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ABSTRACT: Colloidal quantum dot (QD)/graphene nanohybrid heterostructures provide a _ Rigid
promising scheme for quantum sensors as they take advantage of the strong quantum ==
confinement in QDs with enhanced light—matter interaction, spectral tunability, suppressed
phonon scattering, and extraordinary charge mobility in graphene at room temperature. Herein,
we report development of a flexible, nine-channel PbS QD/graphene nanohybrid imaging array
on polyethylene terephthalate using a facile process for device fabrication, signal acquisition, and
processing. The PbS QD/graphene imaging array exhibited high and uniform photoresponse. At
a 1.0 V bias, the highest responsivity was 9.56 X 10°-3.24 X 10> A/W for 400—1000 nm
incident light [ultraviolet—visible—near-infrared (UV—vis—NIR)] with a power of 900 pW. In
addition, the array has a consistent spectral response with bending down to a radius of curvature

Flexible
\ =

Graphene

of a few millimeters. The demonstration of imaging at broadband wavelengths in the UV—vis—
NIR range indicates that QD/graphene nanohybrids provide a viable approach for flexible photodetectors and imagers.
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1. INTRODUCTION

Colloidal quantum dot (QD)/graphene nanohybrid hetero-
structures have recently emerged as a promising scheme for
photodetectors.’ The nanohybrid takes advantage of the strong
quantum confinement in QDs that leads to enhanced light—
matter interaction, spectral tunability, as well as suppressed
phonon scattering,”~* and in graphene, a 2D atomic sheet of
carbon atoms arranged in a hexagonal lattice, quantum
confinement enables extraordinary charge carrier mobility at
room temperature.” ° In the QD/graphene nanohybrid
photodetectors, the optoelectronic process includes three
steps: light absorption by QDs, dissociation of photo-generated
excitons in QDs by the built-in electric field at the QD/
graphene interface, and charge transfer across the interface.
The last step of charge transfer is driven by the built-in electric
field at the QD/graphene interface, with one type of charge
carrier transferred to graphene while the other oppositely
charged carrier is trapped in the QDs. The exciton lifetime is
much enhanced in QDs as compared to that in bulk
semiconductors due to the quantum confinement.'’ The
trapped charge in QDs will generate a so-called photogating
effect on graphene, which alters the electrical conductivity of
the graphene channel as the photoresponse. The QD/
graphene nanohybrids could have a large photoconductive
gain that is proportional to the ratio of the exciton lifetime in
QDs and charge carrier transit time (inversely proportional to
charge carrier mobility in graphene) in the graphene channel.
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Consequently, this high gain yields high photoresponse and
high detectivity (D*)." The absorption spectrum of PbS QDs
covers from ultraviolet and visible to near-infrared (UV—vis—
NIR). This means that PbS QD/graphene nanohybrid
photodetectors have the capability for broadband photo-
detection. D* values of 10" and 10'* Jones have been reported
recently under 532 and 1550 nm incident wavelengths,
respectively, on PbS QD/graphene nanohybrid photodetec-
tors." QDs of many other materials have also been explored in
QD/graphene nanohybrid photodetectors. For example,
CsPbBr;_ I, perovskite QD/graphene photodetector has
achieved a D* of 10'® Jones in the detection range of 400—
700 nm,"' and ZnO QD/graphene vdW heterostructure
photodetectors with a D* of 10" Jones were also reported
for UV detection.'”” Graphene-based devices incorporating
nanorods of PbS have been recently demonstrated to have a
high D* of 10° Jones at a wavelength of 2.7 gW."? Recent
advances in detectors incorporating graphene without QDs,
such as Te-hyperdoped silicon, have shown an impressive D*
of 10° Jones at a wavelength of 1.55 um.'* Use of a silicon
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grating has been recently shown to greatly enhance the
photogating in monolayer graphene, achieving a very high D*
of 10" Jones at a wavelength of 1.55 pm."

Developing photodetectors into an array is critical to
practical applications for imaging. A PbS QD/graphene
nanohybrid photodetector array could achieve broadband
imaging with high sensitivity at room temperature. Koppens et
al. reported a broadband image sensor by integrating a PbS
QD/graphene nanohybrid focal plane array (FPA) with
complementary metal—oxide—semiconductor (CMOS) read-
out-integrated circuits (ROICs) for broadband imaging up to
2000 nm.'® One limitation of the CMOS is that it is difficult to
be achieved on a curved surface which would reduce total
optics and remove the need for aspherical elements, therefore
significantly reducing the cost for imaging.'” Owing to the
flexibility and transferability of QD/graphene nanohybrid
photodetectors, a curved imager could be realized by
fabricating the QD/graphene nanohybrid array on a flexible
substrate. It should be noted that intensive research has been
carried out recently on flexible image sensors and exciting
progress has been obtained.'*~** However, flexible FPAs based
on the QD/graphene heterostructures with compatible ROIC
remain a challenge, despite the advantages of spectral
selectivity through implementation of QDs of different optical
cutoffs that is further tunable by the QD size, the ultrahigh gain
stemming from the strong quantum confinement from both
QD and graphene (hence superior carrier mobility), and the
inherent flexibility and low cost. In fact, the flexible QD/
graphene nanohybrid sensor is suitable for wearable devices,
which can be integrated with technologies such as wireless
readout and battery-free circuitry.”> Designing a PbS QD/
graphene nanohybrid array with a compatible ROIC will be
imperative toward flexible image sensor applications.

In this work, a 3 X 3-pixel PbS QD/graphene nanohybrid
photodetector array (9-channel sensor array) was fabricated on
a flexible substrate of acetone-resistant polyethylene tereph-
thalate (PET) as a proof-of-concept. It should be noted that
PbS QDs have been shown to have a broadband absorption in
UV—vis—NIR or even to short-wave infrared spectra by
increasing the QD dimension.* We show that controlling the
QD/graphene interface is critical to achieve high performance
and pixel uniformity. For broadband imaging in the UV—vis—
NIR spectrum, a low-cost Arduino ROIC was designed and
employed, demonstrating promising applications of flexible
PbS QD/graphene FPAs.

2. EXPERIMENTAL SECTION

2.1. Fabrication of QD/Graphene Nanohybrid Imaging
Sensor Arrays on PET and Si Substrates. Preparation of the
nine-channel PbS QD/graphene nanohybrid imaging sensor arrays
started with cleaning the PET and SiO,/Si substrates by rinsing with
acetone, isopropanol, and reverse osmosis water, respectively,
repeated three times. The SiO,/Si substrate was adopted for
optimization of the sensor fabrication protocol with respect to
responsivity and response speed in UV—vis—NIR spectra. The
substrate cleaning was followed by deposition of Nb (40 nm)/Pd (10
nm) electrodes on the substrates via DC sputtering at 330 W/45 W in
high vacuum (5 X 1077 Torr) with an Ar gas operating pressure of 14
mTorr/30 mTorr. Use of a custom-made shadow mask during
sputtering created the electrode pattern designed for the nine-channel
PbS QD/graphene nanohybrid sensor array. Single-layer graphene
was grown on polycrystalline copper foil of SO ym thickness (Sigma-
Aldrich) using chemical vapor deposition at 1050 °C in mixed H,/
CH, gases. Details can be found in our previous reports.”>*’
Graphene was then wet transferred on top of the substrate with

prefabricated electrodes following the method reported earlier.”**’

Photolithography was carried out to define the graphene channels,
followed with reactive ion etching (RIE) of unwanted graphene in
oxygen plasma in an RF RIE system (Torr International).

PbS QDs were synthesized in an Ar environment using our
previously reported Schlenk line system method.’® A micropipette
was used to transfer ~10 uL of PbS QD suspended in 10 mL of
chloroform and deposited onto the substrate using a SonoPlot
Microplotter Proto ink-jet printer. Printing helps to maintain a
uniform thickness of PbS QDs over all nine devices in a sample as well
as keeping the electrodes clean for wiring after deposition. Each
printing scan deposits a layer of PbS QDs about 10 nm thick.** Due
to different wettabilities of the PET substrates, the thickness of the
PbS QDs on PET is considerably thinner than that on the Si
substrate. In this work, 12 printing scans were used to obtain a PbS
QD layer thickness of about 100 nm on Si substrates. Since the
photoresponsivity and response speed both are determined by the
efficiency of charge transfer across the QD/graphene interface,'”'>
controlling the interface is a critical step for high-performance QD/
graphene photodetectors. For PbS QD/graphene photodetectors, a
ligand-exchange process was developed to establish such a charge
transfer across the QD/graphene interface. Specifically, conductive
short-chain 3-mercaptopropionic acid (MPA) was used to replace the
insulating long-chain ligands of oleylamine (OLA) and oleic acid
(OA) attached on the PbS QD surface from the synthesis solution.’’
It should be noted that the MPA ligands have been shown to passivate
the QD surface against ambient degradation.””*’ Experimentally,
multiple MPA ligand exchanges were applied to obtain optimal QD/
graphene interface. For each MPA ligand exchange, the substrate was
gently dipped in MPA for 1 min to exchange the OLA and OA ligands
attached on the PbS QD surface. The ink-jet printing (four scans) and
ligand exchange were repeated three times to achieve a film of PbS
QDs about 100 nm thick on Si substrates. The ligand-exchange
process helps with surface passivation, QD stability, and charge
transfer. Last, the nine-sample array was wired to a chip carrier with
platinum wire (S0 gm in diameter) using colloidal silver paint on the
substrate side and solder on the chip carrier side.

2.2. Sample Characterization. The optical absorption spectrum
of PbS QDs was collected using a UV-3600 Shimadzu spectrometer.
The crystal structure and morphology of the PbS QDs were
characterized using field-emission transmission electron microscopy
(FETEM) on a FEI Tecnai F20XT system with an accelerating
voltage of 200 kV. Raman spectra of graphene were obtained with a
WiTec Alpha300 confocal micro-Raman system equipped with a
piezoelectric sample stage using a 488 nm excitation laser. PbS QD
film thickness was measured with a KLA Tencor P-16 profiler.

2.3. Arduino-Based ROIC. Simultaneous device characterization
for all nine pixels is possible using an Arduino-based ROIC. A custom
Arduino shield was designed and employed to increase the Arduino’s
functionality. Selecting individual devices for testing is achieved by
use of two multiplexers. Readout is accomplished using a voltage
divider consisting of a programmable resistor (100—S000 Q), to
control sensitivity, and the device under test. The voltage drop across
the variable resistor (the signal) is then partially nulled by a
differential amplifier and a programmable digital-to-analog converter.
The partially nulled signal is amplified by a factor of 2 by the
differential amplifier and can be further amplified by a programmable
gain amplifier up to a total gain of 64. Last, the amplified signal
(voltage drop across the reference resistor) is read by an external
analog-to-digital converter (0—3.3 V with 12 bit precision) and the
raw binary data sent via serial port to a computer. Crosstalk between
devices sharing an electrode is prevented by applying a voltage equal
to the voltage drop across the device under test, via an op-amp voltage
follower, to the other electrode of the device not being measured.
This control of the Arduino and all its programmable elements is
achieved by custom software written in LabView. The process for
reading out the array is illustrated in Figure S3. The Arduino samples
the whole array 130 times every second, fast enough to allow
simultaneous data acquisition for all nine devices. The data being
collected by the Arduino is the voltage across the variable resistor with
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Figure 1. (a—c) Device fabrication process of the nine-channel PbS QD/graphene sensor array. (a) Graphene transfer on substrates with
prefabricated Pd/Nb electrodes; (b) PbS QD coating on graphene channels; and (c) MPA ligand exchange. (d,e) are schematic drawing of the
nine-channel PbS QD/graphene sensor array fabricated on rigid Si and flexible PET substrates, respectively. (f) Schematic description of replacing
long-chain, insulating OLA and OA ligands that encapsulate PbS QDs with short-chain, conductive MPA ligands in order to facilitate charge
transfer from QDs to graphene. (g) Schematic illustration of the structure of a pixel in the nine-channel PbS QDs/graphene sensor array and the
built-in electric field at the PbS QD/graphene interface. (h) Optical setup of the transmission imaging on the nine-channel PbS QD/graphene

photodetector array using Arduino-based readout.

different devices under test. These voltages are then used to calculate
measures of performance, such as responsivity.

2.4. Optoelectronic Characterization on PbS QD/Graphene
Sensor Arrays. The light source used for optoelectronic character-
ization and imaging was a Newport Oriel Apex Monochromator
illuminator which fed into the accompanying Newport Oriel
Cornerstone 130 1/8m Monochromator for wavelength selection in
the spectrum of UV—vis—NIR. The light density was varied using
neutral density filters inserted into the light path after the
monochromator. For imaging characterization, two approaches were
adopted in this work. One was live imaging using all pixels of the nine-
channel PbS QD/graphene FPAs. Considering the limited number of
pixels and hence limited spatial resolution of the nine-channel PbS
QD/graphene FPAs, a scanning stage was used for imaging using a
single pixel on the FPA to allow images to be taken under different
experimental conditions. Converging lenses were employed to focus
the light onto the image location. The position of the object to be
imaged was varied by an XY stage moved by two linear actuators and
controlled by the same LabView program as the Arduino. Data
acquisition during image scanning was continuous with a sampling
rate of 1200 Hz by the ROIC for one pixel of an FPA with up to 16 X
16 pixels. With the best response speed of ~100 to 200 Hz observed
on PbS QD/graphene photodetectors, the ROIC frame rate is
adequate. The linear actuators moved at a maximum speed of 0.2
mm/s and with a horizontal scan length of 2 mm, leading to a step

size of 17 um for the horizontal direction. A total of 80 horizontal
scans were collected, moving upward in the vertical direction after
each horizontal scan to form an image. Scan length in the vertical
direction was 4 mm that makes the step size 50 um in the vertical
direction and a total scan time of 13 min. It should be noted that scan
time is limited by the speed of the linear actuators. The center pixel
was used for the image scans for both Si and PET arrays. The
monochromator was controlled via plain text commands sent over a
serial connection (USB). This allows tying together wavelength
selection, shutter control (light on/off), image movement, and the
Arduino ROIC into a single LabView computer program for a flexible
as well as inexpensive characterization/imaging system.

2.5. Bending Mechanism for Nine-Channel PbS QD/
Graphene Sensor Array on PET Substrate. A sample bending
vise was made to test the performance of the PbS QD/graphene/PET
sensor array at different radii of curvature. The vise was mounted on a
30-pin chip carrier with electrical connection by a platinum wire of 50
pum diameter. The screw, which opens/closes the vise, was rotated
incrementally, and for each bent state, the spectral response was
measured. Bending was increased until the sensor array’s response
started to deteriorate.

2.6. Statistical Analysis. Responsivity, detectivity, rise time, and
fall time were found from the average of three light on/light off cycles
in the dynamic photoresponse measurement. The standard deviation
of these three cycles defines the error bars on all relevant plots and

https://doi.org/10.1021/acsanm.2c03839
ACS Appl. Nano Mater. 2022, 5, 16896—16905


https://pubs.acs.org/doi/10.1021/acsanm.2c03839?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c03839?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c03839?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c03839?fig=fig1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c03839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Nb

w

N

—

Absorption [A.U.]

o

500 1000 1500
Wavelength [nm]

d

Counts

3 35 4 45 5 55
Diameter [nm)]

393CCDats =T tuscends

-
-
-
~—

-1128CCD cts

2000 1900 2000 3000

Figure 2. (a) Optical image of a graphene, or “Gr”, channel on a nine-channel PbS QD/graphene sensor array just prior to QD deposition. (b)
Raman maps of the G-peak (top-left) and 2D-peak (top-right) at the boundary between graphene/Si and Si as well as a Raman spectrum for a
randomly chosen spot on the graphene. The L,,/I; is > 2, which is expected for monolayer graphene. (c) Absorption spectrum of the PbS QDs
showing an absorption peak near 1200 nm. The inset shows a TEM image of the PbS QDs, indicating the size and uniformity of the PbS QDs. (d)
Distribution of the PbS QD diameter size. (e) High-resolution TEM image of a PbS QD. The fringe spacing is about 0.3 nm, which corresponds to
the (200) lattice planes of PbS (d,oy = 0.297 nm, JCPDS card, reference code 03-065-0692).

quantities. The data was used as taken, and no preprocessing was
needed.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the process developed in this work for
fabrication of nine-channel PbS QD/graphene nanohybrid
sensor arrays on PET and Si substrates. Specifically, Figure 1a
shows the layout of the electrodes designed for the nine
graphene channels. The selection of Pd as the metal contact to
graphene is based on the consideration of the match of the
work functions between the two materials, the stability of Pd in
air, and chemicals adopted for wet transfer of graphene on top
of the electrodes. Figure 1b exhibits the nine graphene
channels fabricated using photolithography. The dimension of
the channel is 220 um (L) X 400 um (W). PbS QDs were
deposited on the graphene channel, followed by MPA ligand
exchange, as shown in Figure 1c schematically. The obtained
nine-channel PbS QD/graphene nanohybrid sensor arrays on
Si (rigid) and PET (flexible) substrates are illustrated in Figure
1d,e, respectively. It should be noted that the ligand exchange
plays a critical role in achieving high photoresponse and high
response speed in PbS QD/graphene photodetectors.”’ As
shown in the top panel of Figure 1f, the as-synthesized PbS
QD is typically passivated with long-chain ligands, primarily
OA and OLA, in the synthesis solvent. Since these ligands are
insulating, they form a charge-transfer blocking layer at the PbS
QD/graphene interface, which means no photoresponse may

be achieved. The MPA ligand exchange replaces the insulating
OA and OLA ligands with short-chain, highly conductive MPA
ligands.””** Charge transfer from PbS QD to graphene is
facilitated by the MPA ligands. As shown in Figure 1g, this
charge transfer is driven by the built-in electric field at the PbS
QD/graphene interface due to the band-edge alignment. MPA
ligands can also passivate the surface states on the QD surface
reducing their charge-trapping effect, thus enhancing eflicient
charge transfer across the interface, which is the key to high
responsivity and response speed.'Figure 1h shows a picture of
the optical setup and Arduino ROIC used for characterization
of the obtained nine-channel PbS QD/graphene nanohybrid
sensor arrays.

Figure 2a shows an optical image of one pixel on a nine-
channel PbS QD/graphene sensor array before QD deposition.
To examine the quality of the graphene, Raman spectra were
taken at three spots randomly selected on the graphene
channel and the results are shown in Figure 2b. The two
characteristic graphene peaks correspond to G (at 1585 cm™")
and 2D bands (at 2668 cm™). The G band is associated with
the primary in-plane vibrational mode, and the 2D band is the
second order of the D band (at 1356 cm™") that corresponds
to the Alg breathing mode of the hexagonal rings. The ratio of
the 2D and G band intensities (I,p/Ig, with each intensity
measured from the noise background to the top of the peak) is
~2.8, and the negligible intensity of the D peak indicates that
the graphene is a single layer with a low concentration of

https://doi.org/10.1021/acsanm.2c03839
ACS Appl. Nano Mater. 2022, 5, 16896—16905


https://pubs.acs.org/doi/10.1021/acsanm.2c03839?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c03839?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c03839?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c03839?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c03839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

defects. Raman 2D and G peak maps (insets of Figure 2b)
were taken near the edge of the graphene channel, in which a
clear graphene/SiO, boundary could be observed. Figure 2c
shows the optical absorption spectrum of the PbS QDs with an
absorption peak of 1258 nm. This means that the PbS QD/
graphene nanohybrids would be effective for photodetection in
the broadband of UV—vis—NIR. The inset displays a field-
emission transmission electron microscopy (FETEM) image of
PbS QDs with an approximately spherical morphology. High
crystallinity of the PbS QDs has been confirmed using high-
resolution TEM (HRTEM) as shown in a zoom-in view of a
PbS QD in Figure 2e. The average diameter of 4.18 nm has
been extracted from the histogram of the PbS QD size shown
in Figure 2d. It should be noted that changing the dimension
of the PbS QD would allow tuning of the absorption designed
for photodetection in different spectra, which is a unique
advantage of the QD/graphene nanohybrid photodetectors.
The completed array has a PbS QD film thickness of 250—
350 nm. Figure 3a compares the dynamic photoresponse of a
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Figure 3. (a) Dynamic photoresponse of a selected pixel on a nine-
channel PbS QD/graphene sensor array on the Si substrate at a few
selected times after fabrication. The incident light has a power of 230
nW and a wavelength of 500 nm. The bias voltage across the pixel was
1.0 V. (b) Three light on/off cycles showing the reproducibility as
well as the rise and fall times as defined. (c) Photoresponsivity of the
same nine-channel PbS QD/graphene sensor array vs incident light
power for a few selected wavelengths in the range of 400—1000 nm.
The bias voltage across the pixel was 1.0 V. (d) Detectivity of the
same nine-channel PbS QD/graphene sensor array vs wavelength for
an incident light power of 900 pW and a bias voltage of 1.0 V. The
inset shows normalized responsivity of the same nine-channel PbS
QD/graphene sensor array vs bias voltage for an incident light power
of 900 pW and a wavelength of 500 nm. The data has been
normalized at the 1 V responsivity of 6783 A/W.

single pixel of a nine-channel PbS QD/graphene sensor array
on the Si substrate measured immediately after the array
fabrication was completed (blue) and at 288 h and 538 h
afterward. The three curves coincide approximately on each
other, indicating the PbS QD/graphene sensors have an
excellent stability after the fabrication is completed. The rise
(0—80%) and fall (100—20%) time constants are estimated to
be 0.35 s + 0.08 s and 2.7 s + 0.5 s respectively, as seen in
Figure 3b, for a chopper frequency of 0.033 Hz (1S s light on
and 1S5 s light off). At a chopper frequency of 55 Hz, the rise
and fall times drop to 2.3 ms #+ 0.5 ms and 5.6 ms + 1.0 ms,
respectively, as seen in Figure S2. It should be pointed out that

the asymmetric dynamic response and the tails in both rise and
fall are indicative of residual charge traps on the PbS QD
surface and/or PbS QD/graphene interface.'” The charge traps
are often associated to the QD surface states and the QD/
graphene interface contaminated with various unintended
molecules or chemical agents adsorbed to the interface.”
Much improved response speed and symmetry in dynamic
response through passivation of the QD surface states and
improvement of the QD/graphene interface have been
achieved.'”** This suggests that further improvement of the
response speed of the PbS QD/graphene sensors is possible
through surface and interface engineering.

Photoresponsivity (R*) is an import metric to characterize a
photodetector, which is defined as the ratio of photocurrent to
the power of the light incident on the device

R*=IL_ID
R

Figure 3c exhibits the calculated R* as a function of the
power of incident light at wavelengths of 400—1000 nm in 100
nm increments. All curves show monotonically increasing R*
values with decreasing light power, which is consistent with the
literature due to the more efficient light detection at low power
with reduced nonradiative recombination. [ '] With decreas-
ing wavelengths, the R* value increases monotonically, which
is ascribed to the higher kinetic energy of photo-excited charge
carriers (and hence lower charge recombination) by shorter-
wavelength photons. Nevertheless, high R* values have been
observed in the entire UV—vis—NIR spectrum, as shown in
Figure 3c. At 400 nm wavelength (UV), the R* value is up to
9.56 X 10° A/W + 0.20 X 10° A/W. At 500 nm, it decreases
slightly to 6.78 X 10* A/W + 0.15 X 10° A/W, while at 1000
nm, a high R* value up to 3.24 X 10° A/W + 0.07 X 10° A/W
can be obtained for an incident light power of 900 pW. A
chopper speed of 0.033 Hz was used to measure these R*
values. If a chopper speed of 55 Hz is used, the R* values
would decrease by a factor of ~40. It should be noted that the
responsivity of the R* remains approximately linear across the
dynamic range of 1077 to 10~ W in broadband of 400—1000
nm in Figure 3¢, which is important in practical applications. A
moderate deviation from the linear trend occurs at lower
optical power, which may be further improved through
optimization of the device design. The linear trend of
responsivity at higher optical powers holds for the whole
array, as shown in Figure S5, for an incident wavelength of 550
nm.

The specific detectivity (D*) is a key figure of merit for
photodetectors and can be calculated based on the equation
D*= (A X Af)l/z/NEP,ZO’SS’Bé where A is the detector area in
cm?, and NEP is the noise equivalent power with the units of
W/Hz'"?, which is defined as the minimum optical power
required to obtain a unity signal-to-noise ratio. NEP can be
calculated from equation NEP = I, /R*, where I is the mean
square noise current, which can be obtained from the spectra
density of the noise power, and R* is the photoresponsivity.
The current density noise spectra of the nine-channel PbS
QD/graphene sensor array show that I, monotonically
decreases with increasing frequency, which is enabled by
fitting I, o 1/f in the low-frequency range up to kilohertz
(Figure S1), indicating the 1/f noise dominates the noise
current behavior at low frequencies. The working bandwidth
(Af) is 1 Hz, and the value of I, is found from a fit to the noise
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Figure 4. (a) Responsivity of the nine-channel PbS QD/graphene sensor array on the Si substrate vs wavelength and channel (pixel) for an incident
light power of ~2.5 yW and a bias voltage of 1 V. (b) Normalized responsivity of nine pixels at a wavelength of 500 nm. (c) Diagram of
transmission imaging using a shadow mask with an “X” showing five center channels illuminated and four corner ones in the dark. (d) Normalized
response of nine pixels using the normalization in (b), showing the results of imaging the “X” shadow mask.

spectrum at the chopper frequency used to measure the
photocurrent. Figure 3d shows the corresponding D* for the
PbS QD/graphene photodetector as a function of the
wavelength at an incident light power of 900 pW, and a bias
voltage of 1.0 V. D* is shown to decrease monotonically with
increasing wavelength from 8.8x10'! Jones + 0.19x10"" Jones
at 400 nm to 3.0x10"" Jones + 0.07X10"' Jones at 1000 nm.
This trend is associated with the similar trend of R* as a
function of the wavelength as discussed above. If the chopper
was operated at 55 Hz instead of 0.033 Hz, these D* values
would change very little owing to a factor of ~40 decrease in
the noise at S5 Hz. Figure 3d exhibits the bias voltage
dependence of R*, the linear trend is expected from the
graphene channel in PbS QD/graphene sensors.'’

Figure 4a illustrates the R* measured on all nine pixels in the
nine-channel PbS QD/graphene sensor array on Si in the
wavelength range of 400—1000 nm. All nine channels show
similar trends of wavelength dependence, while the nonun-
iformity of the R* values is primarily associated with the
nonuniformity of QD coating including thickness and
distribution. In addition, other factors such as graphene quality
and PbS QD/graphene interface may affect R* uniformity
from pixel to pixel, which may contribute to the moderate R*
nonuniformity shown in Figure 4a. This means a control of the

16901

graphene growth and transfer; QD deposition and QD/
graphene interface engineering are important to achieving
better R* uniformity from pixel to pixel. At 400 nm, the R*
varies from 7.8—37.4 A/W from pixel to pixel, while a similar
variation range of 6.7—28.0 and 4.3—17.1 A/W can be seen at
500 and 1000 nm, respectively. However, uniform normalized
R* (Figure 4b) can be obtained by normalizing the measured
response to R* value at 500 nm, at an optical power of 1112
nW, for each pixel in the algorithm developed for the Arduino
ROIC. This allows a “machine-learning” treatment of the
images taken with a PbS QD/graphene sensor array with
moderate R* nonuniformity for better quality images. The
imaging functionality of the nine-channel PbS QD/graphene
sensor array was examined by recognizing the optical pattern of
an “X” (Figure 4c) projected onto the array using the S00 nm
illumination. The Arduino ROIC was used to automatically
collect signal from all nine pixels, convert signal from analog to
digital, and transfer that data to the computer. More details can
be found in the Experimental Section and Supporting
Information (Figure S3). Figure 4d shows the imaging result
of the “X” collected on the nine-channel PbS QD/graphene
sensor array. With normalization, fairly uniform R* values were
recorded on the five center pixels as expected. In contrast, the
four corner pixels recorded negligible R* values. A video
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showing imaging of the “X” pattern using the nine-channel PbS
QD/graphene sensor array is included in the Supporting
Information.

In order to image more complicated patterns, a scanning
stage was adopted such that the projected pattern can be
scanned across the array, thus a single pixel can be used to
obtain a higher-resolution image than the nine pixels without
scanning. The scanning system operates by moving the image,
a shadow mask, horizontally across the array. Transmission of
light through the shadow mask projects the image on the array
which appears to move as viewed by the array when the mask
is scanned back and forth. Once the horizontal scan is
complete, the mask is moved slightly in the vertical direction
and another horizontal scan is taken. This procedure is
repeated until the desired number of vertical steps, with a
chosen step size, has been reached. The obtained image can be
improved slightly by imaging with all nine devices and taking
the average (taking into account differences in each device’s
location in the array). Figure Sa shows the setup of the

.

ertlcal
movement

M")

Horpzontal‘ Shacss
> Movement

Mask

Figure 5. (a) Image scanning system showing the shadow mask
location which is scanned horizontally and vertically via linear
actuators to obtain a transmission image on the nine-channel PbS
QD/graphene sensor array mounted at the “Sample” location. (b)
Optical image of the shadow mask that is scanned through the light
beam to create a transmission image on the array. (c—e) Images
obtained by a nine-channel PbS QD/graphene sensor array on the Si
substrate at wavelengths of (c) 400, (d) 500, and (e) 1000 nm.

scanning system. Using this system, images of a shadow mask
(Figure Sb) with a minimum feature dimension of ~ 200 um
have been taken at 400 nm (Figure Sc), S00 nm (Figure 5d),
and 1000 nm (Figure Se). While a higher resolution can be
obtained at smaller wavelengths, the overall image quality at all
three wavelengths is fairly good. Specifically, the minimum
feature size of ~200 um, such as the eyes of the spaceman in
the images, can be clearly seen. It should be noted that the
image quality can be further improved when the optical setup
is optimized.

The flexibility and transferability of QD/graphene nano-
hybrid sensor arrays are extraordinary properties that conven-
tional rigid image sensors do not possess, making them
possible to be integrated into flexible devices such as wearable
devices. To demonstrate this feasibility, Figure 6a shows a
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Figure 6. (a) Nine-channel PbS QD/graphene sensor array on the
PET substrate and mounted on a bending vise. The screw indicated in
the figure is turned to bring the two sides of the vise together to
generate bending. (b) Normalized responsivity of the PET array vs
incident light power for a few selected wavelengths and a bias voltage
of 1 V. (c) Responsivity of the flexible PET array as a function of
incident light wavelength as well as the rigid Si array, both normalized
at 400 nm for comparison. Incident light power was around 120 nW
for this case with a bias voltage of 1 V. (d) Responsivity vs radius of
curvature for the PET array with 500 nm illumination. The light
power for this case was 2.5 yW, and the bias voltage was 1 V. The
inset shows the array under bending conditions and illuminated by
500 nm light.

nine-channel PbS QD/graphene sensor array fabricated on a
PET substrate. Since this is the first report of a flexible focal
plane array based on QD/graphene photodetectors, to our
knowledge, we aim to answer two important questions: (1)
how great is the performance difference between nine-channel
PbS QD/graphene sensor arrays on flexible PET substrates as
compared to their counterparts on rigid Si substrates under the
same device fabrication condition? and (2) what is the impact
of bending-induced strain on the performance of the nine-
channel PbS QD/graphene sensor arrays on flexible PET?
Figure 6b shows the R* versus incident light power measured
in the 400—1000 nm wavelength range on the nine-channel
PbS QD/graphene sensor array on flexible PET. As compared
to the similar measurement on the nine-channel PbS QD/
graphene sensor arrays on the rigid Si substrate (Figure 3c),
the R* shows a similar dependence on the light power
qualitatively, despite overall lower values in the devices on
PET. Keep in mind the nine-channel PbS QD/graphene sensor
arrays on the rigid Si substrate or flexible PET were made using
the same conditions. Therefore, this difference could be
attributed to the smaller PbS QD thickness, 50—70 nm, in the
devices on PET since the rougher surface of PET affects spread
of the PbS QD suspension, resulting in significantly smaller
QD layer thickness. This can be seen quantitatively in Figure
S4, which shows the optimal thickness for responsivity is
around 250—300 nm. This argument is supported by the
approximately similar wavelength dependence of the normal-
ized R*/R*(400 nm) in Figure 6¢. Interestingly, the dynamic
range of the R¥ linearity in the PbS QD/Gr photodetectors on
flexible substrates is similar to that of their counterparts on
rigid substrates.
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A series of bending conditions of the nine-channel PbS QD/
graphene sensor array on flexible PET to different radius of
curvatures were conducted, followed by R* measurement, to
examine the impact of strain from bending on the performance
of the flexible imager. It should be noted that bending would
result in different PbS QD/graphene sensors on the flexible
nine-channel array to have different distances to the light
source during the measurement. However, the light intensity
attenuation in an ambient environment over a distance of §
mm is <1% for a wavelength of 650 nm.”” Furthermore, the
light beam used in this experiment was collimated; the loss of
light due to dispersion is also negligible. Therefore, the effect
of the bending on the light intensity variation across the nine-
channel array is unlikely significant. Figure 6d shows the R* as
a function of the radius of curvature, while the inset exhibits
the array under the bending. At a large radius of curvature
down to ~10.3 mm, no degradation of the R* was observed.
With further reduction of the radius of curvature, a
monotonically decreasing R* is shown. It should be noted
that when the bending was released, the R* returned to its
original value, indicating the pixels were intact during the
bending in the range shown in Figure 6d. In addition, it should
be mentioned that the flexible PbS QD/Gr sensors on PET
exhibited excellent stability of performance with respect to the
bending test exceeding SO bending cycles within the range of
radius of curvature shown in Figure 6d.

Figure 7a—c demonstrates the images taken using the nine-
channel PbS QD/graphene sensor array on flexible PET at

Figure 7. Images taken with a nine-channel PbS QD/graphene
nanohybrid sensor array on PET at wavelengths of (a) 400, (b) 500,
and (c) 1000 nm, respectively.

400, 500, and 1000 nm wavelengths. Again, a comparable
imaging quality is demonstrated at the broadband spectrum of
400—1000 nm. In particular, the 200 ym minimum features,
such as the eyes of the spaceman, have been shown on all three
images. Figure 8 compares the spaceman images taken by the
nine-channel PbS QD/graphene sensor array on flexible PET,
while the array was held flat (Figure 8a) and bent at a radius of
curvature of 5.0 mm (Figure 8b). The comparable image
quality between them illustrates the feasibility of the flexible
PbS QD/graphene sensor arrays operating on curved surfaces.

4. CONCLUSIONS

In summary, this work explores fabrication, characterization,
and integration of flexible PbS QD/graphene nanohybrid
photodetector arrays with a low-cost Arduino ROIC for
imaging. A nine-channel PbS QD/graphene array has been
demonstrated as a prototype on which several key steps have
been developed including the following: (1) fabrication of
graphene channels using photolithography, (2) deposition of
PbS QDs on the graphene channel, followed with ligand

Figure 8. Images taken with a nine-channel PbS QD/graphene
nanohybrid sensor array on PET with the array (a) flat and (b) bent
at a radius of curvature of 5 cm.

exchange for passivation of the PbS QD surface states as well
as establishment of a charge-transfer pathway from QD to
graphene, (3) a testing structure for arrays fabricated on
flexible or rigid substrates, and 4) signal acquisition from the
nine pixels and image processing for display on a computer via
the Arduino ROIC. On the nine-channel PbS QD/graphene
imaging array, high uniformity has been demonstrated in
photoresponse in the broadband spectrum from UV to NIR
with pixel performance comparable to the best on the
individual PbS QD/graphene devices. In addition, a flexible
version was fabricated and shown to have consistent response
down to a radius of curvature of 10.3 mm. Last, imaging at
variable wavelengths and light intensity has been demonstrated
at the speed currently limited by the response speed of the PbS
QD/graphene individual pixels, which can be improved with
optimization of the pixel. Therefore, this result provides a low-
cost, facile scheme for the development of flexible QD/
graphene sensor arrays.
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