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ABSTRACT: As an emerging member of the colloidal semi-
conductor quantum dot materials family, intraband quantum dots
are being extensively studied for thermal infrared sensing
applications. High-performance detectors can be realized using a
traditional p—n junction device design; however, the heavily doped
nature of intraband quantum dots presents a new challenge in
realizing diode devices. In this work, we utilize a trait uniquely
available in a colloidal quantum dot material system to overcome this
challenge: the ability to blend two different types of quantum dots to
control the electrical property of the resulting film. We report on the
preparation of binary mixture films containing midwavelength
infrared Ag,Se intraband quantum dots and the fabrication of p—n
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heterojunction diodes with strong rectifying characteristics. The peak specific detectivity at 4.5 ym was measured to be 107 Jones at
room temperature, which is an orders of magnitude improvement compared to the previous generation of intraband quantum dot

detectors.
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B INTRODUCTION

The intraband colloidal quantum dots (CQDs) are a new
family of semiconductor CQD material that utilizes optical
transitions between the first (1S,) and the second (1P,)
quantum confined energy levels. The optical gap of 1S.—1P,
can be varied through controlling the CQD size, similar to the
traditional interband CQDs, and their absorption peak can
span a wide range in the mid- to long-wavelength infrared
spectral region.' The solution processability of these CQDs
also allows low-cost, low-temperature, and large-area fabrica-
tion of optoelectronic films,* which can enable high-
throughput manufacturing of infrared imaging focal plane
arrays (IRFPAs)°~’ or construct sensors on a flexible
platform.” In addition, it has been recently studied that the
Auger recombination process can be greatly suppressed in an
intraband CQD system,”'® and this can potentially lead to
high-temperature operation of photodetectors, thereby remov-
ing the need for a bulky, high-power-consuming cryogenic
cooling system.

Using intraband CQDs, high-performance infrared sensing
devices can be fabricated by forming a p—n junction—a
traditional diode device design where a built-in electric field
established at the junction assists in photoexcited carrier
separation and collection."'™"® The primary advantage of
utilizing a p—n diode design lies in the fact that, under a typical
reverse-biased operation, the dark current is fed by the
minority carriers."* Compared to photoconductive'™” and
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barrier device'®'” designs, where the majority carriers are
responsible for the dark current, the p—n junction diode is
hence expected to show significant reductions in the
magnitudes of the dark current and noise current density.
However, the intraband CQDs also present a new and unique
challenge when they are used to construct p—n junction
devices. To achieve maximum photocarrier collection
efficiency, the photodiode is designed such that the depletion
region is formed predominantly toward the infrared absorber
film, where the photoexcited carriers are created upon
illumination. The basic semiconductor physics tells us that
the width of this depletion region is inversely proportional to
the film’s carrier concentration.” However, since the first
conduction energy level (1S,) is occupied with electrons in
intraband CQDs, the film exhibits a high electron carrier
concentration (degenerately n-doped), thereby greatly reduc-
ing the depletion width formed inside the intraband CQD film.
Also, from an electrical point of view, the device will consist of
p* (heavily doped p-type layer to induce the formation of a
depletion region toward the opposite n-type layer) and n*

EEIAPPLIED wiresiaLs

Received: August 3, 2021
Accepted: September 22, 2021
Published: October 6, 2021

https://doi.org/10.1021/acsami.1c14749
ACS Appl. Mater. Interfaces 2021, 13, 49043—49049


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shihab+Bin+Hafiz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+M.+Al+Mahfuz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sunghwan+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong-Kyun+Ko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c14749&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14749?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14749?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14749?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14749?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14749?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/13/41?ref=pdf
https://pubs.acs.org/toc/aamick/13/41?ref=pdf
https://pubs.acs.org/toc/aamick/13/41?ref=pdf
https://pubs.acs.org/toc/aamick/13/41?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c14749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(degenerately doped n-type intraband CQD layer) materials,
which will rather form a tunnel diode (Esaki diode)'® that will
exhibit high reverse-biased tunneling current, with a weak
rectifying characteristic.

In this work, we utilize a trait uniquely available in the
colloidal quantum dot material system to overcome this
challenge. We take advantage of the ability to easily blend two
different types of CQDs to control the electrical property of
the resulting film. Specifically, we form a mixture of
midwavelength infrared (MWIR)-absorbing intraband Ag,Se
CQDs and interband PbS CQDs that act to block the transport
of ground state electrons and holes while providing an
unimpeded flow of photoexcited electrons, as depicted in
Figure 1. Using this binary CQD approach, the number of free

Unimpeded flow of
photoexcited electrons

1S, zlpe Emp— 15,
X-<@unam 15, X

IR radiation

Dark hole flow blocked ‘ Dark electron flow blocked
Type-B CQD Ag,Se CQD Type-B CQD

Figure 1. Schematic depicting the mechanism whereby creating a
binary CQD mixture leads to an increase in dark resistivity, while the
flow of photoexcited electrons is unimpeded.

carriers is greatly reduced (ground state electrons and holes
become immobile), which is evidenced by the orders of
magnitude increase in the dark resistivity (binary CQD film: 2
X 10° Q-cm vs Ag,Se CQD-only film: 1 X 10° Q-cm, see
Supporting Information S1). Also, in junction with ZnO
nanoparticle film, which is a layer commonly used to form p—n
junctions with PbS CQDs in many CQD solar cell studies,"’
this binary CQD film will exhibit strong rectifying I-V
characteristics. It is worth noting that the unique binary CQD
approach presented here can be modified to allow/block the
flow of dark/photocarriers by changing the CQD size or
employing different types of CQDs.*’

B RESULTS AND DISCUSSION

Based on our previous study on the energy level alignment
between Ag,Se and PbS CQDs,'”"” a Ag,Se CQD with an
average size of 5.5 nm and a PbS CQD with an average size of
3 nm should create a binary CQD system with decreased dark
free carriers (Figure 1). First, to prepare the CQD materials,
Ag,Se and PbS CQDs were synthesized following previously
reported hot-injection protocols.'® Figure 2a shows the mid-
infrared optical absorption of films made from as-synthesized
Ag,Se, PbS, and mixed (optimized mixture ratio of Nagse/ Npps
= 0.04, see more details in Figure 4b) CQDs obtained using
Fourier transform infrared (FTIR) spectroscopy. The PbS
CQDs capped with oleic acid show an absence of absorption in
a 3.5—-6 pum spectral range, which makes them a good
candidate for use in the binary CQD approach to modify the
film’s electrical property. The characteristic peaks around 3.4
pum arise due to vibrational modes of C—H, and the peaks
around 4.4, 6.5, and 7.2 ym originate from CO,. Another peak
at 7.8 um (1285 cm™) arises from the C—O stretch of the
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Figure 2. Optical absorbance characterization of as-synthesized PbS,
Ag,Se, and PbS/Ag,Se mixture CQDs using (a) Fourier transform
infrared (FTIR) and (b) visible—near-infrared spectroscopies.

oleic acid ligand. The Ag,Se CQD film shows a distinct
intraband absorption peak centered at 4.2 ym, which optically
resides within the transparent window of PbS CQDs. Peaks
shown around 6.8 um arise from vibrational modes of
trioctylphosphine (TOP). The film composed of a binary
PbS/Ag,Se CQD mixture shows the sum of PbS and Ag,Se
absorption, where the MWIR absorption peak at 4.2 um
arising from Ag,Se CQD is still predominant. Figure 2b shows
optical spectra in the visible to near-infrared spectral region
obtained from the same CQDs. The PbS CQD shows an
absorption peak at 1000 nm, which is in agreement with the
CQD size of 3 nm.”' On the other hand, Ag,Se CQDs show a
continuous increase in absorbance (without any visible
absorption peaks) with decreasing wavelength as the density
of states and the number of available transition pathways
increase with increasing energy. The binary CQD mixture
sample shows a spectrum that combines the optical absorption
arising from Ag,Se and PbS CQDs.

To fabricate the device, a Cr/Au electrode is first
prepatterned on a glass substrate using a shadow mask to
form a bottom contact. Then, a thin layer of MoO,, (15 nm) is
deposited by thermal evaporation. MoO, has been frequently
used in PbS CQD solar cell devices to improve contact
between PbS CQD and the metal electrode.””*” We adopt this
approach in our devices, since our binary CQD layer is majorly
composed of PbS CQDs, in which Ag,Se CQDs are embedded
sparsely as MWIR absorbers or sensitizers. Next, a binary PbS/
Ag,Se CQD layer was deposited using spin-casting and a
ligand-exchange procedure using 1,2-ethanedithiol (EDT) was
carried out to improve the electronic coupling between
CQDs.”* The thickness of the binary CQD layer was increased
by repeating this step 10—12 times to create a 200 nm-thick
film. It is worth noting that ligand-exchange duration is not a
critical processing parameter for binary CQD devices. Devices
fabricated from pure Ag,Se CQDs, in contrast, showed a
narrow temporal window that exhibits the maximum MWIR
responsivity.'® This can be understood by reflecting the fact
that the majority component of our binary CQD film is PbS
CQDs. To form a p—n junction, ZnO nanoparticles were
synthesized following the literature report>*° and spin-casted
on top of a binary CQD layer with a thickness of 80 nm (see
the Supporting Information S2 for optical absorption of ZnO
in the mid-infrared). To complete the device, an Al top contact
having two finger electrodes was deposited through a shadow
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Figure 3. Fabrication of p—n junction diode using binary CQD. (a) Schematic illustration of the device structure, which consists of a glass
substrate, bottom contact (Cr/Au), MoO, layer, PbS/Ag,Se CQD mixture layers, ZnO nanoparticle layer, and top contact (Al). (b) shows a false-
color cross-sectional SEM image of the fabricated device. (c) shows the energy level alignment before contact. 1S}, 1S,, and 1P, denote first valence
energy level, first conduction energy level, and second conduction energy level, respectively. (d) shows the equilibrium energy level diagram after

contact. E denotes the built-in electric field. (e) depicts the conduction level features of the binary CQD system under bias and with infrared
illumination.
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Figure 4. Electrical characterization of binary CQD p—n junction diodes. (a) A series of dark I—V characteristics obtained from diodes with
different binary CQD mixing ratios. The open symbols are experimental data, while the dashed lines are the fittings based on the diode equation.
(b) Responsivity at 4.5 ym plotted as a function of the binary CQD mixing ratio.

mask (see the Supporting Information S3 for Ohmic contact
formation). The top opening created by the fingers defines our
device’s optical area of 200 X 200 pm. A schematic illustration
of this upward-looking photodiode is shown in Figure 3a, and
the cross-sectional scanning electron microscope (SEM) image
of the device is shown in Figure 3b. Figure 3c shows the energy
level alignment of our binary CQD p—n junction device
materials before contact. After contact, a ZnO—PbS CQD n—p

junction®” will establish a built-in electric field (E) toward the
binary CQD layer where the Ag,Se CQDs reside (Figure 3d).
Under bias and with infrared illumination, photoexcited
electrons generated from the Ag,Se CQDs will cascade down
toward the Al cathode, bearing a resemblance to the operation
of epitaxial quantum dot infrared photodetectors (QDIPs)***’
as illustrated in Figure 3e.

Prior to the photodetector performance characterizations,
we carried out basic electrical measurements of our p—n
junction diode devices, under dark, with a varying binary CQD

49045

mixture ratio. The ratio of Nygs./Npps = 0.25, for example,
denotes a CQD film having 25 Ag,Se CQDs per 100 PbS
CQDs (see Supporting Information S4 for details). A series of
current—voltage (I—V) characteristics were obtained (Figure
4a) and were fitted to a standard diode equation30

q V - IR,
g

where 7 is the ideality factor, I, is the dark saturation current,
R, is the series resistance, and Ry, is the shunt resistance. We
extract four key diode parameters as summarized in Table 1.
First, we observe that all diodes exhibit an ideality factor (n)
larger than 3. While # typically varies between 1 and 2, n > 3 is
also frequently reported in diodes with nonideal electrical
contacts.” 7** This indicates an existence of a contact barrier
formed at either the Al/ZnO or binary CQD/MoO,—Au
interface in our devices. The value of n showing irrelevance to
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Table 1. Summary of Diode Parameters Extracted from I-V
Characteristics

series

Nagse/ ideality saturation shunt resistance  resistance R,

NSPbs factor (n) current I, (A) Ry, (Q)

0 32 3.0 x 10710 1.7 x 10° 47 x 107
0.01 3.8 5.0 x 1078 7.6 x 10* 2.6 X 10%
0.04 32 52 x 1078 2.7 X 10° 0.9 X 10*
0.1 3.7 9.5 x 1078 22 % 10° 1.6 x 107
0.16 34 4.0 X 1076 1.5 x 10° 0.4 X 10%
0.25 3.8 8.0 x 107¢ 0.9 x 10° 0.5 X 10*

the Njgs./Npys ratios points to a fact that a barrier may be
formed at the Al/ZnO interface. On the other hand, for the
reverse saturation current I, we observe a distinct trend where
increasing Ag,Se CQD loading (increasing Njgs./Npps ratio)
dramatically increases the magnitude of I, The value I, is
indicative of how much recombination there is in the p—n
junction device.””*> This suggests that as we increase the
number of Ag,Se CQDs in the binary CQD film, Ag,Se CQD
itself or the surface defects associated with Ag,Se CQD
increases the rate of carrier recombination inside the device.
This, in turn, influences the optimum binary CQD mixture
ratio that yields the highest MWIR peak responsivity in our
diode devices, as shown in Figure 4b. Figure 5b shows the 4.5
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Figure S. Detector performance characterization of binary CQD
diode devices with an optimized CQD mixture ratio. (a) shows the I—
V' characteristics of the device under dark and under infrared
illumination. The illumination was provided by a 900 °C calibrated
blackbody with a Ge filter. (b) shows the spectral responsivity
measured at various bias voltages. All devices were measured at room
temperature, 300 K.

pum peak responsivity of our diode device as a function of the
Nagase/ Npps ratio. At Npgg.:Npys = 0, the absence of MWIR-
absorbing Ag,Se CQD induces zero photocurrent at 4.5 ym.
As we increase the Ag,Se CQD loading, the peak responsivity
increases, because more Ag,Se CQDs will produce a larger
number of photoexcited carriers upon infrared illumination.
However, as we increase the Ag,Se CQD loading further, the
increase in the photocarrier generation will compete with the
increase in the carrier recombination. It is observed that for
Nagse/Npys > 0.04, the peak responsivity starts to decrease,
suggesting that the carrier recombination arising from Ag,Se
CQDs starts to overweight the optical generation. Hence, we
observe a peak at Npy./Npys = 0.04, which we define as the
optimum binary CQD mixture ratio for MWIR detection.
Another important diode parameter of a p—n junction is the
shunt resistance Ry, which arises from the presence of an
electrical shunt path (current leakage) through the p—n
junction.36 In our devices, high Ry, is observed for pure CQD
film (N ag2se/ Npbs = 0), and Ry, decreases with increasing Ag,Se

CQD loading. This can be understood by reflecting the fact
that, in our binary CQD system, as more Ag,Se CQDs are
introduced, the probability of Ag,Se CQDs creating a direct
percolation path (a highly conductive path, since Ag,Se CQDs
are degenerately n-doped) is more frequent inside the film.
This is illustrated in the Supporting Information S5. Lastly, the
series resistance R, is indicative of additional series resistance
components present in the device, typically arising from high
contact resistances.”* For R, we do not observe any particular
trend with Ag,Se CQD loading, and all the devices show a
magnitude of R; around 10* Q.

Using a diode device with the optimum binary CQD mixing
ratio identified in Figure 4b (Njgs./Npps = 0.04), we
characterized the detector performance parameters using the
infrared illumination provided by a calibrated blackbody
heated at 900 °C, filtered through Ge, which cuts off photons
with a wavelength smaller than 1.8 yum. Figure 5a shows the
diode I-V characteristics obtained under dark and under
infrared illumination conditions. The dark I-V shows strong
rectifying characteristics with an on/off ratio of 6 X 10® at +5
V. Upon illumination, the device showed a distinct increase in
a reverse-biased current with a photovoltage of 250 mV. Figure
Sb shows the spectral responsivity of the device collected at
room temperature by replacing the Ge filter with a set of band-
pass filters with center wavelengths varying from 2.5—7 pm
and measuring the photocurrent using a lock-in technique. The
magnitude of photocurrent (~0.17 uA) estimated from the
difference between the dark and light curve at a reverse bias of
—2.0 V, closely matches with the photocurrent (~0.20 pA)
calculated by integrating the area under the curve of spectral
photocurrent data extracted from responsivity spectra at a
corresponding bias of —2.0 V. The peak responsivity is
obtained at 4.5 pum with the magnitude of the responsivity
increasing with increasing reverse bias and reaches a value of
19 mA/W at —4 V. This 4.5 ym peak coincide with the optical
absorption arising from Ag,Se CQDs along with the shape of
the spectrum (Figure 2a), indicating that the device
responsivity primarily arises from Ag,Se CQDs inside the
binary CQD film. The noise current density (i,) measured
using our spectrum analyzer in 1 Hz bandwidth was 4.91 X
1071 A Hz™'? (see Supporting Information S7 for more

1/2
details). Using these values, specific detectivity (D* = R?/ )
where A is the detector area, i; is the noise current density, and
R is the responsivity) is calculated to be 7.8 X 10° Jones at 300
K (see Supporting Information S8). This is a 30 times increase
over our previous generation of barrier devices.'® This
improvement is mainly attributed to the reduced dark current
and noise current density, an advantageous device property
offered by reverse-biased p—n junction diodes.

B CONCLUSIONS

In summary, we have demonstrated intraband CQD-based
photodiodes exhibiting a strong rectifying characteristic and
reduced dark current and noise current density, with MWIR
detectivity reaching 7.8 X 10° Jones without cooling. This was
enabled by our binary CQD approach, which helped to
overcome the issue arising from the degenerately doped nature
of intraband Ag,Se CQDs.

In our binary CQD devices, we defined Njs./Npys = 0.04
as the optimum mixture ratio for MWIR detection, as
discussed in relation to Figure 4b data. It is anticipated that
this ratio could increase, thereby improving the MWIR
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responsivity, if the surface passivation of CQDs can be
enhanced. Further improvements in the device performance
are anticipated through optimizing the contact properties and
investigating various surface capping ligands that can enhance
the carrier mobilities in conjunction with improving the surface
passivation.”” ~*

B METHODS

Chemicals. Oleylamine (OLA, 70%), trioctylphosphine (TOP,
90%), selenium (Se, 99.999%), silver chloride (AgCl, 99%), lead oxide
(PbO, 99.999%), hexamethyldisilathiane (TMS,S, synthesis grade), 1-
octadecene (ODE, 90%), oleic acid (OA, 90%), potassium hydroxide
(KOH, 85%), zinc acetate dihydrate (Zn(CH;COO),-2H,0, 98%),
1,2-ethanedithiol (EDT, 98.0%), 1-butanol (99.8%), hexane (98.5%),
methanol (99.8%), octane (99%), chloroform (99.8%), and ethyl
alcohol (99.5%) were purchased from Sigma-Aldrich and were used as
received.

Ag,Se CQD Synthesis. Ag,Se CQDs with an absorption peak at
42 pm were synthesized following the previously reported
procedure.*"'® At first, 1 M selenium precursor solution was prepared
by dissolving Se powder in trioctylphosphine (TOP—Se), and 0.5 M
silver precursor solution was prepared by dissolving AgCl in
trioctylphosphine (TOP—Ag) inside glovebox. Then, 30 mL of
oleylamine was heated to 90 °C under vacuum in a three-neck flask.
After degassing the solution for 1 h, the atmosphere was switched to
nitrogen. Then, 8 mL of 1 M TOP-Se was injected at the
temperature of 130 °C. To increase the synthetic yield, 800 uL of
diphenylphosphine was added to 16 mL of 0.5 M TOP—Ag. The
solution was rapidly injected, and the reaction continued for 20 s.
Then, 20 mL of butanol was injected into the reaction mixture,
followed by cooling in a water bath to room temperature. The CQDs
were precipitated with a mixture of ethanol and methanol by
centrifugation. The resulting CQDs were washed three times with
methanol and redispersed in octane (see Supporting Information S9).

PbS CQD Synthesis. PbS CQDs with an absorption peak at 1000
nm were synthesized following a previously developed protocol.*>*
In this procedure, 0.45 g of lead oxide was dissolved in 10 mL of 1-
octadecene and 2 mL of oleic acid, and the solution was heated to 110
°C in a three-neck flask under vacuum for 1 h. Then, 0.2 mL of
hexamethyldisilathiane was added to S mL of anhydrous 1-octadecene
to prepare the sulfur precursor solution, which was injected rapidly at
110 °C under nitrogen environment into the reaction flask. The color
of the solution turned dark brown immediately after the injection, and
the solution was cooled naturally. After the synthesis, the CQDs were
precipitated using acetone by centrifugation inside the glovebox and
the final QDs were redispersed in a mixture of hexane and octane.

ZnO Nanoparticle Synthesis. ZnO nanoparticles were synthe-
sized by following the literature method.***° In this procedure, 1.4 g
of zinc acetate dihydrate (Zn(CH;COO),-2H,0) was dissolved in 60
mL of methanol, and the solution was transferred to a three-neck flask
at 65 °C. Then, 0.70 g of potassium hydroxide (KOH) was dissolved
in 30 mL of methanol, and the solution was added dropwise to the
zinc acetate solution for about 5 min with constant stirring. A milky
white solution was obtained after stirring the mixture for 2 h 30 min at
65 °C. The mixture was naturally cooled for 1 h. Finally, the ZnO
nanoparticles were precipitated by centrifugation and dissolved in S
mL of chloroform to prepare an optically transparent solution.

Device Fabrication. Glass substrates (10 X 10 mm) were used to
fabricate p—n junction devices. First, the substrate was sonicated with
isopropyl alcohol, acetone, and hexane, flushed with isopropyl alcohol
and dried with N, gas flow. A bottom contact of 50 nm (Cr/Au) was
then deposited using a shadow mask by thermal evaporation. Next, 20
nm MoO, was blanket deposited using thermal evaporation. Both
bottom contact (Cr/Au) and MoO, were deposited at a rate of 1 A/s
under a vacuum of 2 X 107® mbar. For preparing the binary CQD
solution, Ag,Se and PbS QD solution were mixed in a glass vial and
stirred with vortex machine for 60 s and filtered through a 0.2 um
PTEE syringe filter prior to deposition. A total of 10—12 layers of
CQD blend solution were deposited via spin coating at 2000 rpm for
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30 s. After each layer of the CQD film deposition, the device was
ligand-exchanged by dipping it in 0.01 M 12-ethanedithiol (in
methanol) for 30 s and rinsing it with methanol for 20 s. On top of
binary CQD layers, two layers of ZnO were deposited by spin coating
(2500 rpm, 30 s). For top contact, S0 nm aluminum with an optical
opening of 200 X 200 um defined by two finger electrodes was
deposited by thermal evaporation through a shadow mask.

Characterization. For optical absorption characterization, Fourier
transform infrared (FTIR) spectra were collected using a Thermo
Nicolet 370 FTIR spectrometer. Absorption spectra in the visible to
near-infrared range were collected using StellarNet UV—vis—NIR
spectrometer (RW-NIRX-SR and BLK-CXR). A scanning electron
microscopy (SEM) cross-sectional image of the device was collected
by JEOL JSM-7900F.

For electrical characterization, current—voltage measurements were
performed by a semiconductor parameter analyzer (Agilent 4155).
For photocurrent measurements, a calibrated blackbody (Newport
67030, 900 °C) was used as the infrared illumination source. A
germanium (Ge) long-pass filter was used to cut off short-wavelength
infrared photons. For the spectral photocurrent, a set of Fabry—Perot
band-pass filters was used, having center wavelengths varying from 2.5
to 7 um. This illumination source was chopped at 15 Hz using an
optical chopper. The photocurrent was measured by a lock-in
amplifier (SR830) coupled with a preamplifier (SRS70), where the
preamplifier provided the required bias. The responsivity was
determined by dividing the measured photocurrent with the optical
illumination power calculated for each filter. To determine the specific
detectivity of the device, the noise current density was measured at 15
Hz with a spectrum analyzer (SR760), where a preamplifier (SR570)
was used to provide low-noise bias to the device. The spectrum
analyzer, preamplifier, and the device were kept inside a Faraday cage
and were grounded to minimize external noise. The specific
detectivity was determined using the measured responsivity and
noise current density values.
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