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Infrared colloidal quantum dots (CQDs) have been of interest due to their low-cost fabrication and
facile wavelength tunability for various infrared optoelectronic applications. Recently, the mid-
wavelength infrared (MWIR) quantum dot sensor has been successfully realized by forming a
photodiode via a post-chemical treatment method. Controlling the doping density of the quantum dot
solid and engineering the device structure require an extremely sophisticated technique, which
hinders consistent doping density and restricts further development in understanding the fundamental
photophysics and manufacturing process. Here, we report an air-stable and highly reproducible MWIR
CQDs photodiode by incorporating synthesized p-doped Ag-HgTe colloidal nanocrystals (NCs). The
Ag-HgTe alloy NCs allow clearly defined p-doped QDs layers, leading to uniform dopant distribution
and the ease of engineering device fabrication. By optimizing the doping density, we achieved an
average noise equivalent temperature difference of below 10 mK at 78 K with the self-powered MWIR

photodiode sensor.

With a rising demand for mid-wavelength infrared (MWIR) detectors in
defense, agriculture, telecommunication, advanced transportation, bio-
medical imaging, and environmental fields, reducing the cost of mid-
infrared optoelectronics has come to the fore since infrared materials cost
several times more than visible materials'~*. Following the epitaxially grown
materials and superlattice structures, colloidal quantum dots (CQDs) have
rapidly emerged as a next-generation infrared-sensitive material due to their
excellent properties, such as low-cost manufacturing process with no need
for the high-temperature procedure, wavelength tunability, facile synthesis,
and solution processibility’ .

In a decade, CQDs-based detectors have been progressively investi-
gated by the lead of Hg-based CQDs, which have a narrow bulk bandgap
energy suitable for MWIR™. Following the first report on the HgTe CQDs-
based photoconductive MWIR detector, Guyot-Sionnest and co-workers
demonstrated the photovoltaic HgTe CQDs-based mid-IR detector’. The
p-n junction was built between HgTe (n-type) and Ag,Te (p-type) CQDs

layers, where the solid-state cation exchange process with Hg cations on the
QDs film state controlled the p-doping level of the Ag,Te CQDs layer”. The
photodiode structure suppressed noise and reached close to the background
limited infrared photodetection (BLIP), exhibiting commercially compar-
able performance. The accomplishment in photovoltaic structure encour-
aged the CQDs-based detector community, followed by several studies
introducing electron/hole transport layers and novel photonic structures to
overcome the limitations and achieve suitable band alignment and
enhanced absorbance.

However, the following research has been limited to the early HgTe
CQDs/solid-state cation-exchanged Ag,Te CQDs structures, focusing on
the supplementary materials for further improvement rather than the
chemical properties of quantum dots that directly affect the formation of the
appropriate p-n junction””*”. Recently, Tang and co-workers demon-
strated a p-n homojunction by utilizing the solution-state ligand exchange
process on the HgTe CQDs to control n-/p-type characteristics, which
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revealed a comparable performance even at 300K resulting from the
enhanced infrared absorption due to higher packing density of homo-
junction. Other studies showed the solution state ligand exchange increased
the carrier mobility of CQDs up to 1-4 orders of magnitude'>**””. This infers
that chemically modifying the CQDs nature plays a significant role in
determining the performance, suggesting the need for further study of
chemical control of the CQDs.

While the HgTe CQDs have been continuously investigated in various
ways, such as doping density and carrier mobility’*”, the research has lacked
the p-type CQDs despite the significance of their doping state in forming the
built-in potential. Although widely used Hg-doped Ag,Te CQDs have
shown promising performance as a p-doped material, it has suffered to
advance towards further optimization and application since the solid-state
post-chemical treatment necessitates extremely sophisticated process with
an optimum concentration for doping density control of p-doped material.
Moreover, the solid-state cation exchange process should always be carried
out after n-doped QDs film fabrication for forming the adequate p-n
junction due to the different doping densities within the layer. Therefore,
addressing this issue will give enormous freedom in device fabrication.

Here, we present an air-stable, high-resolution mid-IR CQD
photodiode by developing p-doped Ag-HgTe alloy NCs. Under the
p-doped Ag-HgTe NCs that eliminate the need for solid-state cation
exchange treatment, the doping density of the p-doped QDs layer
was successfully controlled. The p-doped Ag-HgTe NCs were opti-
mized by changing the amount of the silver dopant and the surface
ligands to ideally align the energy band with the n-HgTe NCs and
form uniform, less aggregated film. As a result, the mid-IR CQDs
photodiodes optimized here exhibit a high temperature resolution,
noise equivalent temperature difference (NETD), of 3 mK under
zero bias.

Results and discussion

Characterization of the nanocrystals

Figure 1 provides the physical properties of the Ag-HgTe and HgTe NCs.
For the p-type material, previous reports on the mid-IR CQDs photovoltaic
detectors have mainly exploited the solid-state cation exchange method by
applying the mercury precursor solution onto the Ag,Te CQDs for forming
the p-type Hg-doped Ag,Te CQDs layers™. Although the post-cation
exchange method exhibited a high detectivity comparable to the commercial
detectors, there has been the risk of film crack and restricted applicability of
p-type material. To overcome the limitations, we synthesized the Ag-HgTe
alloy NCs.

Briefly, metal precursors of AgCl(s) and HgCl,(s) were simultaneously
added into the oleylamine (OLAM) solvent and degassed under a vacuum to
remove the water and oxygen. After degassing, the temperature of the
solution was set to 97°C, followed by quickly injecting the
trioctylphosphine-tellurium (TOP-Te) solution into the flask. The reaction
proceeded for the desired reaction time, and the reaction was quenched
in the ice bath by injecting additional ligands, TOP and
1-dodecanethiol (DDT).

Figure 1a shows the Fourier transform-infrared (FT-IR) absorption
spectra of the Ag-HgTe and HgTe NCs. The sharp peaks at 2922 cm™'
correspond to the vibrational mode of C-H stretching in the DDT, TOP, and
OLAM ligands passivating the nanocrystal surface. The bandgap excitonic
peaks of the Ag-HgTe and HgTe NCs are observed at ~3600 and
~3000 cm . The less distinct bandgap absorption feature of the Ag-HgTe
NCs is attributed to the mixing with C-H vibrational modes (asymmetric
and symmetric) of the surface ligands. The bandgap feature clearly appears
after the ligand is exchanged to the shorter (Supplementary Fig. 1). The
bandgap absorption of HgTe NCs redshifted to 2000 cm™ by treating 1,2-
ethanedithiol (EDT) ligands, which is suitable for detecting the mid-IR. This
redshift is caused by the overlap of wavefunctions of the NCs as the interdot
distance decreases.

The X-ray diffraction (XRD) pattern indicates that the crystal structure
of the HgTe NCs is a zinc-blende cubic phase with distinct (111), (220), and

(311) facets (Fig. 1b). Thelattice spacing of 0.37 nm corresponds to the (111)
facet plane, which corresponds to the zinc-blend structure of HgTe (Fig. 1b).
The XRD pattern of the Ag-HgTe NCs demonstrates the Ag doping of HgTe
NCs, showing the major peaks related to the cubic HgTe and minor peaks
related to the monoclinic Ag,Te. The zinc-blende peaks of Ag-HgTe are
slightly shifted to a lower 2-theta value, which indicates that the doped NCs
are expanded to a higher lattice parameter by incorporating Ag into the
HgTe lattice (Fig. 1b, Supplementary Fig. 2). The lattice parameters of Ag-
HgTe and HgTe NCs were calculated by Bragg’s law, which resulted in
6.452 nm for the lattice parameter of Ag-HgTe NCs, larger than that of
HgTe NCs (6.432 nm). The XRD pattern of Ag-HgTe NCs in Fig. 1b is
associated with 10.5% of Ag doping, which will be explained below, and it is
compared with that of 2.0% Ag-doped HgTe NCs in Supplementary Fig. 3.

X-ray photoelectron spectroscopy (XPS) spectra of HgTe and Ag-
HgTe NCs also show the difference in binding energy attributed to the Ag
dopant (Fig. 1c). Two Hg 4f peaks, which indicate Hg-Te and Hg-S binding
states’', are shifted to 0.47 eV lower binding energy in Ag-HgTe NCs
compared to HgTe NCs. Likewise, Te 3d peaks of Ag-HgTe NCs are also
located at lower binding energy than those of HgTe NCs (Supplementary
Fig. 4). This demonstrates that the chemical interaction between Hg cations
and Te anions was altered due to the Ag incorporation™.

Transmission electron microscopy (TEM) images show the elongated
morphology of Ag-HgTe NCs, different from the tetrahedral shape of HgTe
NCs (Fig. 1d, Supplementary Fig. 5). The average length and width are ~11.2
and ~4.5 nm, respectively, indicating the aspect ratio of ~2.5 (Supplemen-
tary Fig. 6). It is well known that the (111) facet plays a dominant role in
forming the elongated morphology, and the nanowires grow in the (111)
facet in general”. While the fast Fourier transform (FFT) analysis of
HgTe NCs evenly shows three interplanar distances associated with main
facets of cubic HgTe (3.7 A,23A,and19A corresponding to (111), (220),
and (311) facet, respectively), that of Ag-HgTe NCs reveals that the inter-
planar distance of 3.7 A corresponding to the (111) facet was observed in the
Ag-HgTe NCs, as proven in TEM images (Supplementary Fig. 7). In
addition, the TEM image of Ag-HgTe NCs accompanied by energy dis-
persive spectrometry (EDS) mapping demonstrates the uniform distribu-
tion of Ag, Hg, and Te atoms (Supplementary Fig. 8).

Considering the valence electrons of the Hg and Ag atoms, which are 2
and 1, respectively, replacing an Hg atom with an Ag atom causes an
electron-deficient bonding, leading to the p-doped character. To confirm
the doping character, the field effect transistor measurement was conducted
(Supplementary Fig. 9). The conductance of Ag-HgTe NCs decreases as the
gate potential increases, proving the p-type character of Ag-HgTe NCs. In
contrast, HgTe NCs exhibit the opposite behavior, the characteristic of
n-type material”’. Thus, HgTe and Ag-HgTe NCs are suitable for n- and
p-type material for photodiodes, respectively.

Fabrication of the HgTe-based CQDs MWIR detector
The structure of the fabricated MWIR NCs photodiode is sapphire/ITO
(indium tin oxide)/HgTe/Ag-HgTe/Au. Its schematic diagram is illustrated
in Fig. 2a. Sapphire substrate and ITO electrode were used due to their
relatively high transparency in the infrared region. The HgTe and Ag-HgTe
NCs layers were deposited with the layer-by-layer (LBL) method. The HgTe
film was treated with the EDT/HCI to enhance the n-type character. Sup-
plementary Fig. 10 shows the image of the HgTe NCs layer deposited films
with a thickness of 440 nm using the cross-sectional focused ion beam (FIB).
It indicates that the final thickness of the n- and p-type layers are 440 and
45 nm, respectively, shown in the FIB image of the device (Fig. 2b). The
cross-section of the NCs layer deposited by the LBL method appears
extremely smooth, which enhances the device performance.

Since the work function of ITO has been reported to be between 4.5 and
4.7 eV”, it is compatible with the conduction band position of HgTe NCs
(4.5 eV)™, minimizing barriers for electron transport and working as an
appropriate electronic contact. Figure 2c shows the band alignment of the
HgTe CQDs detector, which is analyzed by ultraviolet photoelectron
spectroscopy (UPS) (Supplementary Fig. 11). The conduction band offset
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Fig. 1 | The optical and physical properties of the
nanocrystals. a FT-IR absorption spectra of Ag-
HgTe and DDAB-treated HgTe NCs. b XRD pat-
terns of Ag-HgTe and HgTe NCs with the references — !

of cubic HgTe and monoclinic Ag,Te and ¢ XPS
spectra of Hg 4f of HgTe and Ag-HgTe NCs. d TEM
images of Ag-HgTe NCs (scale bar = 10 nm).

Article
Wavelength (um) (b)
108 6 4 2
p— — Ag-HgTe
(=)
e
c
i) —
R 4 -
z 3
o LA .
Y H
- — HgTe -y ref. Cubic HgTe
3 2
S £ I
= < L
© - ref. Monoclinic
E Ag,Te
: i
z .l'l.'.l.ll.".'ll.'l

1000 2000 3000 4000 5000 6000 7000
Wavenumber (cm™)

(c)

20 25 30 35 40 45 50 55 60
2-Theta (degree)

Hg 4f
— HgTe

— Ag-HgTe

Norm. Intensity (a.u.)

@

110 108 106 104 102 100 98 96 94
Binding Energy (eV)

C) (b)

Au (80nm)

Sapphire (650nm)
I 200 nm

(c)

z
% -4.5
E‘; Ag-HgTe
g ' 409 5.1
w
Au

Fig. 2 | The device structure of the fabricated detector. a Schematic of sapphire/ITO/HgTe/Ag-HgTe/Au detector structure. b Cross-sectional image of the HgTe CQDs

detector using the FIB. ¢ Band energy diagram.

between HgTe and Ag-HgTe NCs effectively prevents the electron from
flowing to the opposite side. For the top electrode, Au is used owing to its
function as an excellent back reflector against infrared radiation.

The performance of the photodiode device fabricated in Fig. 2 was
examined at 78 and 130 K (Fig. 3a, b, Supplementary Fig. 12). The device
offers a clear rectifying feature, proving that the built-in potential is well-
formed at the junction between n- and p-doped materials. The rectification
stability is shown in Supplementary Fig. 13, where the current density-
voltage (J-V) curves are measured in various temperatures from 78 to 240 K.
The rectifying feature remains distinct up to 150 K, but the leakage current
increases when the temperature exceeds 150 K.

The following equation was used to calculate the responsivity:

r=1 (1)

where J is the photocurrent density, and P is the power density of the
light source (21.7mW cm™ at 300°C blackbody). The highest
responsivity was 0.31 and 0.58 A W' at 78 K and 130 K, respectively.
Considering the importance of a high-temperature operating photo-
detector, it is worth noting that the responsivity was higher at 130 K
than at 78 K.
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Silver doping control and its effect on the device performance
The Ag doping effect is further studied at various temperatures by con-
trolling the Hg-to-Ag precursor ratio. The real Ag content in each Ag-
HgTe NCs was analyzed by inductively coupled plasma-mass spectrometry
(ICP-MS) and -optical emission spectrometry (ICP-OES). When the Hg-to-
Ag precursor ratio is 1, the average atomic percent of Ag is 10.5%, while the
Hg-to-Ag precursor ratio of 0.3 results in 2.0% of Ag. The atomic percentage
of other elements is shown in Supplementary Fig. 14. Hereafter, we named
10.5% Ag’ for Ag-HgTe which contains 10.5% of Ag and 2.0% Ag’ for Ag-
HgTe which contains 2.0% of Ag. It should be noted that synthesis and
fabrication methods were same and the Hg-to-Ag precursor ratio was the
only variable.

Figure 3c presents the temperature-dependent open circuit voltage
(Vo) of devices fabricated with 2.0% and 10.5% Ag-HgTe NCs. The V¢
shows a linear relationship with temperature given by

Ea nKT ]00)
Vor=———In[=— 2
o q q (]sc @

where E, is the activation energy, n is the diode ideality factor, k is the
Boltzmann constant, T is the temperature, Jsc is the photocurrent, and Joq is
the reverse saturation current prefactor”™”. At 0 K, V¢ should be close to
the bandgap energy, while the Vo for 10.5% Agand 2.0% Ag-HgTe devices
shows lower values than the bandgap energy of HgTe NCs ( ~ 0.36 V). It
implies that the Vo deficit originated from the energy disorder, which
broadens the state density and nonradiative recombination. According to
Eq. 1, the higher Jsc induces its higher Vo, demonstrated in the
experimental results between 10.5% Ag and 2.0% Ag-HgTe devices
(Supplementary Fig. 12).

Temperature-dependent responsivity was measured for devices fab-
ricated with 10.5% Ag and 2.0% Ag-HgTe NCs (Fig. 3d). The 10.5% Ag-
HgTe NCs show higher performance compared to the 2.0% Ag-HgTe NCs,
where the gap in responsivity was approximately twice at 120-140 K. To
investigate the difference between 2.0% and 10.5% Ag-HgTe NCs, the
ultraviolet photoelectron spectroscopy (UPS) was conducted to identify the
Fermi level position (Supplementary Fig. 11). While the Fermi level and the
valence band edge were 0.22 eV apart in 10.5% Ag-HgTe NCs, those of 2.0%
Ag-HgTe NCs were 0.32 eV apart, which indicates the Fermi level of 10.5%
Ag-HgTe NCs is much closer to the valence band compared to 2.0% Ag-
HgTe NCs. The UPS results corroborate that the high Ag content leads to a
higher p-type character. In addition, when the Hg-to-Ag precursor ratio
varied in detail from 1:0.3 to 1:1, the responsivity was enhanced as the Ag
precursor ratio increased (Supplementary Fig. 15). The strong p-doping of
Ag-HgTe NCs plays a vital role in forming the suitable built-in potential,
resulting in a significant performance improvement. Since the highest
performance was obtained with 10.5% Ag, it was used as p-type material for
further optimization.

Ligand control and its effect on the device performance

Along with the doping density that determines the intrinsic band level of the
material, the ligand exchange, the essential step for facilitating the charge
transport, substantially modifies the band alignment in the device’*”.
Since the NCs are sensitive to the surface, the different interactions with the
atoms constituting each ligand change the surface dipole moment, which
shifts the conduction or valence band positions concerning the environ-
mental Fermi level. The ligand also can serve as a filler for the defect site,
passivating the trap sites and eventually changing the electron density"**". It
has been reported that changing only the ligand type causes almost 1 eV of a
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shift in the band level”. Furthermore, the ligand substantially influences the
performance and stability of the device by affecting the film uniformity and
the surface of the NCs layer. Although conventional EDT has shown its
superiority by realizing promising performance’ ™, the high reactivity of
short alkyl thiol ligands could cause a rapid and aggressive exchange process,
resulting in the partially aggregated film. Moreover, organic molecules are
vulnerable to oxidation and heat, which is directly related to the air stability
and lifetime of the devices. Thus, it is necessary to investigate different
ligands for better, long-lasting performance.

For comparison with the previous ligand, EDT, we chose 1,6-hex-
anedithiol (HDT) and cetyltrimethylammonium bromide (CTAB). HDT is
expected to mitigate the aggressive exchange process due to its longer organic
chain, contributing to the film uniformity. On the other hand, CTAB can
offer more robust environmental stability to the NCs layer as inorganic
ligands and better conductivity via enhancing the wavefunction overlap of
NCs*™. To verify the difference, all devices were fabricated by the same
method using different ligands for the p-type material optimized above
(10.5% Ag-HgTe NCs), and each responsivity was averaged by 21 devices.

Figure 4a,b shows the averaged responsivities and J-V curves of devices
using three different ligands with the standard deviation. Surprisingly, the
responsivity can be further improved as almost twice as high with CTAB
compared to EDT. The specific detectivity of the CTAB-treated device is
given by

D* = RVA/N 3)
where N is the spectral noise density (0.5 pA Hz '), R is the responsivity
(0.58 AW™), and A is the area of the detector (1.05 mm?). Based on the
spectral noised density measurement (Supplementary Fig. 16), the highest
specific detectivity was 1.15 x 10" Jones at 130 K.

To explore what brings the difference, we conducted the UPS on the
ligand-treated NCs films to scrutinize the band energy level (Supplementary
Fig. 11). The films were fabricated at the same thickness as the devices for the
exact comparison. The UPS spectra demonstrate that the energy level of the

EDT-treated Ag-HgTe NCs layers lies somewhat shallow, where the valence
band is similar to that of the conduction band of the HgTe NCs layers. In
contrast, the valence band of the CTAB-treated Ag-HgTe NCs layers
(10.5% Ag) is 0.33 eV deeper than the conduction band of the HgTe NCs
layers, which is more favorable for forming the p-n junction.

Besides the different band alignments, better responsivity is also
attributable to more stable surface passivation by bromide atomic ligands.
Unlike divalent ligands such as EDT and HDT that possibly render a
negatively charged surface®, monovalent bromide ions can bind to each
cation on the NCs surface, providing a charge-neutral surface. Thus, it
contributes to effective defect passivation, hindering the undesired recom-
bination paths. Moreover, bromide ligands exhibit a slower exchange rate
than EDT while at the same time effectively reducing the interparticle
spacing down to 0.1 nm shorter than that of EDT owing to the atomic
composition®. It indicates that the NCs can form a less aggregated film with
more conductivity that will lower the energy barrier for the electrons to
move toward the electrode.

Despite the overall higher responsivity, the devices with the CTAB
reveal a large standard deviation in responsivity among different devices.
This can be attributed to the solid-state ligand exchange process, where
alcohol is used to wash residual ligands. Since halides are vulnerable to
protons, the alcohol-washing process can cause the desorption of halide ions
on the NCs surface, forming the trap sites. However, it should be noted that
even the lowest responsivity of devices using the CTAB outperforms the
average responsivities of those using EDT and HDT, which shows the
promising role of CTAB when the exchange process is further optimized.
The HDT also exhibits relatively higher responsivity than the EDT, likely
due to the mild ligand exchange rate. Nevertheless, the improvement is
insignificant since a longer organic chain could form a higher energy barrier
between the NCs, which reemphasizes the superior performance of the short
atomic CTAB ligand. It also should be noted that the CTAB-treated devices
show consistent rectification features through all cells in one device,
demonstrating that CTAB treatment can render uniform ligand exchange
(Supplementary Fig. 17).
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Temperature resolution measurement and the thermal imaging

The noise equivalent temperature difference (NETD) of the infrared
detector is an essential factor to show the sensitivity for the slight change in
temperature’. The low NETD value leads to operating the infrared camera
with a high thermal resolution. The CTAB-treated Ag-HgTe NCs device
shows a noticeable difference in Jsc value under the blackbody radiation of
20 and 35 °C (Fig. 5a, b). The photocurrent with changing the blackbody
radiation temperature is shown in Fig. 5b, and the NETD is calculated by

AT AT
NETD = —— =
SNR ~ AJ,/],

(4)

where AT is the temperature difference, AJ; is the measured photocurrent
density difference between two blackbody radiation intensities, and J,, is the
RMS noise calculated from the Js¢ values at the specific temperature®. AT is
15 °C. AJ is 0.13 mA cm™, observed from the time-dependent current
density curve. J,, of 2.381 x 10* A cm™ is calculated from the Jsc values at
20 °C. Here, the minimum and the average NETD values are 3 mK and
6 mK, respectively. We compared these values with previous reports on
HgTe-based photodetectors in Supplementary Fig. 18 and Table 1, which
shows a high temperature resolution of the device studied here. Considering
the theoretical NETD equation™,

1
NETD o« ——— 5
D*J/A )

where A is the device area and D" is the detectivity. The low NETD could be
partially affected by the large area (1.05 mm®) of the device fabricated here.
Since the NETD is inversely proportional to +/A and the area of the device
studied here is relatively large compared to those in other research, it is
reasonable to show the NETD as low as 3 mK. Low NETD value was further
demonstrated by the J-V curves where the responsivities were distinguished
by 1 °C of blackbody radiation (Fig. 5¢).

Along with the low NETD value, the high stability under the voltage
and varying temperature is essential for practical use. We tested the stability
of the device performance by a hundred times measurement under the bias
voltage from -0.3 V to 0.3 V and temperatures varying from 78 K to 300 K.
The measurement procedure is as follows: (1) At 78 K, the device was swept
three times with different blackbody radiations (20 °C, 35 °C, 300 °C), and
the same procedure was repeated at 150 K. Total 6 scans were measured. (2)
The temperature was increased to RT (300 K) and lowered to 78 K again in
the vacuum. (3) 1-2 steps were repeated 18 times, so 108 scans were swept in
total. When the responsivity value of the first measurement is set to 100%,
the device performance is maintained approximately up to ~80% even after

sweeping 103 times, suggesting good stability under varying voltages and
temperatures (Supplementary Fig. 19).

Finally, we visually demonstrated the performance of the CTAB-
treated Ag-HgTe detector by scanning the thermal image. The scanning
image system for the infrared imaging of the CTAB-treated Ag-HgTe
detector is shown in Fig. 5d, and details of the imaging set-up are sum-
marized in the experimental part. The thermal imaging of the mask was
obtained by the single pixel of the detector, and the image shows the clear
features of the mask (Fig. 5e). The blackbody radiation that passed through
the holes of the mask was projected to the detector, and the photocurrent
generated by the pixel was recorded to construct the infrared image. The
number of points to construct the 50 mm x 40 mm thermal image was 101
in horizontal and 81 in vertical directions. Since the p-CTAB-treated Ag-
HgTe/n-HgTe QD detector can distinguish the thermal radiation difference
of 3mkK, the HgTe CQD-based detector shows excellent potential for
replacing the MCT or InSb-based epitaxial semiconductor detectors.

Conclusions

In summary, we successfully fabricated the MWIR CQDs-based photo-
detector showing a high performance in NETD of 3 mK at 78 K. The
p-doped Ag-HgTe NCs were synthesized by one-pot synthesis method.
Using such facile synthesis methods, the silver doping ratio could be con-
trolled, which makes the appropriate band alignment in the device. Also,
with increasing the silver doping ratio, the p-type character of Ag-HgTe
NCs was enhanced, and the responsivity reached 0.58 A W™ at 130 K. The
ligand exchange, which determines the conductivity of the QD film, was a
key to improving the device performance. Monovalent bromide ions pas-
sivated the surface of Ag-HgTe NCs well, preventing the aggregation of
films. As a result, the p-CTAB-treated Ag-HgTe/n-HgTe QD device
achieved a low NETD value compared to the previous HgTe CQD-based-
photodetector. This is attributed to efficiently suppressing noise by fabri-
cating well-distributed CQDs layers with extremely smooth surfaces of QDs
layers and the large area of the device. The thermal image was successfully
obtained by a single pixel of the device. The HgTe CQDs-based device
results with Ag-HgTe p-type material indicate the great potential for
applications in low-cost and high-sensitive MWIR thermal sensing cameras.

Methods

HgTe NCs synthesis

1.5 mmol of HgCl, and 50 mL of OLAM were placed in a 200 mL three-neck
flask, followed by degassing under vacuum ( ~ 100 mTorr) at 100 °Cfor 1 h.
For the tellurium precursor stock solution (1M TOP-Te), 10 mmol of
tellurium powder was dissolved in 10 mL of TOP with vigorous stirring at
100 °Cfor 1 h in the glovebox. After the Hg precursor solution was degassed,
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the temperature of the flask was set to 97 °C under an argon flow. 1.5 mL of
1 M TOP-Te solution was rapidly injected into the three-neck flask, and
after the desired reaction time, 4 mL of DDT and 4 mL of TOP were injected
with an ice bath quenching. The product solution was centrifuged with
chloroform to remove the byproducts. The supernatant was precipitated
with ethanol, and the precipitates were redispersed in chlorobenzene. The
redispersed HgTe was added to a vial with didodecyldimethylammonium
bromide (DDAB) and stirred for 45 minutes to remove the excess ligand.

Ag-HgTe NCs synthesis

Ag-HgTe NCs was prepared with a similar method of HgTe NCs. The 0.5 or
1.5 mmol of AgCl powder, 1.5 mmol of HgCl,, and 50 mL of OLAM were
dissolved in a 200 mL three-neck flask. After degassing, 4 mL of 1 M TOP-
Te solution was quickly injected into the flask at 97 °C under argon gas. The
reaction proceeded for 1 min and 30s, followed by injection of ligand
mixture solution (DDT and TOP) with an ice bath quenching. The pre-
cipitation process was same as HgTe NCs.

Device fabrication

Sapphire substrates (11 mm X 11 mm) with a thickness of 0.65 mm. Indium
tin oxide was sputtered over the substrates at 70 nm as an electrode. The
ITO-sapphire substrate was cleaned by sonicating it with distilled water,
chloroform, acetone, and IPA. The dried substrate was treated with 1% (v/v)
MPTMS/toluene solution for 30 s and washed by IPA. 30 uL of HgTe NCs
was dropped and spread over the overall surface of the substrate by hand-
ling. The NCs film was annealed at 50 °C, and then the film was immersed in
an EDT/HCV/IPA (1:1:100 by volume). After ligand exchange, the film was
washed by IPA 3 times. This process was repeated 3-7 times to fabricate the
active layer film. For the p-type layer, 30 puL of Ag-HgTe NCs was used in the
same method as the HgTe layer. EDT, HDT, and CTAB ligands were
dissolved in IPA, respectively, to compare the ligand exchange effects. The
process of the p-type layer was repeated 1-2 times. Finally, the Au electrode
(80 nm) was deposited by a thermal evaporator.

Fourier-transform infrared absorption
The FTIR absorption spectra were measured by a Nicolet iS10 FT-IR with a
resolution of 0.482 cm™.

X-ray Diffraction

A Rigaku Ultima III X-ray diffractometer with graphite-monochromatized
Cu Ka (A =1.54056 A) was used to measure the XRD pattern. The irra-
diation power was 40 kV with 30 mA. The sampling width was 0.01°.

High-resolution analytical transmission electron microscope
The morphology of HgTe and Ag-HgTe NCs was investigated by a Tecnai
20 model, which used 200 kV of acceleration voltage.

X-ray photoelectron spectroscopy

The K-alpha Model with the monochromated Al X-ray sources (Al Ka line:
1486.6 V) was used to measure the XPS spectra. The XPS spectra were
calibrated to the value of C 1s (284.8 eV). The atomic percent of NCs was
investigated from the XPS spectra.

Ultraviolet photoelectron spectroscopy

The UPS spectra were collected by a (Nexsa™ X-Ray Photoelectron Spec-
trometer) with the He(I) line with an energy of 21.22 eV. The energy step
size was set to 0.050 eV.

Focused lon Beam
The cross-sectional specimen of the fabricated device was taken with a FEI
Helious G5 UC focused ion beam.

Field effect transistors
Heavily n-doped silicon wafer with a 300 nm thickness of SiO, was used as
the substrate for the back-gated thin film transistors. After cleaning with the

organic solvents, Ti (5nm)/Au (50 nm) interdigitated electrodes were
thermally evaporated, and the wafer was diced into 3 cm x 3 cm. The
channel width and length of the interdigitated electrodes were 5.28 mm and
10 pm, respectively. Each NC was drop-casted and annealed at 50 °C. The
films were treated with the CTAB or HCI/EDT solution for the ligand
exchange and washed by IPA. The process was repeated for 1-2 times.
Transfer characteristics of the FET were measured with a semiconductor
parameter analyzer (4200A-SCS).

J-V measurement

For the electrical characterization of the device, the current density-voltage
spectra were measured with a semiconductor parameter analyzer (4200A-
SCS). The fabricated device was placed in a Janis ST-100 optical cryostat
with a CaF, window to lower the operating temperature. A calibrated
blackbody (Omega BB703, 300 °C) was used as the infrared illumination
source to see the photoresponsivity of the device. The Js¢ value was defined
as the current density value at 0 voltage.

Noise spectral density measurement

For the noise spectral density measurement, the device was connected inside
the cryostat and placed in the home-built Faraday cage to reduce exposure to
external noise. The temperature of the cryostat was lowered to 78 K. Low-
noise current preamplifier (Stanford Research Systems, SR570) was con-
nected to the device to amplify the current signal to the voltage unit. For the
frequency-dependent voltage RMS spectra, the FFT dynamic signal analyzer
(Stanford Research Systems, SR785) was used.

NETD measurement

The NETD was calculated from the time-dependent current density spec-
trum from a semiconductor parameter analyzer (4200A-SCS). A constant
voltage of —0.005 V was applied to the device. During the measurement of
388 s, a total of 4097 scan points were measured. The blackbody radiation of
20 °C (home-built by the I3 system corporation) was maintained for 150 s
and changed to 35°C in 80s. The RMS value was calculated from the
current density records at 20 °C.

Infrared image measurement

A single pixel of the fabricated device was used to scan the corresponding
infrared image of the shadow mask. The mask was placed on the X-Y
scanner, and the blackbody radiation (Thorlab, SLS303) passed through the
holes of the mask. Since the device was operated with low-temperature
blackbody radiation, the shutter of SLS303 was used with a closed state. A
scanning lens was mounted in front of the cryostat and projected the image
across the detector. The device was operated at 78 K with a constant voltage
of 0.01 V from a low-noise current preamplifier (Standford Research Sys-
tems, SR570). The photocurrent value was recorded by moving the mask
with an X-Y scanner. The number of points to construct the 50 mm X
40 mm thermal image was 101 in horizontal and 81 in vertical directions.

Supporting information

ICP-MS results, XPS spectra, TEM images with EDS mapping, FT-IR
spectra, Cross-sectional FIB image, UPS spectra, Drain current-gate Voltage
characteristic, J-V curves, Responsivity ratio, Noise density spectrum,
NETD value comparison.

Data availability
All data that support the findings of this study are available within the article
and its Supplementary Figs. and table.
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