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Abstract. Photodetectors operating in the mid-infrared (IR) wavelength range (3 — 4 pm) are
widely used in gas analysis instruments and low-temperature pyrometry, such as methane and
natural gas sensors, alcohol detectors, fire safety sensors, and fast-response pyrometers. This study
investigates the causes of the decrease in current sensitivity with rising temperature in surface-
illuminated photodiodes (PDs) based on n-InAsSbP/InAs/p-InAsSbP double heterostructures
(DHYS), sensitive in the spectral range of A = 2 — 4 um at temperatures of 200—500 K. Proposed
design improvements for the PD chip resulted in a weaker temperature dependence of the
parameters, enabling reliable operation at 500 K with a current sensitivity of S, = 0.1 A/W.
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Ha OCHOBe rerepocTpyktyp n-InAsSbP/InAs/p-InAsSbP
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AHHOTAIHA. [IpencraBieHbl pe3yJbTaThl pa3paboTKu u KCCIIeTI0OBaHUS
¢oronuogoB Ha OCHOBe reTepocTpykTyphl #n-InAsSbP/InAs/p-InAsSbP B uHTepBase
temnepatyp 125 — 500 K. OOcyxnaroTcsd KOHCTPYKTMBHBIE OCOOEHHOCTU B3MUTAKCUAIbHOM
CTPYKTYpHIMUMIIa (POTONMPUEMHIKA, KOTOPbIe 00eCITeUnI 3HaY€HUSI TOKOBOM YyBCTBUTEIbHOCTH
1 0OHaApyXUTENbHOM crnocobHocTn S, = 1.6 A/Br n D* = 1.5:10" cm-T'u'/>Br™! npu KOMHaTHO#
temneparype u S, > 0,1 A/Br npu 7'= 500 K.

KmoueBbie ciioBa: cpeaHeBOJHOBBIM ¢otonuon, doroauon InAs, dotommoabt InAsSb,
BBICOKOTEMIIEpaTypHBIe (poTommomsl, rerepocTpykrypa InAsSbP/InAs, FSI doTommon
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Introduction

Photodetectors operating in the mid-wave infrared (MWIR) range (A = 2.5—6 um) are widely
used in gas analysis and low-temperature pyrometry instruments, such as methane and natural
gas infrared sensors, breathalyzers, alcohol interlocks, fire safety detectors, and fast-response low-
temperature pyrometers. The ongoing development of these devices is accompanied by a trend
toward reducing the size, weight, and power consumption of photodetector modules (SWaP mini-
mization — Scale, Weight, and Power). This creates a demand for photodetectors with sufficiently
high performance to eliminate the need for cooling or thermal stabilization systems.

This demand has led to the emergence of the term ‘high-operating-temperature (HOT) infra-
red photodetectors’ [1], referring to detectors that operate at near-room temperature or above [2],
as well as detectors achieving background-limited performance (BLIP mode) at 7> 150 K.

Previously, we reported on the development and investigation of n-InAsSbP/InAs/p-InAsSbP
double heterostructure (DHS) photodiodes with front-side illumination (FSI geometry), grown by
liquid-phase epitaxy (LPE) on n*-InAs (100) substrates. These photodiodes exhibited sensitivity in
the spectral range A = 2—4 pm and operated within a temperature range of 200—500 K [3, 4]. In
those studies, a detectivity of D* = 1.5-10" cm-Hz'/>W~! (300 K) was achieved, representing one
of the best results among published data. However, the fabricated photodiodes showed a sharp
decline in current responsivity at temperatures above 300 K (down to S, = 0.01 A/W at T'= 500 K),
limiting their potential for use in uncooled infrared sensors operating at elevated temperatures.

This work focuses on the development of n-InAsSbP/InAs/p-InAsSbP DHS photodetectors
with illumination through the p-InAsSbP layer, operating in the A = 2—4 pum range. The proposed
chip design modifications result in a weaker temperature dependence of photodiode param-
eters compared to previous versions, enabling operation at 77 = 500 K with a responsivity of
S > 0.1 A/W.

Results and discussion

The n-InAsSbP/InAs/p-InAsSbP heterostructures investigated in this work were grown by
LPE on n*-InAs (100) substrates, following a methodology analogous to that described in refer-
ences [3, 4]. Post-growth processing employed standard photolithographic techniques to fabricate
single-element photodiode chips utilizing FSI through the wide-bandgap p-InAsSbP layer. The
resulting chips featured a photosensitive area of 390x390 um with a thickness of approximately
40 pm. Ohmic contacts were implemented as follows: a solid contact to the n*-InAs substrate
and a branched contact to the p-InAsSbP layer. Final device packaging was performed using
TO-18 housings with intermediate subcarrier board mounting.

Photoluminescence (PL) characterization at 77 K (Fig. 1) revealed distinct spectral features
when comparing the studied heterostructures with reference samples from [5] and undoped
n-InAs substrates (n = 1:10'® cm™3). The PL spectra exhibited two characteristic bands: a
lower-energy emission at ~410 meV corresponding to the InAs photosensitive region, and
a higher-energy band at 470—490 meV originating from the p-InAsSbP layer. Comparative
analysis with prior work [5] suggests two significant structural differences: reduced donor dop-
ing concentration in the InAs photosensitive region, as evidenced by spectral alignment with
undoped InAs, and increased bandgap in the p-InAsSbP layer. These modifications are antici-
pated to yield improved dark current characteristics, as subsequently confirmed by the experi-
mental data presented in Fig. 4.
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Fig. 1. Photoluminescence spectra of the n-InAsSbP/InAs/p-InAsSbP heterostructure
from this work, reference [5], and undoped n-InAs substrate (n, = 1-10' cm™) at 77 K

Temperature-dependent spectral responsivity measurements (Fig. 2) demonstrated distinct
behavior across different thermal regimes. In the 125-300 K range (Fig. 2, a), the responsivity
spectra displayed a pronounced maximum attributed to multipass optical absorption within the
photosensitive region, enhanced by reflection from the mirror-like substrate contact. This effect
diminished at elevated temperatures due to reduced substrate transparency. The responsivity deg-
radation observed above 300 K (Fig. 2, b) correlates with decreasing charge collection efficiency
as the p—n junction’s dark resistance approaches the series resistance between the depletion region
and anode contact [6]. This mechanism similarly explains the comparatively lower responsivity of
point-contact photodiodes reported in references [3, 4].

Comparative analysis of FSI and back-side illuminated (BSI) geometries (Fig. 3, a) revealed
superior temperature stability in BSI devices, attributable to their reduced substrate thickness and
implementation of solid anode contacts that minimize current crowding effects. The observed
behavior suggests that FSI devices in the current study experience noticeable current crowding
above 400 K. Temperature-dependent R A product analysis (Fig. 3, b) confirmed diffusion-dom-
inated transport mechanisms across the 175—500 K range, with activation energies approximating
the InAs bandgap. Deviations at higher temperatures correlate with current crowding phenomena
in devices employing non-solid anode contacts, further supporting the proposed responsivity
degradation mechanism.
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Fig. 2. Spectral responsivity of photodiodes at temperatures of 125—300 K (a),
300—500 K (b), and reference sample [4] at 7= 500 K (b)
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Fig. 3. Temperature dependences of peak responsivity S, (a) and R A product (b)
for photodiodes with InAs photosensitive region in back-side illuminated (BSI)
and front-side illuminated (FSI) configurations
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Fig. 4. Temperature-dependent detectivity compared with prior works (a);
benchmarking of responsivity and R A values against alternative technologies (b).
Numbers on the X-axis correspond to developers listed in Table

Table
Performance comparison with alternative technologies
S, current ) o Detectivity D",
Manufacturer sensitivity, A/'W Ry, Qrem cm-Hz">-W!
0. Vigo System SA 0.8 0.5 7-10°
1. Hamamatsu 1 0.314-0.55 (3-4.5) 10°
2. Laser Components 0.9 0.88-1.37 1-10'°
3. Vigo System SA 0.7-0.9 0.55-0.75 (5-7)-10°
1.6-10%, 1-10°

4. Reference sample from [7] 1.45 0.8 (From value S and R -4)
5. Reference sample from [8] 1 1 8-10°
6. This work 1.5-1.75 1.5 1.5-10°
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The enhanced detectivity (D*) demonstrated in Fig. 4, a stems from two key improvements:
(1) increased dark resistance through epitaxial structure optimization relative to Ref. [5], and (2)
improved responsivity in branched-anode devices compared to prior designs [3]. Benchmarking
against state-of-the-art alternatives (Fig. 4, b, Table) confirms the competitive performance
of the developed n-InAsSbP/InAs/p-InAsSbP photodiodes, particularly when compared to
both InAs-based and HgCdTe detectors operating in the 2—4 pm spectral range. These results
substantiate the potential of branched-anode architectures for uncooled mid-wave infrared
photodetection applications.

Conclusion

The photoelectric properties of experimental FSI photodiode samples fabricated from n-InAs/
n-InAsSbP/n-InAs/p-InAsSbP double heterostructures with branched anode contacts were inves-
tigated over the temperature range of 125—500 K. Through optimized epitaxial structure design
and chip architecture, the devices demonstrated remarkable performance characteristics, achiev-
ing a current responsivity of §; = 1.6 A/W and specific detectivity of D" = 1.5-10" cm- Hz‘/2 ‘Wl
at room temperature. Notably, the photodiodes maintained a responsivity exceeding S, > 0.1 A/W
even at elevated temperatures up to 500 K.

REFERENCES

1. Piotrowski J., Rogalski A., High-Operating-Temperature Infrared Photodetectors, SPIE Press:
Bellingham, WA, USA. (2007).

2. Sotnikova G.Yu., Aleksandrov S.A., Gavrilov G.A., Advances in applied physics. 10 (4) (2022)
389—403.

3. Remennyi M.A., Klimov A.A., Kunkov R.E., et al., Proceedings of the XXVII International
Scientific and Technical Conference on Photoelectronics and Night Vision Devices, Moscow. (2024)
76.

4. Klimov A.A., Kunkov R.E., Lukhmyrina T.S., et al., Abstracts of the PhysicA.SPb Conference,
St. Petersburg. (2024) 188.

5. Brunkov P.N., Il’inskaya N.D., Karandashev S.A., et al., Infrared Physics & Technology. 78
(2016) 249—253.

6. Ilinskaya N.D., Zakgeim A.L., Karandashev S.A., et al., Fizika i Tekhnika Poluprovodnikov. 46
(5) (2012) 708—713.

7. Lin H., Xie H., Sun Y., Hu S., Dai N., Journal of Crystal Growth. 617 (2023) 127293.

8. Brunkov P.N., Il’inskaya N.D., Karandashev S.A., et al., Semiconductors. 48 (10) (2014)
1359—1362.

THE AUTHORS

KLIMOYV Aleksandr A. MATVEEY Boris A.
a.klimov@mail.ioffe.ru bmat@iropt3.ioffe.ru

ORCID: 0000-0001-5642-0483 ORCID: 0000-0002-7059-5690
KUNKOYV Roman E. REMENNYY Maxim A.
romunkov@yandex.ru Mremennyy@mail.ioffe.ru
ORCID: 0000-0002-2377-2287 ORCID: 0000-0002-4735-9681
LUKHMYRINA Tatiana S. KARANDASHEYV Sergey A.
h7k9g00@gmail.com ksa08@yandex.ru

ORCID: 0000-0002-3989-6487 ORCID: 0000-0002-0255-7123

Received 18.09.2025. Approved after reviewing 26.09.2025. Accepted 26.09.2025.

© Peter the Great St. Petersburg Polytechnic University, 2025

114



