivity, EQE, and carrier
extraction efficiency were measured at 1.5 mm diameter devices. The
noise spectrum is measured by the preamplifier and oscilloscope. The
signal has been amplified by 10° V/A by a preamplifier and is
measured by the oscilloscope under FFT mode. UPS measurements
were conducted by using a Physical Electronics PHI 5000 Versa
Probe instrument with a monochromatic 21.2 eV (He I) photon
beam. XRF was measured using a Rigaku CG Energy Dispersive X-ray
Fluorescence specimen. Scanning electron microscopy (SEM) images
were obtained with a Hitachi S-5200 microscope. The optical
absorption measurements under reflection mode were performed with
a PerkinElmer Lambda 950 UV—vis—NIR spectrophotometer
(Supporting Information S12). Bending durability and bending
angles were measured using a homemade measurement system
(Supporting Information S13 and S14). The optical and electrical
field distributions in the photodetector simulation using the transfer
matrix method (Lumerical STACK optical solver) and the parameter
settings for the simulation of the QDPDs are listed in Supporting
Information S15.
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