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Results are reported on the development and investigation of light- and photodiodes based on the

n-InAs/N-InAsSbP/InAsSb/P-InAsSbP heterostructure with an operating wavelength of about 4.2 µm (T = 296K).
Data on electroluminescence and photoelectric characteristics in the temperature range 200−500K are presented.

Results are reported on the development of a nondispersive compact carbon dioxide sensor based on the

aforementioned components, characterized by a detection threshold of no more than 25 ppm at a sampling frequency

of 128ms, optical path of 2 cm, and power consumption below 50mW.
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Introduction

Carbon dioxide (CO2) is a daily companion of human

life, with negative effects on the human body beginning

at concentrations around 0.1−0.15%vol (1000−1500 ppm),
so permissible levels of carbon dioxide in industrial, office,

and residential premises are strictly regulated, and the

importance of its control is universally recognized.

One of the most promising approaches to creating carbon

dioxide sensors is the infrared (IR) nondispersive (Non-
dispersive Infrared — NDIR) method, based on selective

absorption of IR radiation by gas molecules and charac-

terized by high selectivity to the gas, long service life,

and sensitivity down to units of ppm [1]. Obviously, the

parameters of the optoelectronic components used largely

determine the achievable levels of threshold sensitivity and

sensor accuracy. To date, sensors based on thermal IR

radiation sources and detectors [2] have gained the widest

acceptance, characterized by high power consumption, low

speed, and relatively low sensitivity. IR (mid-wave) sensors

using photodiodes and optically pumped LEDs based on

lead salts [3] are also employed, the disadvantage of which

is the lack of long-term stability.

A promising alternative is the development of IR sensors

using light- and photodiodes based on A3B5 materials, in

particular heterostructures from InAsSb(P) solid solutions,

characterized by high metallurgical stability and relatively

low cost. For many years at the Ioffe Institute RAS, devel-

opment and research of optoelectronic components based

on InAsSb solid solution have been conducted, including

those operating at wavelengths around 4.2 µm [4–6], and

optical sensors based on them [7]. The objectives of this

work were to improve the characteristics of optoelectronic

components (light-emitting diodes (LED) and photodiodes

(PD) hereafter), enhance the efficiency of their operation as

an optopair over a wide temperature range, and develop

a compact nondispersive carbon dioxide sensor based

on them with a high degree of integration of optical,

optoelectronic, and electronic components.

Experimental Results

The investigated light- and photodiode samples were

fabricated from the N-InAsSbP/InAsSbx /P-InAsSbP

heterostructure with an active/photosensitive region of

InAsSbx (x = 0.08) thickness 3−4µm grown by LPE

onn+-InAs (100) substrates. Characteristic features of the

light- and photodiode design were flip-chip construction

with an active/photosensitive area diameter of about

140 µm and emission input/output through a 20−40µm-

thick substrate, immersion coupling of the chip with a

3.5mm diameter Si lens with antireflection coating.

Fig. 1 shows the spectral characteristics of electrolumi-

nescence at a pump current of 200mA in continuous mode

and photosensitivity in the temperature range 200−500K.

Compared to previously published results, the possibility

of operation of mid-wave optoelectronic components at

such high temperatures (up to 500K) is demonstrated for

the first time, with increased current sensitivity and
”
dark“

resistance of PD, as well as output power of LED [8]. Im-

provement of parameters was achieved due to optimization

of the epitaxial structure design, in particular by reducing

the thickness of the active/photosensitive region, which led

to reduced self-absorption of radiation and decreased dark

current.
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Figure 1. Electroluminescence spectra (a) and current sensitivity (b) in the temperature range 200−500K.

2.5 3.0 3.5 4.0 4.5 5.0
0

0.5

1.0

 a  b

Wavelength, µm

CO2
transmission

IF42
measuring 

channel

IF38
reference 

channel

PD38 reference 
channel

PD42 measuring 
channel

LED42

296 K

Reference channel
 LED42 + IF38 + PD38
Measuring channel
 LED42 + IF42 + PD42
 Sensor operating temperature

200 250 300 350 400 450 500

O
p
to

p
ai

r 
si

g
n
al

 I
, A

 
p
h

Temperature, K

1E – 9

1E – 8

1E – 7

1E – 6

Temperature, °C

–50 0 50 100 150 200

N
o
rm

al
iz

ed
 L

E
D

 i
n
te

n
si

ty
/ 

P
D

 s
en

si
ti

v
it

y
/t

ra
n
sm

is
si

o
n

Figure 2. Normalized spectral characteristics of the optoelectronic components used and CO2 absorption (a); temperature dependences

of optopair signals in the measurement and reference channels (b).

Based on the above-described components, as well as

a previously developed immersion photodiode with an

operating wavelength of 3.8µm denoted in the figures

as PD38, a compact nondispersive optical sensor was

developed with the following characteristic features: an

optical scheme with measurement and reference channels,

in which radiation from the LED (LED42) is split and

filtered using interference optical filters (IF42 and IF38)

and focused on the measurement (PD42) and reference

(PD38) channels. The normalized spectral characteristics

of these components at room temperature, as well as the

carbon dioxide transmission spectrum in the wavelength

range used, are shown in Fig. 2, a. Fig. 2, b presents

the temperature dependences of the integral signals of

the optopairs in the measurement (LED42-IF42-PD42) and

reference (LED42-IF38-PD38) channels, calculated using

the formula

I ph =

∫ λ2

λ1

PLED(λ)TIFx(λ)SIPDx (λ)dλ, (1)

where PLED(λ) — spectral dependence of LED42 power,

TIFx (λ) — transmission spectrum of the interference filter,

SIPDx (λ) — current sensitivity spectrum of the photodiode

for the corresponding optopair.

Based on the obtained dependences of
”
dark“ resistance

on temperature (Fig. 3, a), the noises of the photoreceiver
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Figure 3. Temperature dependences of dark resistance and noise levels of photodiodes individually and in the op-amp circuit (a),
signal-to-noise ratios of optopairs (b).

individually and together with the first-stage operational

amplifier ADA4895-1 were calculated. The calculation

was performed for a bandwidth of 1 f = 1Hz beyond the

influence of 1/ f noises using the formula [9]

In 6(1 f ) =1 f

√

i2n PD + i2OP + i2f b

=1 f

√

4kT

Ro

+ i2n OP +
(en OP

Ro

)2

+
4kT

R f b

[A],

(2)
where the first term pertains to photodiode noises, the

second and third — operational amplifier (op-amp) noises

of the first stage, and the last term — thermal noise of

the first-stage feedback resistance. As seen from Fig. 3, a,

the op-amp makes a significant contribution to the noises,

especially at the temperature range boundaries. At elevated

temperatures, the main contribution comes from op-amp

voltage noises (en OP), while at reduced temperatures, it

likely approaches the asymptote of thermal noise from the

feedback resistance R f b .

Fig. 3, b shows the temperature dependences of the

signal-to-noise ratio obtained based on the dependences in

Figs. 2, b and 3, a, as well as data for room temperature ob-

tained with the developed carbon dioxide sensor prototype.

The lower experimental signal-to-noise ratio value is most

likely due to the greater bandwidth of real digital filters and

losses from optical system imperfections.

To assess the carbon dioxide detection threshold, the

sensor transfer function was calculated at room temperature.

For this, using the formula

I ph =

∫ λ2

λ1

(1− exp(−k(λ)Cd))PLED42(λ)TIF42(λ)SIPD42(λ)dλ

(3)

(k(λ) — spectral dependence of the carbon dioxide ab-

sorption coefficient, C — gas concentration in %vol, d —
optical path length), the integral signals of the optopairs

were calculated taking into account the IR transmission

spectrum over an optical path of 2 cm. Data for the spectral

dependence of the carbon dioxide absorption coefficient

were taken from the open HITRAN library.

The obtained dependence is shown in Fig. 4, a in ADC

counts. From the obtained SNR and sensor transfer function

dependences, assuming small change with temperature,

the carbon dioxide detection threshold was calculated

in the temperature range 200−500K for a bandwidth

of 1 f = 1Hz, with experimental points obtained during

prototype testing at room temperature also plotted. The

root-mean-square noise (RMS) was estimated at 15 ADC

counts when assessing the useful signal amplitude from

85940 to 37127 ADC counts, with the detection threshold

at the 2 RMS level (95% measurements for normal error

distribution) being ≈ 0.0025%vol (25 ppm). The relative

measurement error does not exceed 0.1% of the obtained

value in the concentration range up to 10%vol.

A photograph of the developed carbon dioxide sensor

prototype is shown in the inset to Fig. 4, a. The sensor

is a complete industrial-grade device controlled by a mi-

crocontroller with digital signal output and high integration

of components; it is housed in a compact case of size

∅20−16mm and has an average power consumption below

50mW.

A comparison of the experimental sensor sample char-

acteristics with commercially available analogs showed

advantages of the developed sensor in speed (6−30 times),
detection threshold (up to 2 times), and dynamic range

(more than 2 times) [2,3].
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Figure 4. Sensor transfer function at room temperature and prototype photograph (a), temperature dependences of detection

threshold (b).

Conclusion

Light- and photodiodes based on the

n-InAs/N-InAsSbP/InAsSb/P-InAsSbP heterostructure

with an operating wavelength of about 4.2µm (T = 296K)
were obtained and investigated in the temperature range

200−500K based on which a compact nondispersive

carbon dioxide sensor was developed, characterized by a

detection threshold of no more than 25 ppm at a sampling

frequency of 128ms, optical path of 2 cm, and power

consumption below 50mW.
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