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  The dominant photon detectors and focal plane arrays (FPAs) 
in the mid-wave infrared (MWIR) range (λ = 3 μm to 5 μm) use 
single crystal InSb and HgCdTe materials. The cost of these 
detectors is high, and cooling at approximately 80 K to 120 K is 
required to reduce the dark current. Colloidal quantum dots 
(CQDs) can be used to provide the speed and detectivity (D*) of 
the quantum detectors with lower fabrication costs than those of 
single crystal epitaxial materials. The aim of this study is to 
develop a MWIR area array sensor with an HgCdTe-ternary 
alloyed semiconductor CQD using a commercially available 
silicon readout integrated circuit (ROIC). First, we synthesized a 
solution processed HgCdTe CQD responsive in the MWIR range at room temperature and developed a Schottkey junction 
photodiode array of 10 × 10 pixels based on the same quantum dots (QDs) to produce a HgCdTe-Si interface suitable for a 
MWIR photodiode at room temperature. After ensuring its functionality, we developed a 320 × 256-pixel focal plane array 
(FPA) responsive in the MWIR region by hybridization of the HgCdTe CQD layer over a silicon ROIC die with a direct 
injection input circuit. The FPA was operated using an indigenously developed Field Programmable Gate Array (FPGA)-based 
drive unit, and different IR targets were imaged to evaluate its use as a low-cost MWIR FPA. NEΔT value of 4 K achieved at 
room temperature. 
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I. INTRODUCTION 
Remote sensing in the mid-wave infrared (MWIR) 

spectral range (3−5 μm) is advantageous owing to the 
atmospheric transmission window.  Extensive research has 
been performed on bulk Hg1−xCdxTe, for MWIR detection; 
however, low-temperature cooling is required, which 
increases the occupied space and energy consumption of the 
detector, requiring bulky focal plane arrays (FPAs). For 
quantum dots of a particular composition, the minimum 
possible band gap is controlled by the composition, and the 
maximum band gap is based on the size of the particle, 
which can be tuned using a synthesis method. For quantum 

dot (QD)-based photodetectors, Hg1−xCdxTe is a potential 
candidate owing to its features, such as a negative band gap 
Eg = −0.15 eV and large exciton Bohr radius, ensuring the 
quantum confinement effect at the desired spectral range 
[1−3]. Significant research work has been carried out for 
room temperature detection of MWIR radiation and 
uncooled detector development for this spectral range 
[4−11] but majority of them involves complex lithographic 
technique or discrete junction detectors. InAsSb-AlAsSb- 
nBn detectors are developed [7] and cut-off wavelength 
achieved close to 4.5 μm at 300 K with D* value of 5 × 109. 
Discrete responsivity peaks have been observed for hBN/ 
black arsenic phosphorous/hBN detectors [8] in photocon- 
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ductive mode at λ = 3.4 μm, 5.0 μm, and 7.7 μm. Analytical 
simulation of PbSe [10] and HgCdTe [11] based detectors 
have been carried out which also considering pixel structure 
realizable through complex lithographic technique. We have 
utilized the advantages of colloidal quantum dots (CQDs) 
[12−16] with lower fabrication costs [17] to develop MWIR 
FPA. To develop a MWIR FPA using the advantages of 
colloidal quantum dots (CQDs), a suitable charge-to- 
voltage/current conversion circuit is required to extract the 
photo-generated charge carrier from the QDs and convert it 
to a measurable quantity, such as the voltage or current. We 
selected a commercially available 320 × 256-pixel comple- 
mentary-metal-oxide-semiconductor (CMOS) readout inte- 
grated circuit (ROIC) (FLIR ISC9705) [18] for the readout 
and image generation of the CQDs. The ROIC comprises a 
direct injection (DI) input cell with a small footprint and low 
noise and is hybridizable with p- and n-type semiconductors, 
which are suitable for the development of QD FPAs. Similar 
ROIC-based FPA developments have been carried out [19− 
22] however, all are related to shortwave infrared (SWIR) 
and near infrared (NIR) sensing. MWIR detection has been 
performed using an HgTe CQD film, and the sample was 
cooled at 130 K to achieve optimum detectivity. 

DI-type ROICs are more suitable for a high-photon flux 
target. Therefore, we used a high-intensity MWIR source in 
our test setup. A synthesized HgCdTe CQD was charac- 
terized to ensure MWIR absorption and HgCdTe CQD was 
spin coated over ROIC as a light sensitive layer. Figure 1(a) 
shows the circuit schematic of a unit cell of the FPA. The 
detector (D1) is a cluster of QDs that are in physical contact 
with the readout transistor pad. Figure 1(b) shows a 
magnified and AFM image of the bare ROIC pixels to 
determine the pixel depth. Charge carrier transport from one 

quantum dot (QD) to another follows the hopping 
phenomenon [23]. Hence, the minority carrier generated 
through the incident MWIR photon hops through the 
adjacent QDs and reaches the ROIC source contact of the 
ROIC pixel DI transistor (Figure 1). The longer ligands of 
the QD restricts electron movement and increases the 
resistivity of the CQD film. Therefore, to improve conduc- 
tivity, the ligand exchange method [24] was used to reduce 
the ligand length. The column of QDs in contact with the 
ROIC pixels contribute to the photocurrent. The detector 
current flows through the input gate transistor and charges 
the integration capacitor. The anti-blooming gate keeps the 
input circuit from saturating. The voltage on the integration 
capacitor is sampled and multiplexed to the column 
amplifier. The analog output is digitized through a 14-bit 
analog to digital converter (ADC) and acquired through a NI 
PXI-based data acquisition system for image formation and 
data analysis. A 10 × 10-pixel proto device was developed.   

Prior to the fabrication of FPA by fabricating 
Hg1−xCdxTe/Si heterojunctions with Au and Al contacts for 
HgCdTe and Si, respectively. A 5 mm × 5 mm-p-type ❬100❭ 
Si wafer piece was used as the substrate. HgCdTe CQD was 
spin coated over it [after Radio Corporation of America 
(RCA) cleaning in a wet bench] at 4000 rpm to achieve a 
uniform thickness of the CQD. A suitable lithography mask 
was prepared, and 500-μm diameter circular gold contacts 
were produced using thermal evaporation. 

II. FPA DEVELOPMENT AND 
EXPERIMENTAL  

To synthesize CQD, 36 mg of HgCl2 and 4 mg of CdCl2 
were added in 4 mL of oleylamine taken in three-necked 

 
Figure 1: (a) Equivalent circuit schematic of a single pixel of MWIR FPA. (b) AFM of ROIC before CQD coating. 
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flask at 100°C. The molar ratio of Cd/Hg was kept ~0.11. 
The above mixture was constantly stirred and kept under 
nitrogen (N2) ambience by bubbling high purity N2 gas for 
an hour at 100°C. After an hour, 0.1 mL from 0.5 M solution 
of tellurium (Te) precursor in tri-n-octylphosphine (TOP) 
was injected into the above mixture. A rapidly changing 
colorless solution from brown to black was noticed, 
indicating the start of nucleation process and further growth 
of the particles. Here, the size of the particles could be 
decided by the growth parameters such as temperature, 
concentration and the time of growth. In the present study, 
the aliquots of samples were taken at the interval of 10 min. 
The photodetector contained an Al/p-Si/HgCdTe CQD/Au 
geometry. The silicon substrate provided a transmission 
window for mid-IR radiation (1−10μm) as well as developed 
a heterojunction [25−28] with the CQDs to facilitate 
extraction of the photogenerated carrier under a reverse bias 
condition. Figure 2 shows the TEM images and XRD data of 
10 min synthesized HgCdTe CQDs. Interestingly, most of 
CQDs are in tetrahedral shape [Figure 2(a−c)]. Similar 

observation of tetrahedral shape was found in the case of 
HgTe CQDs. This suggests that growth rates for this 
material are different for different facets. The measured size 
of 10 min synthesized CQDs is ~10 nm, which is deter- 
mined from the distance between apex to the opposite side 
base. X-ray diffraction data [Figure 2(d)] shows three peaks, 
which corresponds to the (111), (200), (220), (311), (400), 
and (422) planes of the cubic zinc blende structure of CdTe 
and HgTe. 

For analyzing the excitonic and band edge absorption 
features, the absorption spectrum is shown in Figure 3. A 
calibrated black body showed the emission spectrum in the 
MWIR region as the temperature varied from 300 K to 600 
K. 

The optical power output of the black body at different 
temperatures was measured using a DLaTG pyroelectric 
detector. Furthermore, a high-pass IR filter (Newport 
Corporation) was mounted in front of the device to ensure 
that the photon irradiance with a wavelength less than 2.3 
μm was eliminated (Figure 4). The device was operated in 
the photovoltaic mode. An I−V characterization (Figure 5) of 
this proto device demonstrated MWIR-sensitive pixel for- 
mation, which was replicated in the ROIC-based FPA 
development. The I−V characteristics clearly showed photo- 
diode characteristics, and these results are promising for the 
development of a solution-processed, low-cost, HgCdTe 
CQD-based FPA. 

 
Figure 3: Spectral absorption curve of synthesized HgCdTe CQD 
through FTIR. 

 

Figure 2: (a) TEM and (b and c) HRTEM images of HgCdTe 
CQDs with tetrahedral nano-crystal planes (size ≈ 15 nm). (d) 
XRD plot. Peaks correspond to the (111), (200), (220), (311), 
(400), and (422) planes of the cubic zinc blende structure of CdTe 
and HgTe. 

 
Figure 4: (a) Black body power output. (b) IR high pass filter transmission spectrum. 
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Initially the ROIC die from the manufacturer that 
provided a wafer map was cleaned with acetone and 
isopropyl alcohol (IPA) to remove the photoresist protective 
layer. Then, the ROIC die was attached to an 84-pin LCC 
bare package using vacuum compatible epoxy, and wire 
bonded pads were required to create electrical contacts. A 
synthesized CQD layer was spin coated over the ROIC 
surface. After the CQD layer dried, a graphene oxide (GO) 
layer was dispersed over it to form a top contact that was 
transparent to MWIR. In previous studies, we showed that 
GO is an excellent system for electron extraction from 
photoexcited, NIR-emitting Hg0.2Cd0.8Te CQDs [29]. 
Implementation of a top contact using ITO resulted in poor 
transparency in MWIR spectral range. Hence, an ROIC field 
effect transistor (FET) source contact (VDETCOM) was 

connected to the GO layer to provide contact with the 
cathode. The output of the ROIC is an analog voltage, and 
therefore, a 14-bit, low-noise external ADC was used in the 
test setup to digitize the sensor data. The FPA is shown in 
Figure 6. SEM image of QD coating (Figure 7) obtained 
shows no major pinholes. 

A microsemi-FPGA-based circuit was designed and 
developed to generate the required clocks for the ROIC and 
ADC. Low dropout voltage regulators (LDO) from Analog 
Devices were used to generate DC biases for the integrated 
sensor. Two different printed circuit board (PCBs) were 
developed. One consisted of FPGA, ADC, and LDO, and the 
other consisted of a CQD-coated ROIC sensor with 
decoupling capacitors. A National Instruments data 
acquisition card (NI6542) was used to acquire the digitized 

 
Figure 5: I−V characteristics of single junction at different black body temperatures. Proto device photographs, TEM image of HgCdTe 
quantum dots, and expanded third quadrant plot are in inset. Third quadrant pot depicts photocurrent at different black body temperatures. 

 
Figure 6: (a) ROIC die coated with HgCdTe CQD. (b) Graphene oxide coated ROIC. (c) FPA realized by wire bonded die on the 84-pin LCC 
ceramic package. 
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sensor data. A block schematic of the MWIR imaging chain 
is shown in Figure 8. We have computed NEΔT by setting 
back body at two different temperatures (300 K and 320 K) 
and 64 frames have been acquired at each temperature. 
Mean and standard deviation of frame data have been 
computed for each temperature. Standard deviation over 
multiple acquisition at dark condition corresponds to dark 
noise of FPA. NEΔT value comes out to be around 4 K. The 
human hand and a candle flame were imaged using an IR 
laser and a ZnSe focusing lens of f/4. The images were 
constructed in LabView GUI software. 

III. CONCLUSIONS 
An HgCdTe CQD-based MWIR FPA was developed, and 

imaging at room temperature was performed after 
confirming the MWIR response from the proto device. We 
designed and developed an FPGA-based test setup to 
characterize and perform imaging using ROIC-based 
imaging sensors. The performance of the setup was 
validated by imaging different temperature targets. The 

generated images of the targets with a temperature less than 
350 K (e.g., the human body) showed a low SNR at room 
temperature. This low SNR may be due to non-uniformity of 
the GO layer and partial absorption of MWIR in this layer 
[30]. The responsivity can be enhanced by utilizing a 
core-shell QD structure and a gold nanoparticle-based 
MWIR transparent top contact [31] over the HgCdTe CQD. 
Finally, hermetical sealing of the FPAs will be carried out 
for further screening and qualification to make them suitable 
for space use. 
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