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TOPICAL REVIEW — Photodetector: Materials, physics, and applications

Development of small pixel HgCdTe infrared detectors
Ming Liu(刘铭)†, Cong Wang(王丛), and Li-Qing Zhou(周立庆)

North China Research Institute of Electroptics, Beijing 100015, China

(Received 12 September 2018; revised manuscript received 26 November 2018; published online 26 February 2019)

After approximately half a century of development, HgCdTe infrared detectors have become the first choice for high
performance infrared detectors, which are widely used in various industry sectors, including military tracking, military
reconnaissance, infrared guidance, infrared warning, weather forecasting, and resource detection. Further development in
infrared applications requires future HgCdTe infrared detectors to exhibit features such as larger focal plane array format
and thus higher imaging resolution. An effective approach to develop HgCdTe infrared detectors with a larger array format
size is to develop the small pixel technology. In this article, we present a review on the developmental history and current
status of small pixel technology for HgCdTe infrared detectors, as well as the main challenges and potential solutions in
developing this technology. It is predicted that the pixel size of long-wave HgCdTe infrared detectors can be reduced to
5 µm, while that of mid-wave HgCdTe infrared detectors can be reduced to 3 µm. Although significant progress has been
made in this area, the development of small pixel technology for HgCdTe infrared detectors still faces significant challenges
such as flip-chip bonding, interconnection, and charge processing capacity of readout circuits. Various approaches have
been proposed to address these challenges, including three-dimensional stacking integration and readout circuits based on
microelectromechanical systems.

Keywords: HgCdTe, infrared detector, small size pixel, readout circuit
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1. Introduction
Over the past several decades, various types of HgCdTe

infrared (IR) detector imaging systems have been developed
to meet the demand of industry applications, which is shown
in Fig. 1. The primary types of imaging systems developed
for HgCdTe IR detectors include mechanical scanning units,
linear arrays, and starring focal plane arrays (FPAs), as well
as the third generation IR detector imaging systems with fea-
tures of higher detection rate, larger array format size, lower
cost, and multi-band detection. The further development of
industry applications requires future imaging systems (fourth-
generation) to demonstrate features of larger array format size
and thus higher imaging resolution.[1–3]

Although improving the optical aperture of the system is
the basic method to achieve higher spatial resolution or larger
detection distance, this will lead to a significant increase in
system size, weight, and cost, which are not desirable for prac-
tical industry applications. Therefore, it is essential to fab-
ricate HgCdTe FPAs with larger format size to achieve high
imaging resolution. Currently, there are two main approaches
to develop HgCdTe FPAs with large array format size. One is
to grow the HgCdTe material on substrates with large wafer
size. A significant amount of work has been conducted in this
area, and HgCdTe IR materials were grown on various alterna-
tive substrates, including Si, Ge, and GaAs. However, owing
to the large lattice mismatch between these alternative sub-
strates and the HgCdTe material, there are high densities of

dislocations generated in the HgCdTe layers that were grown,
which degrades the device performance of HgCdTe IR detec-
tors, especially long-wave IR (LWIR) detectors.[4,5] Although
GaSb was proposed as a new alternative substrate for develop-
ing high quality HgCdTe materials with lower dislocation den-
sity, and significant progress has been made with these GaSb
alternative substrates,[6–10] there are still considerable devel-
opments required before successfully applying them to indus-
try applications. The second approach is to reduce the pixel
size of the HgCdTe detector. Even with the existing HgCdTe
wafer size, the array size will increase by a factor of four when
the pixel size is reduced by half, which will significantly in-
crease the array format size and thus the imaging resolution.
A reduction in pixel size can also reduce the production cost of
the FPAs by fabricating more FPA chips out of a single wafer.
For an existing array size, a reduction of the pixel size by half
will reduce the detector chip area by a factor of four, signif-
icantly reducing the chip size as well as the cooling require-
ments of the dewar package. This effect will be more obvious
by increasing the array size.

In addition, when the system imaging resolution is lim-
ited by the detector, the modulation transfer function (MTF)
of the detector can also be improved by reducing the pixel size
or center distance of the detector in the FPAs, further, the de-
tection system can be improved to the near diffraction limit
performance without increasing the optical aperture, resulting
in a spatial resolution or target detection distance close to the
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near diffraction limit. When the optical system reaches the
diffraction limit, the diffraction image presents a bright central
circular spot, called as an Airy circle, which contains 84% of
the radiation flux, with the rest in the surrounding ring. The di-
ameter of the Airy circle D is defined as D = 2.44λF , where λ

is the wavelength, and F is the F number of the optical system.
Under the premise of ensuring the optical aperture and MTF
of the optical system, the smaller the pixel size, the higher the
resolution. It should be noted that because of the limitation of
the Airy diameter and the fabrication process of the detector,
there is a fundamental limit for the pixel size reduction. The
conventional imaging methods require the detector pixel size

to be equal to the diameter of the Airy circle. To study the

influence of the pixel size on the system imaging quality, DRS

Corporation in the US has undertaken an extensive theoretical

analysis and experimental verification and confirmed the pos-

sibility of reducing the detector pixel size to near-diffraction

limit or even ultra-diffraction limit. The minimum pixel sizes

of the detector were estimated by assuming F/d = 2 as the

optimum resolution condition, which is listed in Table 1. It

can be observed that with an F/1 optical system, the mini-

mum pixel size is 2 µm for mid-wave IR (MWIR) detectors

and 5 µm for LWIR detectors.[11]

Fig. 1. Development history and roadmap of IR detector.

Table 1. The F number and the minimum pixel size under the condition
of F/d = 2.

Pixel size/µm
F number F number

(wavelength 4 µm) (wavelength 10 µm)
2.0 1.0 –
2.5 1.25 –
3.0 1.33 –
5.0 2.5 1.0
6.0 3.0 1.3
12 6.0 2.4
15 7.5 3.0
17 8.5 3.4
20 10.0 4.5
25 12.5 5.0

2. Development history and current status of
small pixel technology for HgCdTe IR detec-
tors
As discussed above, small pixel detector technology

presents an important technology for the future development
of HgCdTe IR detectors. Significant progress has been made
in this area over the past decades by the main industry manu-
facturers in the world. In the following section, we will review
the research progress at certain primary research institutions

and detector manufacturers.

2.1. Research progress at Sofradir/CAE-LETI

Sofradir has become one of the major manufacturers for
HgCdTe IR detectors in the world by demonstrating its ca-
pability to produce imaging systems with high performance
and reliability.[12] In 1986, Sofradir started manufacturing
the second-generation HgCdTe linear detector arrays. In
1991, Sofradir demonstrated one of their best sellers: 288×4
HgCdTe CCD detectors with pixel sizes of 25 µm (scan di-
rection) and 28 µm (cross-scan direction). Subsequently, they
developed the 480× 6 complementary metal–oxide semicon-
ductor (CMOS) HgCdTe IR FPAs with pixel sizes of 28 µm
(scan direction) and 38 µm (cross-scan direction),[13] which
later became a part of the horizontal technology integration
program in the US. In 1999, CEA-LETI /LIR developed the
MWIR and LWIR 1500× 1 HgCdTe FPAs. The pixels had a
square active surface of 30 µm×30 µm and were laid out in a
staggered configuration with a cross-scan pitch of 30 µm and
an in-scan pitch of 60 µm, which is shown in Figs. 2 and 3.
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Fig. 2. Small pixel technology roadmap at Sofradir.
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Fig. 3. Development of pixel size for HgCdTe IR detectors at Sofradir.

In 1991, Sofradir started developing HgCdTe starring ar-
rays with the first demonstration of a 64×64 array with a pitch
of 60 µm in both directions.[14] In 1992, 128× 128 starring
arrays were demonstrated for both MWIR and LWIR wave
bands. Typically, the pixel in the 128×128 starring array was
square in shape with a pixel size of 50 µm. The 128× 128
HgCdTe IR FPAs were operated in both the snapshot mode and
integrate-then-read mode. For the LWIR detector arrays, two
central sub-formats (64×64 and 32×32 windowing) enabled
an increased frame rate. In the meantime, owing to the in-
creased demand for missile applications, larger arrays such as
the 320× 256 format were developed with the representative
product of 320×256 MWIR detector arrays, which had a pixel
size of 30 µm and were cooled with a Stirling microcooler.[15]

The US television format of 640 × 480 FPAs was later de-
veloped at CEA/LETI LIR in 1997 and then manufactured at
Sofradir in 1999 with a pitch size of 25 µm, which is shown in
Fig. 4.
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Fig. 4. Change of pixel pitch of HgCdTe IR detectors in Sofradir’s pro-
duction lines.

The first HgCdTe FPA with a pixel size of 15 µm was in-
troduced to the market in 2004, which had a 640×512 format
and was operated in the MWIR (3–5 µm) band. This prod-
uct titled Scorpio was created by using liquid phase epitaxy
(LPE) method with an enhanced process to reduce the dis-
persion of response. The production was soon transferred to
molecular beam epitaxy (MBE) process by the end of 2008.
For applications in systems requiring higher spatial resolution
like surveillance, Sofradir developed its Jupiter model which
had a 1280× 1024 format with a pixel size of 15 µm oper-
ated in the MWIR band and cooled by a linear flexure bearing
split Stirling cooler from Thales Cryogenics, which is shown
in Fig. 5. To meet the demand of various industry applica-
tions, Sofradir also developed a miniature Epsilon version of
the Jupiter FPAs with its 15 µm pixel technology in 2008,
which presented the 384×288 format and was operated in the
MWIR band. This Epsilon model was primarily dedicated to
the applications with features of low cost and low power like
goggles.[16]

(a) (b)

Fig. 5. The 1280×1024 HgCdTe focal plane arrays with pixel pitch of
15 µm.

In 2014, Sofradir launched its Daphnis-HD HgCdTe
FPAs (as shown in Fig. 6), which was the first HgCdTe IR
FPA product in the world that used a 10 µm pitch technology.
This product operated in the wavelength range of 3.7–4.8 µm,
and was widely applied in various areas, including armored
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vehicles, helicopters (navigation systems and search and res-
cue equipments), target acquisition, imaging pods, airborne
and shipboard launch systems, border detection, and resource
monitoring applications.[17]

(a) (b) (c) (d)

Fig. 6. Daphnis-HD MWIR HgCdTe detectors: (a) RM2, (b) RM3, (c) RM4,
(d) split cooler.

After nearly 30 years of development, Sofradir has pro-
duced IR detector components with the FPA pixel size reduced
from 60 µm to 10 µm and pixel number increased from thou-
sands to millions. During this period, numerous new tech-
nologies have emerged to promote the development of IR fo-
cal plane, including the world’s first demonstration of small
pixel technology. However, with the further reduction of pixel
size, device processing technology and readout circuit design
are facing great technical challenges, which will be the key
factors limiting the development of small pixel technology.

2.2. Research progress at Raytheon

Raytheon is another major HgCdTe IR detector manufac-
turer in the world. As indicated in the literature, Raytheon
launched its second and third generation IR detectors in the
1980s with pixel sizes ranging from 61 µm to 38 µm (as
shown in Fig. 7). In the 1990s, Raytheon manufactured cer-
tain large format HgCdTe IR FPA models with pixel sizes of
30 µm and 20 µm.[18] The 30 µm pixel technology was used in
certain small format arrays, such as the 256×256 single/two-
color detectors,[19] while the 25 µm pixel technology was
used in certain large format arrays, such as the 2560 × 512
MWIR double layer heterojunction (DLHJ) HgCdTe FPAs
fabricated on Si substrates (as shown in Fig. 8).[20] The 20 µm
pixel technology was a typical technology extensively used in
HgCdTe IR FPAs with various formats at Raytheon, including
640×512, 1280×720, 1024×1024, and even some 2 K and
4 K formats in the 21st century.[21]

At Raytheon, the 20 µm pixel technology was also used in
two-color HgCdTe FPAs since the 2000s. As shown in Fig. 9,
the two color FPAs presented well-behaved spectral response
and quantum efficiency (> 65%) in both MWIR and LWIR
bands.[22] Figure 10 illustrates the examples of HgCdTe FPAs,
electronics, and dewar assemblies produced by Raytheon in
the TMT program. Figure 11 shows imagery obtained at 78 K
for a 640×480 M/LWIR FPA.

Fig. 7. Development roadmap for HgCdTe IR detectors at Raytheon
vision systems.

(a)

(b)

Fig. 8. Schematic cross-sectional illustrations of the third generation
MBE grown detector architectures: (a) two-color triple layer hetero-
junction HgCdTe/CdZnTe, and (b) large format single color DLHJ
HgCdTe.

Fig. 9. Relative spectral response curves for a typical 20 µm
MWIR/LWIR two-color detector array made by Raytheon.
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Fig. 10. Examples of HgCdTe FPAs, electronics, and dewar assemblies
produced by Raytheon in the TMT program.

MWIR LWIR

Fig. 11. Example of imagery obtained at 78 K for a 640×480 M/LWIR
FPA at f/5 field of view and 30 Hz frame rate. The subject is holding
a thin piece of plastic which transmits the MWIR band but absorbs the
LWIR band.

Raytheon’s technological roadmap of IR focal plane has
always represented the most “complex” and “state-of-the-art”
technologies. However, the development of smaller pixels
seems to have slowed down from its original R&D pace. A
variety of planar array formats were designed and produced
at the pitch size of 20 µm, and the largest FPA has reached
4 K×4 K format with more than ten million pixels. However, it
should be noted that, under the same pixel size, a larger format
requires exponential growth of FPA size, and this presents a
series of challenges during material profile, flip-chip-bonding,
interconnection, and so on. Further reduction of the pixel size
can reduce the total size of the FPA and make the FPA easier
to manufacture.

2.3. Research progress at DRS

At DRS Corporation, the technology of high-density ver-
tical integration photodetector (HDVIP) was developed for
fabricating high-performance HgCdTe IR FPAs with a pixel
size ranging from 20 µm to 15 µm, 12 µm, and even smaller
size. The HDVIP structure included a channel through the
HgCdTe film, ending at the readout integrated circuit (ROIC).
The p-type HgCdTe was transformed to form a columnar n-
type region around the channel, and an n+/n/p diode was ob-
tained (as shown in Fig. 12).[23] Figure 13 illustrates the DRS
640×480 LWIR FPAs with various cell center distances.[24,25]

In 2014, DRS developed its 1280 × 720 MWIR and LWIR
FPA modules with a center distance of 5 µm based on the

HDVIP technology. The effective pixel rates were higher
than 99.95% and 99.6% for MWIR and LWIR FPA mod-
ules, respectively.[26] In 2016, DRS developed its 2048×2048
MWIR FPAs with a spacing of 6 µm, which set a new record
for the small pixel technology of HgCdTe IR detectors.

Fig. 12. HDVIP diode diagram.

Fig. 13. DRS 640×480 LWIR HgCdTe FPA models with various pixel
spacing.

The unique technology of DRS changed the placement of
a p–n junction and achieved a new type of device architecture.
On this basis the pixel size was minimized to 6 µm, which is
the smallest size in known IR FPAs. This type of lateral de-
vice geometry could reduce the effective area of the absorption
region and might also decrease the absorption efficiency.

2.4. Research progress at SELEX

SELEX based in UK is another major HgCdTe FPA man-
ufacturer. To reduce the power consumption and production
cost as well as enhance the imaging resolution, over the years
SELEX has developed HgCdTe IR FPAs operating in various
wavelength ranges (short-wave IR, LWIR, MWIR, and dual
waveband IR) and with various pixel sizes ranging from the
initial 30 µm to 24/20/16 µm,[27] as shown in Fig. 14. In 2013,
the Falcon was implemented in three-sided docking format
(12 µm pixel spacing, 1920× 1080 array format), and small
test chips were implemented to evaluate the small pixel spac-
ing and key components of the array design, as illustrated in
Fig. 15.[28] In 2015, the 8 µm pixel technology was first im-
plemented in the SuperHawk 1280×1024 MWIR FPA with a
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working temperature up to 160 K, and 300 K blackbody tar-
get, noise equivalent temperature difference (NETD) of up to
22 mK ( f/2.8, half well). Figures 16 and 17 show the image
captured with the SuperHawk 1280× 1024 MWIR HgCdTe
FPA module.[29]
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Fig. 14. Evolution of MWIR pixel size.

Fig. 15. Falcon HD 1920×1080 MWIR FPA.

Fig. 16. SuperHawkTM integrated dewar cooler assembly package.

Fig. 17. Image taken with SELEX SuperHawk 1280× 1024 MWIR
HgCdTe FPA module.

While being different from MBE and LPE methods, the
metalorganic chemical vapor deposition (MOCVD) growth

demonstrates faster material preparation speed and provides
a new way of producing HgCdTe. The FPAs manufactured
from MOCVD-grown materials have already reached a pixel
size of 8 µm and pixel number of millions. However, only a
small portion of FPAs have been prepared by this process and
its transferability and reproducibility need to be verified.

3. Technical challenges and development trends
for small pixel HgCdTe IR detectors
In comparison to visible light sensors whose pixel size

was already reduced to 1.4 µm, there is a significant challenge
in scaling down the pixel size of HgCdTe IR detectors. By re-
ducing the dimension of the HgCdTe pixels, the fabrication
and integration processes become considerably challenging,
including flip-chip bonding, and signal processing (ROIC, sig-
nal integral capacitance, and signal to noise ratio (SNR)). The
flip-chip bonding for small pixel detectors is significantly chal-
lenging, especially when the pixel size is below 8 µm, which
can seriously degrade the pixel and array yield and thus in-
crease the production cost. Therefore, it is essential to develop
reliable flip-chip bonding processes that are suitable for small
pixel detectors. A potential solution is a three-dimensional
(3D) integration technology using controlled flip-chip bond-
ing and wafer bonding. Recently, multiple layers of CMOS
(up to three layers) were stacked and vertically interconnected,
potentially increasing the processing volume within the pixel
area. In addition, 3D integration process using wafer bond-
ing was demonstrated for integrating small pixel detectors (ap-
proximately 6 µm) on Si and InP.[30]

In traditional analog ROIC technology, the photocurrent
generated by the IR detectors is accumulated and stored lo-
cally on the capacitors (electron potential well). The maxi-
mum charge stored during the integration time is equal to the
product of the total capacitance and the maximum permissi-
ble voltage across the capacitor. Figure 18 shows a simplified
ROIC unit (pixel) circuit diagram and wiring example. As il-
lustrated in Fig. 18, the integral capacitor occupies the main
part of the unit area. As there are multiple gain choices at the
pixel level, the capacitance could be adjusted to the maximum
SNR and dynamic range that match the target application and
scheme. According to the application requirements (F num-
ber, moving fading, IR radiant flux), the gain and integration
time could be set considering the detection distance and detec-
tion performance under various weather conditions.[31]

With small pixels, the photon flux was reduced and as
a result the integration time was usually increased to achieve
high quality imaging. Because of this, the imaging quality of
remote devices with smaller instantaneous fields of view was
often limited by the moving halos, which is the consequence of
the movement of the hand during the integration time. In this
case, short integration time (2–5 ms) should be used to reduce
the influence on the detection distance. Short integration time
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was also useful for freezing targets that move fast. Conversely,
the integration time could be longer for a stabilization system
(10 ms) being independent of platform deployment and vibra-
tion. To achieve high sensitivity (i.e., < 30 mK), the 5 µm
pixel LWIR HgCdTe FPA required a large amount of inte-
grated charge to be accommodated in a very small unit. With
the traditional ROIC design, the charge storage density was
approximately 2.5× 104 e/µm2, which provided high sensi-

tivity (< 30 mK) for most tactical MWIR and LWIR applica-

tions, e.g., a pixel size of 12 µm.[32] For a 5 µm pixel size,

the charge stored with the standard ROIC technology was less

than million electrons, however, for high sensitivity applica-

tions, 8–12 million electrons were required. Therefore, the

small pitch HgCdTe infrared detectors are currently not widely

available for practical applications.

(a) (b) (c)

Fig. 18. (a) Simulated ROIC structure, (b) simplified block diagram of unit r pixel circuits, and (c) cell layout.

The microelectromechanical system (MEMS) capacitors
are suitable for 3D ROIC design and provide a potential solu-
tion to the problem of charge storage in small pixel detectors.
In recent years, the 0.18 µm Si CMOS technology was used
in developing the charge capacity control technology for the
metal–insulator–metal (MIM) capacitors with a charge density
of 2 fF/µm2. Multilayer stacking of MIM capacitors can have
a higher charge density of up to approximately 7 fF/µm2. The
15 µm pitch of 640× 512 ROIC designed by AIM Corpora-
tion using the 0.18 µm Si-CMOS technology has significantly
enhanced the NETD performance of HgCdTe IR detectors in
comparison to the standard ROIC, the results of which are
shown in Fig. 19.[33,34] The LWIR ROIC MEMS technology
that was developed addressed the major limitations of the tra-
ditional ROIC technology including performance and scaling
issue. MEMS capacitor arrays could be fabricated separately
on 8-inch Si wafers. This technology could have 20 million
electrons in a single 5 µm unit pixel. This technology paves
the way for manufacturing small pitch pixels with high sensi-
tivity. Figure 19 (b) shows the representative scanning electron
microscopy (SEM) image of a partial MEMS capacitor array.
Based on this technology, a small pixel (5 µm) LWIR HgCdTe

FPA was demonstrated with a large format (1280×720).
To maintain or improve the dynamic range of a unit

pixel, it is essential to have CMOS technology with pro-
gressive scale and higher density. High density CMOS
fabrication processes could be used to improve the unit
processing capacity. Figure 21 shows the number of ex-
trapolated unit triodes, which indicates the feasibility of
implementing advanced in-pixel signal processing capabil-
ity in smaller pixels in the next 10 years. As predicted
in the literature,[31] complex in-pixel processing combined

Fig. 19. Relationship between NETD of AIM HgCdTe detector module
and charge processing capacity.

(a) (b)

detector array

MEMS capacitor wafer

Fig. 20. (a) The 3D integrated LWIR FPA design schematic diagram, and (b) representative SEM image of MEMS capacitor array
cross section.[35]
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with data exchange and control systems among pixels will sig-
nificantly enhance the capability of large-scale parallel image
computing and the performance of the ultimate sensor imaging
systems is expected to significantly improve over the current
level.

Furthermore, with the reduction of HgCdTe pixel size,
new challenges are expected to arise, such as the following
issues. (i) When the pixel size is reduced to be comparable
to the size of material defects (approximately 5 µm), the in-
fluence of the dark current caused by the material defect be-
comes more significant and damaging. Therefore, the produc-
tion of HgCdTe materials with ultralow defect density has be-
come one of the major challenges in developing small pixel
technology. (ii) Traditional contact lithography has a consid-
erably high requirement of the chip surface roughness. Ow-
ing to the square shape of the HgCdTe materials, edge bead
is severe during spin coating of the photoresist on HgCdTe,

resulting in an uneven material and a photo mask that is not
completely in contact with the material surface. Therefore,
this leads to distortion of transferred patterns. When the pixel
size decreases, the critical size during fabrication decreases as
well, and the distortion and inconsistency of the photolithog-
raphy are amplified, which leads to the deviation of the sizes
of injection area and contact hole from the design value, thus
greatly affecting the pixel uniformity in an FPA. (iii) HgCdTe
FPAs normally utilize common ground, which makes the in-
sulation between two adjacent pixels poor. When subjected
to IR radiation, photo-generated carriers will diffuse to adja-
cent pixels, causing electrical crosstalk. When the pixel size
is reduced, the electrical crosstalk between neighboring pixels
becomes significantly worse. Therefore, the device structure
and layout of the FPA need to be redesigned and simultane-
ously the processing steps need to be adjusted to modify the
material electrical properties to reduce the crosstalk.

(a) (b)

Fig. 21. (a) Relationship between the triode density and the development trend line of commercial microprocessors, (b) relation between the
maximum number of transistors that can be put into a pixel unit and the density of several circuits with 5 µm to 30 µm pixel dimensions.

4. Conclusion
In summary, we have presented a detailed review on the

small pixel technology for HgCdTe IR detectors. The small
pixel technology represents an important development trend
for HgCdTe IR detectors owing to its capability in fabricating
HgCdTe FPAs with larger array format and thus higher imag-
ing resolution, which can have various important applications,
such as remote target recognition under low F number condi-
tions. It was predicted that the pixel size of LWIR HgCdTe de-
tectors can be reduced to 5 µm, while that of MWIR HgCdTe
detectors can be reduced to 3 µm. However, it is very challeng-
ing to develop small pixel HgCdTe IR detectors owing to the
difficulty and limitations in flip-chip bonding, interconnection,
and charge processing capacity of readout circuits. Various ap-
proaches were proposed to address these challenges, including
3D stacking integration, ROIC MEMS technology, low defect
density HgCdTe thin film material growth technology, high
precision lithography technology, and electrical crosstalk sup-
pression technology.
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