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High operating temperature mid-wavelength infrared HgCdTe focal plane

arrays
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Abstract: This paper presents the recent progress in the research of high operating temperature (HOT ) mid-wave-
length infrared (MWIR) HgCdTe focal plane arrays (FPAs) at Kunming Institute of Physics. By optimizing the
structural parameters of mid-wavelength infrared HgCdTe detectors, a 640X512@15 wm mid-wavelength infrared
focal plane array (FPA) was fabricated based on high-quality in situ indium-doped HgCdTe film grown by liquid
phase epitaxy (LPE) using arsenic-ion-implanted p-on-n planar junction device technology. The spectral re-
sponse, device dark current, noise equivalent temperature difference (NETD), operability, and the distribution
of defective pixels of the prepared p-on-n chip arrays at various operating temperatures were tested using a vari-
able temperature Dewar. The test results demonstrate that the detector has the ability to operate at temperatures
above 180 K.
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Introduction ger minority carrier lifetime and larger absorption coeffi-
cient™”. Due to its excellent photoelectric performance,
HgCdTe infrared detector has been playing a leading role

in the field of the high-end infrared detection field, and

The Hg, CdTe (MCT) material, invented by Brit-

ish scientists Lawson and co-workers in 1959, is a direct

bandgap semiconductor material with perfect adjustable
band-gap property . Compared with InSb, InAs/GaSh
superlattices and other materials, HgCdTe materials
have significant advantages in the development of high
operating temperature infrared detectors due to their lon-
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is considered a core and key device for battlefield infor-
mation acquisition in the future information warfare. Cur-
rently, there is an urgent demand for high performance,
miniaturized, low power consumption, and low cost

(SWaP’) HgCdTe mid-wavelength infrared (MWIR) de-
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tectors in various fields such as the new generation of
multi-functional handheld thermal imagers, intelligent
unmanned photoelectric systems, precision guidance and
reconnaissance alarms. Among them, one of the main de-
velopment directions of infrared detector technology is to
improve the high operating temperature (HOT) of detec-
tor assemblies and realize the miniaturization and low
power consumption of detector assemblies on the premise
of maintaining the high performance of detectors*"".

The p-on-n structure of HgCdTe devices is achieved
by extrinsic doping with arsenic and indium impurities,
effectively eliminating the impact of Hg-vacancy defects
on the device performance. Based on planar p-on-n junc-
tion device technology, high-performance HgCdTe focal
plane arrays (FPAs) have been developed by RVS in
American, AIM in Germany, and Sofradir in France.
The dark current level of the proposed device is more
than two orders of magnitude lower compared to that of
Hg-vacancy-doped n-on-p structure devices, which have
been the primary technical route for the development of
HgCdTe HOT FPAs"™",

In this paper, the latest advancements in the devel-
opment of MWIR HgCdTe HOT FPAs at Kunming Insti-
tute of Physics (KIP) are reported in detail.

1 Experiment

Based on the planar p-on-n junction structure, we
have accomplished the optimal design of high operating
temperature MWIR HgCdTe devices. Planar p-on-n
HgCdTe mid-wavelength infrared (MWIR) FPAs with a
640%512 pixels format and a 15 wm pitch (640x512@15
pwm) based on liquid phase epitaxy (LPE)-grown in situ
indium-doped HgCdTe films are fabricated by arsenic ion
implantation. The prepared MWIR HgCdTe FPA is pack-
aged into a variable temperature Dewar. The dark cur-
rent level, noise equivalent temperature difference
(NETD) , and operability of the MWIR HgCdTe HOT
FPA are then tested and analyzed at various operating
temperatures.

2 Results and Discussion

2.1 Device Structure design and Performance Cal-
culation

For high operating temperature (HOT) HgCdTe de-
tectors, the concentration of the intrinsic, thermally ex-
cited carriers increases exponentially with rising operat-
ing temperature **". Consequently, both diffusion current
(Jupon?) and  generation-recombination  current
(Jer < n;) , which are related to the intrinsic carrier con-
centration, increase exponentially as well. Ultimately,
this exponential increase negatively impacts device per-
formance*'*. The results of calculating the diffusion
current and generation—recombination current (TSHH=5
ms) of a planar p-on-n MWIR HgCdTe detector with the
composition x=0.295 (A.=4.8 pm@180 K) and the
thickness of the absorbing layer of 5 wm as a function of
operaling temperature, are presented in Fig. 1. Fig. 1
(inset) illustrates the relationship between the concentra-
tion of intrinsic, thermally excited carriers and operating

temperature of the detector.
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Fig. 1 The dependence of diffusion current density and genera-
tion-recombination current density on the operating temperature
of a planar p-on-n MWIR HgCdTe detector. Inset: the relation-
ship between the concentration of intrinsic, thermally excited car-
riers and operating temperature of the detector.
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Based on the calculation results, it can be conclud-
ed that the diffusion current associated with the absorb-
ing layer becomes dominant when the operating tempera-
ture exceeds 120 K. Therefore, effective suppression of
diffusion current at elevated temperatures is the funda-
mental to the development of HOT devices.

The Shockley-Read-Hall (SRH) lifetime in high
crystal quality n-type MWIR HgCdTe materials can ex-
ceed 10 ms, with intrinsic recombination processes such
as Auger-1 and radiative recombination limiting the mi-
nority carrier lifetime'™. Due to photon recycling ef-
fects, radiative recombination can be disregarded, and
the minority carrier lifetime in the materials is primarily
limited by Auger-1 recombination””. The relationship
between Auger-1 lifetime and operating temperature of
HgCdTe materials with composition x=0. 295 at various
n-type indium doping concentrations is illustrated in Fig.
2. By reducing the doping concentration in the absorbing
layer, it is possible to increase the minority carrier life-
time in the material and inhibit Auger recombination ef-
fectively, as indicated by these calculations.

For planar p-on-n MWIR HgCdTe infrared detec-
tors, the absorbing layer acts as a common conductive
layer. As the doping concentration in the absorbing layer
decreases, so does its conductivity. However, this also
leads to an increase in series resistance which is detri-
mental to consistent device operation.

Figure 3 shows the relationship between the thick-
ness of the absorbing layer and the quantum efficiency of
MWIR HgCdTe infrared detector. The calculation results
indicate that the overall quantum efficiency of the MWIR
HgCdTe device exceeds 73% when the thickness of the
absorbing layer reaches approximately 5 pm.

Based on the results of the aforementioned calcula-
tions and analyses, combined with actual material and
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Fig. 2 The relationship between minority carrier lifetime and
operating temperature of n-type HgCdTe materials
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Fig. 3 The relationship between the quantum efficiency of
MWIR HgCdTe detector and the thickness of its absorbing layer
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device technology, the Indium doping concentration in
the absorbing layer is set within a range of 2 to
5x10"em”, while the thickness of the absorbing layer is
approximately 5-6 pm. As shown in Figure 4, the dark
current of MWIR HgCdTe FPAs with varying doping con-
centrations in the absorbing layer at different operating
temperatures are calculated and compared to the predict-
ed values of dark current by "Rule 07" under the same
composition'”"?,

Based on the calculation results of the dark current
at various temperatures, the noise equivalent tempera-
ture difference (NETD) of MWIR HgCdTe FPAs operat-
ing at different temperatures has been calculated”’. Fig-
ure 5 shows the dependence of NETD on FPA tempera-
ture, with varying doping concentrations in the absorbing
layer.

According to the aforementioned calculation re-
sults, optimizing the doping concentration in the absorb-
ing layer to suppress Auger recombination at elevated
temperatures can effectively improve the operating tem-
perature of MWIR HgCdTe FPAs while maintaining the

high performance of detectors.
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Fig. 4 The calculation results of the dark current of MWIR
HgCdTe FPAs versus the predicted values by "Rule 07"
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Fig. 5 Comparison of the NETD among HgCdTe devices with
different doping concentrations
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2.2 Fabrication of MWIR HgCdTe HOT FPAs

High-quality in situ In-doped MWIR HgCdTe thin
films are grown by Te-rich LPE in a horizontal sliding-
boat system on lattice-matched CZT (111) B substrates.
Planar p-on-n MWIR HgCdTe HOT FPAs are fabricated
using an arsenic implantation technique and a high tem-
perature annealing process to activate the arsenic impuri-
ty, as shown in Figure 6.

For MWIR HgCdTe HOT FPAs, the low-frequency
noise associated with surface states is a significant factor
that limits device performance at high operating tempera-
tures. Particularly when the operating temperature ex-
ceeds 160 K, the low-frequency noise related to surface
states gradually becomes the primary limiting factor for
device performance™. During the device preparation
process, a CdTe/ZnS composite passivation layer is uti-
lized for surface passivation, while the annealing process
is optimized to generate a high component HgCdTe gradi-
ent layer with a specific width on the surface of HgCdTe.
The introduction of a high component wide-bandgap layer
on the surface of HgCdTe can effectively inhibit the sur-
face states of the device. The SEM test results of the
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Fig. 6 Schematic diagram of a planar p-on-n HgCdTe FPA de-
vice fabricated by Arsenic-ion implantation
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HgCdTe film with a CdTe passivation layer are presented
in Figure 7.

WUQE 0t

K7 CdTeflifb)Z SEM BHLEF

2.3 Performance Characterization

The 640x512 MWIR HgCdTe FPAs with a pixel
pitch of 15 pwm are fabricated using planar p-on-n junc-
tions achieved by arsenic implantation into an indium-
doped HgCdTe base layer. The HgCdTe chip arrays and
column-level analog-to-digital converter (ADC) digital
Silicon readout integrated circuit (ROIC) (N,=7.5 Me)
are interconnected to hybrid FPAs by flip-chip bonding
using indium bumps. The CZT substrate of 640x512
MWIR HgCdTe FPAs is completely removed, and the an-
ti-reflective film is subsequently prepared. Then, the
prepared hybrid FPAs chip is packaged into a variable
temperature Dewar (F#=2) and tested for spectral re-
sponse at different operating temperatures. The relative
spectral response curves of MWIR HgCdTe FPA at oper-
ating temperatures of 77 K and 150 K are depicted in Fig-
ure 8.

The dark current of the MWIR HgCdTe FPA device
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Fig. 8 Relative spectral response of MWIR HgCdTe FPAs at 77
K and 150 K. )
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is tested at various temperatures to evaluate its perfor-
mance. The dark current test results of the FPA device at
different operating temperatures, along with the predict-
ed value of dark current by "Rule 07" under the same
composition, are depicted in Figure 9. According to the
test results, it has been observed that when the operating
temperature of the device exceeds 140 K, the dark cur-
rent is significantly lower than what is predicted by
“Rule07”. These values are basically equal to those re-
ported by AIM in Germany and Lynred (formerly Sofra-
dir) in France'*'"".
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Fig. 9 Dark current test results of p-on-n MWIR FPAs versus
the predicted values by "Rule 07"
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The temperature-dependent NETD and operability
of MWIR HgCdTe FPAs are tested, and the correspond-
ing test results are presented in Figure 10. Here, the op-
erability is defined as the number of pixels with a NEDT
value or temporal noise within £100% of the mean value
of all pixels, or the number of pixels with responsivity
value within +30% of the mean. According to the temper-
ature-dependent performance results of the FPAs, the op-
erability of the FPAs exceeds 99. 8% at operating temper-
ature of 150 K. When the operating temperature reaches
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180 K, NETD begins to increase significantly. Howev-
er, the operability of the FPAs still exceeds 99%, indi-
cating that MWIR HgCdTe FPA exhibits excellent high

operating temperature (HOT) characteristics.
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Fig. 10  Temperature-dependent NETD and operability of
MWIR HgCdTe FPA B
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Figure 11 shows the thermal response pixel mapping
and defective pixel mapping for the MWIR HOT 640%
512, 15 pm pitch FPAs at operating temperatures of 80
K, 150 K, and 180 K. Here, pixels are defined as de-
fective, when individual NETD or temporal noise ex-
ceeds £100% of the mean value of all pixels or if its re-
sponse is less than 0. 7 or larger than 1. 3 times the mean
response. The test results indicate that the developed
MWIR HgCdTe FPA is capable of operating at 180 K ini-
tially.

3 Conclusion

The development of MWIR HgCdTe HOT FPAs are
reported in this paper by Kunming Institute of Physics.
By optimizing the device structure design and surface
passivation process, high-performance MWIR HgCdTe
detector arrays with 640X512 pixels and a 15 pm pixel
pitch are fabricated based on LPE-grown in situ indium-
doped HgCdTe films using arsenic-ion-implanted p-on-n
planar junction device technology. The relevant parame-
ters of the FPAs are tested at various temperatures, and
the dark current level of the device is lower than that pre-
dicted by “Rule07”. The temperature-dependent NETD
and operability test results of MWIR HgCdTe HOT FPAs
demonstrate that the FPAs have the ability to operate at
temperatures above 180 K.

Acknowledgment

This work is supported by Kunming Institute of
Physics. The authors wish to thank all of their colleagues
at Kunming Institute of Physics who have worked togeth-
er on the development of MWIR HgCdTe HOT FPAs de-

scribed in this paper.

(a) T=80K

(b) T=150K

(c) T=180K

5000 z

R "

4500 =

4000 :

3500 T H :

000 | 4 .

EE I =

000

Fig. 11  Thermal response pixel mapping and defective pixel
mapping for HOT 640%512, 15 pm pitch FPAs
B R s A 3 e T A

References

[1]CHU Jun-Hao. Narrow—gap semiconductor physics [M]. Beijing:
Science Press, 2005. (in Chinese) #7 fi . %% 2577 2 (4 Hil 2%
(M. dbst: B iR, 2005.

[2] YANG Jian—-Rong. Physics and Technology of HgCdTe Materials
[M]. Beijing: National Defense Industry Press, 2012. (in Chinese)
W . WA R I S AR IM ] Je st [ By Tl At
2012.

[3]Kinch M A. The future of infrared; III - Vs or HgCdTe? [J]. Journal
of Electronic Materials, 2015, 44(9): 2969-2976.

[4]Rogalski A, Antoszewski J, Faraone L. Third-generation infrared
photodetector arrays[ ] ]. Journal of applied physics, 2009, 105(09) :
091101-1.

[5] Rogalski A. New material systems for third generation infrared detec-
tors[J 1. SPIE, 2009, 7388 73880J-1.

[6]Kinch M A. State—of—the—Art Infrared Detector Technology [M ].
SPIE, 2014.

[7] Capper P, Garland J, Kasap S, et al. Mercury cadmium telluride :
growth, properties, and applications[J]. Journal of Physics & Chem-
istry of Solids, 2010, 47(1):65 - 68.

[8]YE Zhen-Hua, LI Hui-Hao, WANG Jin-Dong, et al. Recent hot-
spots and innovative trends of infrared photon detectors[J]. J. Infra-
red Millim. Waves (WA, ZRWESE, FEZR 55 . LLAMGHL RN &%
AT P SR 5 (T ). D8NS 2R, 2022, 41(1):
15-39.

[9]Reibel Y, Taalat R, Brunner A, et al. Infrared SWAP detectors:
pushing the limits[ ] ]. Proceedings of SPIE — The International Soci-
ety for Optical Engineering , 2015, 9451:945110-945110-14.

[10]Lutz H, Breiter R, Figgemeier H, et al. Improved high operating
temperature MCT MWIR modules [ C ]//Infrared Technology and Ap-
plications XL. SPIE, 2014, 9070: 395-406.

[11]Lutz H, Breiter R, Eich D, et al. Improved high performance MCT



5 18] QIN Gang et al:High operating temperature mid-wavelength infrared HgCdTe focal plane arrays 503

MWIR and LWIR modules [ C]/Infrared Technology and Applica-
tions XLV. SPIE, 2019, 11002: 249-261.

[12]Fulk C, Radford W, Buell D, et al. State—of—the—Art HgCdTe at ray-
theon vision systems [J]. Journal of Electronic Materials, 2015, 44
(9): 2977-2980.

[13]Starr B, Mears L, Fulk C, et al. RVS WFIRST sensor chip assembly
development results [ C ]/High Energy, Optical, and Infrared Detec-
tors for Astronomy VIL. SPIE, 2016, 9915: 264-274.

[14]Eich D, Schirmacher W, Hanna S, et al. Progress of MCT detector
technology at AIM towards smaller pitch and lower dark current[J].
Journal of Electronic Materials, 2017, 46(9) : 5448-5457.

[15]Rubaldo L, Brunner A, Guinedor P, et al. Recent advances in Sofra-
dir IR on 1I-VI photodetectors for HOT applications [J]. Quantum
Sensing and Nano Electronics and Photonics XIII, 2016, 9755:
157-170.

[16] Hansen G L, Schmit J L, Casselman T N. Energy gap versus alloy
composition and temperature in Hgl— x Cd x Te[J]. Journal of Ap-
plied Physics, 1982, 53(10): 7099-7101.

[17]Kinch M A, Aqariden F, Chandra D, et al. Minority carrier lifetime
in p—HgCdTe [T]. Journal of electronic Materials, 2005, 34 (6) :
880-884.

[ 18] Kopytko M, Sobieski J, Gawron W, et al. Minority carrier lifetime in
HgCdTe (100) epilayers and their potential application to back-
ground radiation limited MWIR photodiodes [ J]. Semiconductor Sci-
ence and Technology, 2021, 36(5): 055003.

[19]Manyk T, Rutkowski J, Madejczyk P, et al. The determination of the
carriers recombination parameters based on the HOT HgCdTe cur-
rent—voltage characteristics (1. Opto—Electronics Review, 2022,
e141596-€141596.

[20] Kopytko M, Jozwikowski K, Martyniuk P, et al. Photon recycling ef-
fect in small pixel p—i-n HgCdTe long wavelength infrared photodi-
odes [J]. Infrared Physics & Technology, 2019, 97: 38 - 42.

[21]Tennant W E, Lee D, Zandian M, et al. MBE HgCdTe technology :
a very general solution to IR detection, described by “Rule 07”7, a
very convenient heuristic [T]. Journal of Electronic Materials, 2008,
37(9): 1406-1410.

[22]Tennant W E. “Rule 07" revisited: Still a good heuristic predictor of
p/n HgCdTe photodiode performance?[J]. Journal of Electronic Mate-
rials, 2010, 39(7): 1030-1035.

[23 ] Daniels A. Field guide to infrared systems, detectors, and FPAs[C].
Bellingham, WA, USA: SPIE, 2010.

[24 ] Hassis W, Gravrand O, Rothman J, et al. Low—frequency noise char-
acteristics of HgCdTe infrared photodiodes operating at high tempera-
tures[ J |. Journal of electronic materials, 2013, 42(11): 3288-3296.

[25]Kinch M A, Strong R L, Schaake C A. 1/f noise in HgCdTe focal-
plane arrays [J1. Journal of electronic materials, 2013, 42 (11) :
3243-3251.

[26]Pillans L., Ash R M, Hipwood L, et al. MWIR mercury cadmium tel-
luride detectors for high operating temperatures [ C]//Infrared Tech-
nology and Applications XXXVIIIL. SPIE, 2012, 8353: 1006-1017.



