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Pixel Geometry Effect on PbS Quantum Dot/Graphene
Nanohybrid Broadband Photodetectors

Andrew Shultz,* Bo Liu, Maogang Gong, Francisco C. Robles Hernandez, and Judy Wu*

1. Introduction

Photodetectors based on colloidal quantum dots (QD)/graphene nanohybrids

are quantum sensors due to strong quantum confinement in both QD and
graphene. The optoelectronic properties of QD/graphene nanohybrids are
affected by the quantum physics that predicts a high photoconductive gain
and hence photoresponsivity (R“) depending on the pixel length (L) as
R*«L~2. Experimental confirmation of the effect of the pixel geometric
parameters on the optoelectronic properties of the QD/graphene
photodetector is therefore important to elucidate the underlying quantum
physics. Motivated by this, an array of PbS QDs/graphene nanohybrid
photodetectors are designed with variable QD/graphene pixel length L and
width (W) in the range of 10-150 um for a study of R", noise, and specific
detectivity (D”) in a broad spectrum of 400-1500 nm. Intriguingly, R* exhibits
a monotonic decreasing trend of 1/L? while being independent of W,
confirming experimentally the theoretical prediction. Interestingly, this
geometric effect on the photoresponsivity seems to be partially compensated
by that in noise, leading to D* independent of L and W at wavelengths in the
ultraviolet-visible-near infrared range. This result sheds light on the quantum
physics underlying the optoelectronic process in QD/graphene nanohybrids,
which is important to the design of high-quality QD/graphene photodetectors

and imaging systems.
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Recent progress in optoelectronic devices
utilizing the quantum dots (QD)/graphene
nanohybrid heterostructure have been
able to achieve high-efficiency solar cells!!!
as well as high-performance broadband
photodetectors,?! both have shown promis-
ing performance due to the recent progress
made in fabrication, characterization and
applications of nanohybrids.?'2l  The
QD/graphene nanohybrids can be readily
incorporated into flexible media such as
polyethylene terephthalatel™®! and even
cotton.l Interest in these nanohybrids
has been growing for a decade since the
first report on this architecture, using
PbS QDs, achieved a D* of 7x1013 Jones
for illumination by a 600 nm laser with
a gate voltage of —20 V.'I Recent work
by Grotevent et al found that D* can be
improved by an order of magnitude by
cooling a PbS QD/graphene device to >
1010 Jones at 1280 nm wavelength from
room temperature to 80 K.I'°/ Advance-
ments in PbS QD synthesis techniques
have achieved QDs as large as 15.3 nm
with an absorption peak at 2460 nm and by use of a vertical
diode structure reached a D" 0of 1010 and 1011 Jones for 1500 and
2100 nm illumination, respectively.'”] This architecture remains
very promising for next-generation optoelectronics.

The QD/graphene nanohybrid is a quantum device due to the
strong quantum confinement in both QDs and graphene. The
spectral tunability by QD size is a result of the quantum confine-
ment in the QDs that also leads to suppressed phonon scatter-
ing and enhanced light-matter interactions.'®2! For example,
the absorption cutoff or bandgap of PbS QDs can be tuned by
the QD size ranging from near-infrared to shortwave infrared,
which can be tuned by varying the size of the QDs. The exciton
(electron-hole pair) is generated when the incident light is ab-
sorbed by QDs in which a higher binding energy of up to a few
hundreds of milli-eVs is expected from the strong quantum con-
finement, approximately an order of magnitude higher than in
the conventional semiconductor bulks and films. This results in
a larger exciton lifetime (z,) or reduced charge recombination.!??]
Graphene, a 2D single atomic sheet of carbons atoms arranged
in a hexagonal lattice, also exhibits quantum confinement at the
2D limit resulting in so-called Dirac fermions with Fermi veloc-
ity of 1/300 of light speed and hence high carrier mobility (u)
for massless fermions (both electrons and holes).”-2-2¢] Stacking
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QDs on graphene creates a van der Waals interface with a built-in
electric field due to the band edge alignment that promotes the
separation of excitons to free charges in the photosensitive QD
layer, followed by the transfer of one kind of charge from QD to
graphene.[”’-2% The photoresponse is the change in resistance of
the graphene channel arising from the photogating by the other
kind of the charge trapped in the QD. The high photoresponse
of these QD/graphene devices is attributed to a large photocon-
ductive gain (G) emerging from the long exciton lifetime z_ (due
to quantum confinement in the QDs) and a short charge tran-
sit time (z,) between the source and drain electrodes (due to the
high carrier mobility of graphene). During 7, before charge re-
combination occurs, the transferred charge could make multiple
trips between the source and drain electrodes during 7, defined

as 1, = VL—Z# ,where Lis the QD/graphene pixel channel length, u

is the carrier mobility, and V, is the applied bias voltage between
source and drain. Therefore, the QD/graphene nanohybrids are
expected to have a large G that is proportional to 7, /7, due to the
high 7, in QDs and low 7, in graphene (high u).

Quantitatively, G is directly affected by the pixel geometric
parameters of the QD/graphene photodetectors. For example, a
1/I* dependence can be directly derived from the definition of
the gain, which means the photoresponsivity (R*) that is linearly
proportional to G would increase with decreasing L through a
relationship of R*«1/L?. Experimental confirmation of this geo-
metric effect is important but has not been done to our knowl-
edge. In addition, the figure of merit-specific detectivity (D) is

defined as D* = R*Iﬂf

pixel geometric paramNeters, specifically L and the channel width
(W), would affect the noise current density (Sy), from which the
noise current (I) is found, and ultimately the D*. Answering
this question is important not only to understanding the quan-
tum physics underlying the QD/graphene optoelectronic process
but also to the design of QD/graphene nanohybrids photodetec-
tors and imaging arrays for practical applications. Motivated by
this, a PbS QDs/graphene nanohybrid photodetector array was
designed with a variable pixel dimension of L and W in the range
of 10-150 um. Evaluation of R, noise, and D" was carried out in
a broadband spectrum of ultraviolet-visible-near and shortwave
infrared (UV-vis—-NIR-SWIR). It has been found that R* indeed
follows a 1/L? trend as expected theoretically while being inde-
pendent of W. Furthermore, the noise in QD/graphene nanohy-
brids is dominated by the 1/f noise from the graphene channel
and exhibits a geometric effect. Interestingly, the D seems to be
independent of L and W at variable wavelengths in the UV-vis—
NIR-SWIR spectrum at room temperature.

, which raises a question on how the

2. Results and Discussion

In order to determine the quality and size of the synthesized PbS
QDs high-resolution TEM (HETEM) was employed as seen in
Figure 1a. A simulated Fast Fourier Transform (FFT) is presented
in Figure 1b along with the projection of the crystal structure
based on the Crystallographic Information File (CIF) for PbS,
which demonstrates a good match between the experimental re-
sults and the theoretical simulated projections. The statistical
analysis of the PbS QD diameter using various magnifications
on the TEM images shows that the average diameter of the PbS
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QDs is ~ 8.4 nm (Figure 1c). However, it is important to note that
the QD size has a broad distribution in the range of 2-20 nm with
~60% of the PbS QDs having sizes between 2 and 6 nm. This in-
dicates a broad bandgap as it is affected directly by the QD size.
In addition, the small QD size range of 2-20 nm is also impor-
tant for the suspension of PbS QDs as well as for uniformity of
the PbS QD/graphene device performance.>*! Figure 1d shows
the simulated PbS lattice based on the CIF file confirming that
QDs have a halite crystal structure as anticipated for PbS.

Figure 2a presents the optical absorption spectrum of the syn-
thesized PbS QDs, with a resonance peak at 1430 nm. Despite a
minor cutoff shoulder at the wavelength of ~1780 nm, a broad-
band absorption of the PbS QDs is exhibited for detecting inci-
dent light from UV to SWIR wavelengths. Figure 2b exhibits the
Raman spectra taken on a representative graphene sample em-
ployed for the PbS QD/graphene nanohybrid with the two char-
acteristic graphene bands, the G band at 1610 cm™~! and 2D band
at 2740 cm™! as indicated. The G band arises from the 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
(measured from the background to the top of the peak) is an indi-
cation of the layer count of the graphene.’'-33] Generally, a 2D/G
band intensity ratio below 1 is considered few-layer graphene,
between 1 and 1.4 is bilayer graphene, and higher for monolayer
graphene. Figure 2c,d display a Raman map and the correspond-
ing histogram of the 2D/G ratio, respectively, as well as an inset
of the D/G ratio. From the 2D/G and D/G band intensity ratio
distributions, we obtained the means and standard deviations of
1.47 + 0.4 and 0.32 + 0.13, respectively. It can be concluded the
graphene is mostly monolayer with minor amounts of bilayer or
few-layer, likely at the interconnects between graphene grains or
folding of graphene from the transfer process. The concentration
of defects in the crystal lattice is low as indicated by the low D/G
band intensity ratio.**! Thus the graphene is of suitable quality
and uniformity for an array of devices to study the geometric ef-
fect on PbS QD/graphene optoelectronic properties.

Figure 3a illustrates schematically the PbS QD/graphene
nanohybrid and the built-in electric field (E) associated to the
band-edge alignment at the QD/graphene interface (Figure 3b).
It should be noted that the as-grown CVD graphene is typically p-
doped due to the presence of growth defects and the adsorption
of polar molecules from the ambient air and processing chem-
icals as reported previously.®> This explains the down-shift of
the fermi level in graphene below the Dirac point, which makes
hole transfer from PbS QD to graphene more favorable as shown
in Figure 3b. Under incident light, the PbS QDs are expected to
absorb the photons of energy exceeding the optical cutoff of the
QDs. The excitons could dissociate into free electrons and holes
with the assistance of the QD/graphene interface built-in electric
field which can in turn drive the hole transfer from PbS QD to
graphene as shown in Figure 3c. Within . before charge recom-
bination occurs, the electrons will be trapped inside the PbS QD
while the transferred holes are making multiple trips between
source and drain electrodes under the applied V,; as illustrated
in Figure 3d. The 7, during each trip is defined as:

LZ
n=— M
KV
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Figure 1. a) HETEM image of the PbS QDs. b) The corresponding FFT images of PbS QDs. c) The statistics of diameters of the PbS QDs. d) simulated

PbS lattice based on the CIF file for PbS nanocrystals.

Dependence of z, on L arises from the drift velocity, v = £

in con]unctlon with the distance-velocity relationship in regard
to time, 7, = = . It should be noted that V,; needs to be consistent
for all dev1ces to observe the expected L dependence. The photo-
conductive gain of the QD/graphene nanohybrids is defined as
the ratio of exciton lifetime to the carrier transit time:
TC

G = 2)

Ty

Therefore, a large Gain exceeding 1010 could be obtained due
to a large 7, and a small 7, enabled by the quantum confine-
ment in the QDs and graphene, respectively. Furthermore, since
charge transfer is a critical step in the optoelectronic process
in the QD/graphene nanohybrids, the charge transfer blocking
layer, such as the long-chain, insulating OLA ligands attached to
the PbS QDs from the synthesis solution (Figure 3e) must be re-
placed with conductive MPA ligands (Figure 3f).

To investigate the pixel geometric effect, a 5X5 array of overall
dimensions of 11x11 mm? (Figure 4a) was designed with vari-
able pixel dimensions. Specifically, five L values of 10, 30, 50,
70, and 90 pm and five W values of 20, 40, 70, 100, and 150 pm
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were selected as shown in Figure 4b. It should be noted that the
pixel dimension range was selected primarily considering it is
commonly used for practical applications, making it important
to probe the effect of pixel dimension on the device performance.
A zoom-in view of the pixel of IxW = 90x150 um is shown in
Figure 4c. The overall length of the graphene strips is 220 ym,
the contact area between graphene and the metal electrodes is
19500 um?2 for the case shown in Figure 4c. Figure 4d,e displays
images of the 25 graphene channels (still covered with photore-
sist) and the fabricated 5X5 arrays of PbS QD/graphene nanohy-
brids. The substrate is electrically isolated (floating, no gate) and
the doping on each graphene channel is primarily from polar air
molecules adsorbed on the surface of graphene.?*%’] These po-
lar molecules could be reduced/removed using a light-assisted
vacuum annealing technique for an extended period, as shown
in Figure S5 (Supporting Information), resulting in a shift of
the Dirac point toward Vg = 0 as the p-doping by the polar air
molecules is reduced. It should be noted that the 25 graphene
channels investigated in this work are within a small area of
1x1 mm? at the center of the sample. This means the differ-
ence in p-doping by the polar air molecules is unlikely to differ
largely from device to device. In addition, the moderate variance
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Figure 2. a) Optical absorption spectrum of the PbS QDs used in this study, with an absorption peak at 1.43 um and cutoff wavelength at #1.78 um.
b) Representative Raman spectrum was taken on the graphene used for device fabrication. ¢,d) Map and histogram, respectively, of the Raman 2D/G
peak ratio showing the graphene to be mostly monolayer with patches of bilayer (likely interconnects between monolayer grains). The inset displays the

Raman D/G peak ratio histogram.

in conductance of the graphene channel from device to device is
expected to have minor deviation if highly uniform graphene is
used and great care is taken during the transfer process to mini-
mize damage to the graphene. The range of L and W is suitable
for discerning the trend of the figures of merit as a function of
channel geometry given small variations in the graphene quality
and conductance.

R is defined as the ratio of photocurrent (current with illumi-
nation, I}, minus the current in the dark, I}) to the power of the
light incident (P,) on the device (with # being the quantum effi-
ciency, e the electron charge, and G the photoconductive gain):18!

I, -1
RfF=_L D _ 7 3)
Py Py

Thus R" is expected to vary with channel length as 2, from
G, while remaining independent of the channel width based on
Equations (1)-(3). The measured R* (V,; = 0.5 V) as a function of
W and L for the 5%5 varied geometry array is shown under three
different incident light wavelengths of 400 nm (Figure 5a,b),
1000 nm (Figure 5c,d) and 1500 nm (Figure 5e,f), respectively. At
all three wavelengths selected from the UV-vis-NIR-SWIR spec-
tra, the R* exhibits negligible trends of W dependence as shown
in Figure 5a,c.e. In contrast, a monotonic decreasing trend with
increasing L is clearly visible, which can be fitted with 1/L? (dot-
ted lines in Figure 5b,d.f). This verifies the theoretically pre-
dicted channel length dependence of G and hence R* in the
QD/graphene nanohybrids. Note the three wavelengths selected
to cover a broadband from visible (400 nm), to near-infrared
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(1000 nm), and to SWIR (1500 nm). This result hence illustrates
the same quantum physics applies to the broadband spectra and
R can be maximized by simply decreasing the channel length as
much as possible.

In conventional semiconductor photodetectors, D* is the
figure of merit for photodetectors due to the accounting for geo-
metric factors and noise to produce a quantity that can be used to
directly compare photodetectors comprised of different materials
as well as detector geometric parameters.’*#’1 D" is defined as,

. VAAf  R\IWAf "
~  NEP Iy *)

where NEP = I,;/R" is the noise equivalent power, A is the chan-
nel area, Afis the bandwidth (1 Hz), and I, is the noise current
in A. In the above equation, we can see that the L? factor from R”

is not canceled out by the VL. The \/ﬁ dependence is used to
cancel out the geometric dependence of shot noise. If D* is to be
independent of pixel geometric parameters in the QD/graphene
nanohybrids, we expect that Sy, should be proportional to L and
W as,

[T

\\4
3
L2

Iy & Sy (5)

The experimentally measured S, of a PbS QD/graphene
nanohybrid device before (red) and after (orange) the PbS QD de-
position, and after the MPA ligand exchange (blue) are compared
in Figure 6a for a device channel geometry LxW = 0.2x4 mm
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Figure 3. a) Charge transfer schematic at the QD/graphene interface associated with (b) the built-in electric field (E) due to the band-edge alignment
at the interface. c) Exciton generation upon light absorption and dissociation assisted by the built-in electric field followed by (d) charge transfer to
graphene for circulation before recombination. Artistic visualization of the device operation with (e) insulating OLA ligands and (f) conducting MPA

ligands.

using a bias voltage of 0.5 V. At low frequencies (< ~100 kHz)
noise in graphene is dominated by flicker noise (1/f) which is
thought to be the result of charge mobility fluctuations.[*#?] The
change of the S, before and after the PbS QD deposition is neg-
ligible, suggesting the noise in the QD/graphene nanohybrids is
dominated by the noise in graphene. Interestingly, a considerable
reduction of the Sy, at low frequencies up to ~ 400 Hz has been
observed after MPA ligand exchange, which may be attributed to
the modification of the PbS QD/graphene interface and the pos-
sible de-doping of graphene by partially removing the adsorbed
polar molecules. This argument is consistent with the slight
increase in graphene channel resistance by a factor of » 1.2 after
the MPA ligand exchange. Figure 6b compares the noise spectra
of the PbS QD/graphene nanohybrids measured in dark (red)
and exposed to broadband illumination (blue). Interestingly,
comparable and slightly lower noise is shown under light, which
indicates the noise in the graphene channel is only moderately
affected by the photo-generated carriers. Figures 6¢,d exhibit the
Sy measured from all 25 channels of the 5X5 array as a function
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of L and W, respectively (Figure S4 (Supporting Information) has
the same data plotted versus W'/2L=%/? to show the linear trend).
The fit lines conform quite well to the anticipated W'/? and L3/
trends for the noise current, which indicates the independence
of D" from pixel geometric parameters in the PbS QD/graphene
nanohybrids photodetectors similar to the case of conventional
photodetectors.[*>44]

This projection is confirmed in the D* versus pixel width and
length plots shown in Figure 7a at 400 nm wavelength, Figure 7b
at 1000 nm wavelength, Figure 7c at 1500 nm wavelength, respec-
tively. The error bars in Figure 7 are found from the average and
standard deviation of D* of all devices with the same length or
width. Figure 7d contains the light intensity dependence of D*
at different wavelengths in the range of 400-1500 nm. A mono-
tonic decreasing trend of D” with light intensity can be seen at all
wavelengths as reported for nanohybrids.['*'>#] The highest D
obtained is on the order of 1010 (1500 nm) —1012 (400 nm) Jones
at room temperature, which is of the same order of magnitude
as our previously published work on QD/graphene nanohybrid

© 2024 Wiley-VCH GmbH
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Figure 4. a) A 5x5 QD/graphene device array (overall dimension: 1111 mm?) with variable pixel geometry of channel width and length. b) Zoom-in
view of the 25 devices with varied L values of 10, 30, 50, 70, and 90 um and W values of 20, 40, 70, 100, and 150 um, respectively. c) Schematic of a single
device showing the definitions of L and W. d) The fabricated 5x5 arrays prior to liftoff of the photoresist used to define the graphene channels and QD

deposition. e) Fully fabricated 55 array before wiring to a chip carrier.

using PbS.[13] By comparison, the R* for 100 um channel lengths
under 1000 nm irradiation is on the order of 102 A W1, close to
the reported value by Sun et al for 0 V gate voltage under 895 nm
with similar intensity.!** The first report on the QD/graphene ar-
chitecture (utilizing PbS QDs) by Konstantatos et al obtained an
R" of #107 A W~! with a 10 um channel length for 600 nm pho-
tons, 4 uW cm~? intensity, and a gate of —20 V.51 Comparing
our R of %105 A W~ for 550 nm, 18 uW cm™? intensity, and no
applied gate, to the work of Konstantatos et al we find 2 orders
of magnitude difference that can be explained by: (1) the use of
a gate to optimize the charge transfer from QD to graphene (2)

Adv. Optical Mater. 2024, 12, 2302675
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lower light intensity and (3) smaller QDs, which are better at trap-
ping charges and thus achieve a higher photoconductive gain. We
estimate that (1) through (3) would account for two orders of mag-
nitude and would put our results on par with that of Konstantatos
etal

3. Conclusion

In summary, a 5x5 array of PbS QD/graphene nanohybrids pho-
todetectors was fabricated and characterized to elucidate the ef-
fect of variable pixel length L and width W on the optoelectronic
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Figure 5. Responsivity (V,; = 0.5 V) as a function of channel width and length, respectively, for incident light of wavelengths of a,b) 400 nm with an
intensity of 13 uW cm=2, ¢,d) 1000 nm with an intensity of 150 uW cm~2, and e,f) 1500 nm with an intensity of 280 pW cm~2.

properties (R”, Sy and D) of the device. Specifically, L values
of 10, 30, 50, 70, and 90 um and W values of 20, 40, 70, 100,
and 150 um were designed into an array to examine the theoret-
ically predicted pixel geometric dimension dependence of pho-
toconductive gain and hence R on QDs/graphene nanohybrids
based on the physics in this quantum sensor. The R", Sy, and D"
were evaluated on the 25 channels of PbS QD/graphene nanohy-
brids of different geometric dimensions in a broadband incident
light of 400-1500 nm. Several critical insights have been ob-
tained. First, the R* has been confirmed to depend on 1/L2, which
means the strong quantum confinement in QD and graphene in-
deed governs the gain and hence R" as expected from theory. On
the other hand, no W dependence was observed on R, which
is not surprising since no W dependence is predicted by theory.
Furthermore, the Sy in the QD/graphene nanohybrids has been
found to be dominated by the noise from graphene, which is 1/f
noise at low frequencies of 1-1000 Hz. Negligible effects from

Adv. Optical Mater. 2024, 12, 2302675 2302675

the deposited PbS QDs either in dark or in light on the noise
of the QD/graphene nanohybrids were observed. Furthermore,
a moderate reduction of the Sy has been observed via MPA lig-
and exchange, suggesting that de-doping of graphene may lead
to further reduced noise toward its intrinsic limit. Interestingly,
the Sy exhibits a pixel dimension dependence of L3/2 and W'/2,
resulting in the geometric dimension independent D” values. A
remarkably high D* of 1010 -1012 Jones has been obtained in the
broadband spectrum of 400-1500 nm at room temperature, mak-
ing QD/graphene nanohybrids promising candidates for high-
sensitivity and low-cost photodetectors and imaging systems.

4. Experimental Section

Fabrication of QD/Graphene Nanohybrid Devices: Fabrication of
the QD/graphene nanohybrid devices began with cleaning the SiO,
(500 nm)/Si substrates using 3 rinsing cycles of acetone, isopropanol,

(7 of 10) © 2024 Wiley-VCH GmbH
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of a high-intensity broadband light source (blue). The device geometry for (a) and (b) is 0.2 mm (L) x 4 mm (W) with a bias voltage of 0.5 V. ¢,d) Noise
current density dependence on channel length and width, respectively, at 100 Hz.
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and reverse osmosis water. Two standard photolithography steps were ap-
plied to define the metal electrodes and graphene channels respectively.
The first photolithography was performed on the bare SiO, (500 nm)/Si
substrates. Deposition of the electrodes for the 5x5 arrays was carried
out using a photomask-generated pattern followed by DC sputtering in a
high vacuum chamber (base pressure of 2.5x1077 Torr). The deposited
electrodes are 40 nm Nb followed by 10 nm of Pd from the Nb and Pd
targets (ACI Alloys). The working gas was Ar (99.999%) at a pressure of
14 mTorr/30 mTorr with a sputtering power of 75 W/87 W for Nb/Pd, re-
spectively. Single-layer graphene was grown on polycrystalline copper foil
with a thickness of 50 um (Sigma-Aldrich) using low-pressure chemical
vapor deposition (CVD) at 1050 °C with H, /CH, gases following the previ-
ously reported method.[3"] The graphene was wet transferred onto the pre-
fabricated Nb/Pd electrodes (after the liftoff) using a wet transfer method
reported previously.[3>46] The second 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 Interna-
tional) at a pressure of 8 mTorr and 20 W RF power for 2 min.

PbS QDs were synthesized in an Ar environment in a Schlenk line
system and the details were reported previously.[*’] The PbS QDs were
suspended in hexane with a mixture of 1:1. A Bioforce Nanosciences
UV/Ozone ProCleaner was used prior to QD deposition for specified sam-
ples. Deposition of the QDs was carried out by a micropipette to transfer
10 pL of suspended PbS QDs onto the substrate. A spin coater, operated
at 3000 RPM for 1 min, was employed to obtain a thin uniform film of PbS
QDs over the center area of the 5x5 arrays. Efficient charge transfer from
the QDs to the graphene, as well as from QD to QD, is integral for su-
perior device performance.[2243] In order to facilitate charge transfer, the
insulating long-chain ligands of Oleylamine (OLA) and Oleic Acid (OA)
that encapsulate the QDs from the synthesis procedure (which also serve
to prevent QD degradation during storage) must be exchanged with more
conductive ones. Ligand exchange is carried out by exposing the QDs to
3-mercaptopropionic acid (MPA) to replace the OLA and OA ligands.[4°]
After coating PbS QDs on the substrate, 20 uL of MPA and methanol (1:1
mixture) was dropped on the substrate followed by a 1 min wait period
with subsequent removal of the MPA/methanol mixture by spin coating
at 3000 RPM for 1 min. Lastly, residual MPA was rinsed off using 20 L of
methanol followed by spin coating with the same parameters again. Rins-
ing with methanol was carried out twice. Finally, the platinum wires (50 pm
in diameter) were soldered to the electrodes on the substrate and the pins
of the chip carrier that can then be plugged into the readout electronics.

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 a field-
emission transmission electron microscope (FETEM) on a JEOL 2100 sys-
tem with an accelerating voltage of 200 kV. Raman spectra were taken on
graphene with a WiTec Alpha300 confocal micro-Raman system using a
488 nm excitation laser. PbS QD film thickness was measured with a KLA
Tencor P-16 profiler. Noise spectra were taken using a Stanford Research
Systems SR760 FFT Spectrum Analyzer and a home-built battery-operated
DC power supply with a bias voltage in the range of 0 to 0.5 V.

Optoelectronic Characterization of PbS QD/Graphene 5x5 Array: A
Newport Oriel Apex Monochromator Illuminator white light source and a
Newport Oriel Cornerstone 130 1/8m Monochromator were used to mea-
sure the spectral responsivity from 400 to 1000 nm. A SEI SLA5653 diode
laser was used as the light source for 1.5 um wavelength in the SWIR.
The diode lasers were powered by an Arroyo Instruments 6310 power sup-
ply. The light sources were modulated using a Thorlabs MC1000 optical
chopper and the resulting device photocurrent was measured by a CH In-
struments 660D electrochemical workstation with an applied V4 = 0.5 V.
The devices were tested with the substrate electrically isolated (floating,
no gate).
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the author.
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