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Abstract 

Mid-infrared LEDs based on InGaAs, InAsSb(P) and InGaAsSb alloys with an emission band of 0.3-0.5 km, output power in the lo-50 
~.LW range and long-term operation up to 20 000 h have been fabricated and tested. The LED-based analyser prototypes with PbSe photoresistors 
as detecting elements have been made and characterized with respect to CO, CO, and HZ0 detection. A first attempt to make a qualitative 
analysis of hydrocarbons at 3.3 ym using transmission spectra recorded by an LED array spectrometer module has been undertaken. 
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1. Introduction 

There has been an increased interest in ambient operating 
mid-infrared (3-5 pm) LEDs for environmental monitoring. 
Such sources are especially attractive for fibre-optic appli- 
cations [ 11 and spectrometers [ 2-41, because of their small 
size and high efficiency in the spectral range where most 
industrial gases have fundamental absorption bands. 

Previously E5] we described InGaAs- and InAsSb(P)- 
based LEDs for the 2.5-3.8 pm and 3.848 km spectral 
regions, respectively, having emission power of 10-50 FW 
and FWHM of 0.3-0.5 pm and overviewed [ 6 ] most of the 
LEDs developed for the mid-IR region. 

It was recently shown that the Iq-,Ga,Asr-,Sb, alloy 
system is a potential material for mid-N diode lasers [ 671. 
The advantages of InGaAsSb lasers are high emitting power 
(up to 700 mW in pulsed mode [6] ) and high operating 
temperature [ 71. However, to the best of our knowledge there 
are no reports on room-temperature-operating InGaAsSb 
LEDs emitting in the 3-5 p,m spectral range. 

InGaAsSb-based heterostructures have been obtained by 
several authors but few papers on alloys with compositions 
close to InAs have been published yet. The limited attention 
paid so far to alloy enriched with InAs can be partly explained 
by the weak composition dependence of the energy gap over 
the InAs lattice-matched line (y = 0.9x) [ 81. Therefore, a 
limited set of possible LED wavelengths can be obtained in 

* Corresponding author. Phone: + 812 247 7446. Fax: + 812 247 4324. 
E-mail: bmat@iropt3.ioffe.rssi.ru. 

0925-4005/97/$17.00 0 1997 Elsevier Science S.A. All rights reserved 
PZISO925-4005 (97) 00048-8 

conventional lattice-matched p-n structures. However, as 
was previously shown [9 J, growth of graded layers at ele- 
vated temperatures can be successfully used to manufacture 
alloys of high crystalline quality with a variety of energy-gap 
values in an InAsSb-based lattice-mismatched system. 

This report presents data on A3B5 LEDs with emphasis 
on LEDs based on narrow-band InGaAsSb alloy grown by 
the LPE method at elevated temperatures. LED-based ana- 
lyser prototypes designed for CO and COz gases, a scale 
model for water detection in oil and LED array spectrometer 
module performance at 3.3 p,rn are described. 

2. LED and material characterization 

InGaAs, InAsSbP and In, -,Ga,As, -$bY (0 I x I 0.15, 
0.05 I y I 0.135) graded layers were grown at 650-720°C by 
the LPE method on n-InAs ( 111) substrates. Zn or Mn was 
used as a p-dopant for p-n junction formation during the 
growth. 

Stress measurements performed by recording the polari- 
zation of photoluminescence emitted from the structures with 
a profiled substrate indicate that InGaAsSb has the highest 
residual stress (E = 0.2%) compared to InAsSb and InAsSbP 
solid solutions, the initial stress being the same. This can be 
attributed to elevated hardness [ 101 and small plasticity of 
the alloy. Small InGaAsSb plasticity is also manifested in an 
inversed dislocation distribution over graded heterostructures 
grown on relatively thin (100-300 pm) substrates. The dis- 
location density in the graded layer of ~30 pm thickness 
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declines from 10’ to IO4 cmm2 with decreased substrate thick- 
ness, a fact assumed to be due to the specific feature of a 
graded crystal unit cell [ 91. Reduction of dislocation density 
in epitaxial layers is accompanied by heterostructure bending 
and an increase of dislocation density in the InAs substrate 
from IO4 to lo7 cmm2. 

The photoluminescence (PL) spectral width (FWHM) 
and peak temperature shift (dE) both depend on the dislo- 
cation density (see Fig. 1). A possible reason why the tem- 
perature shift decreases in highly dislocated layers is tail 
formation in the energy gap due to disturbances caused by 
dislocation networks. As the temperature increases the Fermi 
distribution broadens, increasing the occupation probability 
for higher-energy states. Similar states contribute to an addi- 
tional long-wave shoulder on the PL spectra of plastically 
deformed n-InAs substrate, which is the closest to InGaAsSb 
binary material. The same behaviour is typical for the tem- 
perature dependence of LED electroluminescence (EL) 
spectra in the 3.8-4.3 pm spectral range; for instance, the 
temperature drift of the EL peak is close to zero for highly 
dislocated epitaxial layers with N= lo’-10’ cmm2. 

The external quantum efficiency of the LEDs from In- 
GaAsSb/InAs p-n structures appeared to be several times 
higher than that of homo-InAs LEDs of the same energy gap 
(EL peak at 3.72 pm at room temperature [ 1 l] ) . This is 
believed to be due to the disturbance of the Auger resonance 
non-radiative recombination in InAs-based materials [ 121. 
LEDs fabricated from lattice-matched heterostructures 
(X = y = 0.07) exhibit lowest dislocation density (N < lo4 

Fig. 1. Photoluminescence spectrum FWfIM and temperature peak shift 
(77-300 K) vs. dislocation density for InGaAsSb/InAs heterostmcmres. 

h, km 
Fig. 2. Electroluminescence spectra for 3.9 pm LED at room temperature 
and at - 5°C (thermoelecric cooling). 

cmm2), maximum output power (30 PW at 100 mA) and 
emission peak temperature drift (3.4 nm “C-t) close to the 
InAs energy-gap variation. Similar correlation between dis- 
location density and device parameters was also found for 
InGaAsSb-based diode lasers [ 1.31. 

Fig. 2 presents the temperature variation of the emission 
spectrum of one of the 3.9 pm LEDs, which is typical for 
long-wave emitters grown on InAs substrate by LPE. Fig. 3 
shows the current-voltage characteristics of our LEDs includ- 
ing the above 3.9 pm LED. As seen from Fig. 3, the forward 
current is increasing with the wavelength, manifesting the 
decrease of the alloy band gap. 

To increase the emitted power (by a factor from three to 
five) LED chips were coated by As-, S- and Se-enriched 
glass having a refractive index (n = 2.6) smaller than In- 
AsSb( P) or InGaAs (n = 3.5). Life tests involving the tem- 
perature cycling of glass-sealed InAsSb LEDs in wet air 
within the + 10 to +4O”C range indicated tolerance of these 
LEDs to air humidity (90%). 

Most of the LED applications call for long-term operation 
of the latter; however, until now there are only the 100 h test 
results briefly mentioned in Ref. I: 11. 

The lifetime tests (see Fig. 4) were performed on a group 
of In0,a4GaeosAs LEDs (EL peak at 3.3 km) at apulsecunent 
of 1 A (50 ps, 30 Hz). Each ‘triple’ time point in Fig. 4 

Fig. 3. Current-voltage characteristics for 3.3 (l), 3.9 (2 
4.7 km (4) LED at room temperature. 

,I, 4.3 (3) and 
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Fig. 4. Relative radiant intensity of the LEDs during long-term operation. 
For each lot of LEDs and for each time point three intensity data are pre- 
sented: the ‘best one’ data, i.e., the intensity of an LED for which only 10% 
of all LEDs from the lot are brighter then this particular one (upper curves), 
the ‘mean one’ data representing the average LED (curves in the middle) 
and the ‘worst one’ data, reflecting an LED for which 90% of all LEDs from 
the lot are brighter (bottom curves). 
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Gas sensor characterization 
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GZIS Gas absorption Gas 
line max., FWHM 
A max, pm AAo, pm 

Gas absorption 
coefficient, cm-’ 

%a.x ffeur 

Power 
P pulse, 
mW 

s,, v SNR, 
W--L v P”lS.3 

Detection limit Ctin, 

wm 

single averaging 
pulse time5s 

co* 4.3 0.125 0.25 1.65 0.16 0.7 1400 200 7.5 x 103 5x102 
co 4.7 0.25 0.6 0.18 0.06 0.3 200 20 3x105 2x IO4 

presents the intensity of the ‘brightest’, the ‘mean’ and the mations have been made for a single LED pulse and for an 
‘weakest’ LED, respectively. These tests have indicated a averaging time of 5 s at a pulse duration of 30 ps and 30 Hz 
slight decrease (by ~20%) of the InGaAs LED emitting repetition rate, which are typical operating parameters for our 
power after 5000 h of operation and a subsequent increase gas monitors. Table 1 also gives the effective absorptioncoef- 
(by = 30% compared to the initial value) after 15 000 h of ficient ( CY&, which takes into account overlapping of 
operation. The non-monotonic behaviour of the LED effi- adsorption bands and LED emission spectra. Optical system 
ciency may be attributed to the multiplying and further anni- efficiency at zero gas concentration was postulated to be 
hilation of dislocations with opposite sign. around 0.1. 

3. Analyser prototypes 

Non-dispersive IR analysers are based on a sensor head 
[ 141 that consists of sample and reference PbSe photoresis- 
tors (R = 300 l@, 300 K) as detecting elements and several 
LED chips all mounted together on the same thermoelectric 
cooler (TEC) as shown in Fig. 5. The LED emission (4.3 
p,rn for CO1 and 4.7 pm for CO detection) was focused onto 
the sample photodetector by a concave mirror. The mirror 
was isolated from the gas by a ZnS window limiting the 
sample path length to 6 cm. To utilize the LED emission 
edge, a microreflector has been mounted together with the 
LEDs. 

The typical analyser detection limit, that is, the smallest 
gas concentration C,, that causes a noticeable sample signal 
deviation (which is of the same order as the system noise) 
has been derived from the PbSe sensitivity (S) , LED emis- 
sion power (P) at Z= I A, FWHM and gas absorption 
parameters (G,, FWHM) and is presented in Table 1. Esti- 
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As seen from Table 1, the LED emission is broader than 
the absorption bands for both CO2 and CO gases (A&J 
A hLED < 1) and the intensity transmitted through the gas is, 
therefore, a sum of strongly absorbed wavelengths at gas 
absorption line maximum and neighbouring weakly absorbed 
wavelengths resulting in CQ&CY,, < 1 and, as a consequence, 
in weak light-intensity variation with gas concentration. 

The performance of the above-described sensor with a 
response time of about 5 s is demonstrated in Fig. 6 by the 
relative sample light intensity (monitor signal) versus gas 
concentration. For each gas the monitor signal is plotted as a 
ratio of sample and reference photocurrents at an LED/detec- 
tor temperature of about + 5 +O.l”C. A monitor signal of 
unity corresponds to zero gas concentration. CO measure- 
ments have been made utilizing car exhaust and a standard 
IR filter analyser for gas calibration. For COz tests standard 
samples were used. 

As seen from Fig. 6, the CO, gas monitor is characterized 
by fairly good resolution at low concentrations and a wide 
measuring range (O.Ol-100%). This is a consequence of the 
high CO2 absorptivity and high efficiency of both LED and 
detectorat4.3 kmcompared to thoseat4.7 pm (seeTable 1). 
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Fig. 5. IR gas-sensor configuration: 1, IR LEDs; 2, microreflector; 3, ther- 
mosensor; 4, TO-3 header; 5, TEC; 6, reference photodetector; 7, sample 
photodetector; 8, sapphire window; 9, protection window; 10, spherical 
mirror; 11, gas chamber. 
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Fig. 6. Monitor responses vs. CO2 and CO concentration. Optical path 6 cm 
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When using a narrow-band fiber it is possible to increase 
the effective absorption coefficient as described in Ref. [ 151. 
However, this will not bring benefits in terms of resolution 
limits because emission narrowing through cutting off wave- 
lengths of small absorptivity and subsequent reduction of 
optical power result in a signal/noise ratio decrease. Both 
contributions (the increase of absorption and reduction of 
sample beam power) are keeping the resolution limit at nearly 
the same level down to a filter transmission FWHM of about 
0.1 km. At FWHM < 0.1 p,rn a poor detection limit is 
expected. 

For the above reasons the developed LEDs are advanta- 
geous for liquid analysis because of broad-band absorption 
of the liquids. For example, water can be optically detected 
when utilizing the strong absorption band at 2.95 pm with a 
FWHM of about 0.8 km. In the water monitor prototype a 
differential scheme utilizing an LED with two chips mounted 
together on one TO-18 header emitting at 3 p,rn (sample 
beam) and 3.9 p,rn (reference beam), respectively, has been 
used. Both LED beams passed through the = 300 pm thick 
liquid cell and were received by a PbSe detector. The calcu- 
lated resolution was = 0.01% H20, which was far below our 
sample concentrations (0.5% and 2% water in oil). On 
increasing the water content in oil from 0.5 to 2%, the sample/ 
reference signal ratio decreased from 0.97 to 0.67, indicating 
the possibility of measuring the humidity of nearly ‘dry’ 
liquids (c+~O.l%). 

In many applications the presence of interfering gases calls 
for better spectral resolution than that simply achieved by 
detecting the average absorption of the sample over the whole 
emission band of an LED source. Previously [2] we 
described a seven-channel miniature grating spectrometer 
module designed at VTT Electronics utilizing an infrared 
LED array with a resolution of about 2(FWHM) = 120 nm 
at wavelengths around 3.3 pm. Here we present preliminary 
data on the performance of an LED spectrometer consisting 
of a 15-element monolithic InGaAs LED array with element 
sizes of 0.45 mm X 0.45 mm and a total length of 7.5 mm 
emitting at 3.3 pm, a spherical concave mirror cf= 22 cm) 
and a flat grating with 200 lines/mm (see Fig. 7). 

Fig. 8 presents pure methane (optical path = 2 cm), ace- 
tone and ethanol (thickness = 20-40 pm for both liquids) 
transmission spectra obtained through sequential activation 
of LED array elements and recording the transmitted radia- 
tion by a PbSe detector. The absence of fine methane absorp- 

Fig. 7. Spectrometer schematic: 1, LED array; 2, photodetector; 3, flat 
grating; 4, spherical concave mirror. 

Fig. 8. Relative transmission of methae (optical path 2.5 cm), acetone and 
alcohol ( = 0.03 mm path for both of them) recorded by Welement LED 
array spectrometer. Optical fiiter transmission was used for spectrometer 
wavelength calibration. 

tion structure is attributed to the cross-talk of elements in the 
array. Nevertheless, as seen from Fig. 8, the above substances 
are easily distinguished from one another when using the 
LED array spectrometer transmission data. It is believed that 
by using a non-monolithic LED array [ 21 it would bepossible 
to improve the device spectral resolution and performance in 
the promising mid-infrared analytical region. 

4. Conclusions 

Recently developed mid-IR LEDs based on A385 alloys 
can be currently obtained with any desired emission wave- 
length in the spectral range 2.5-4.8 pm. This has made it 
possible to replace thermal sources and rotating chopper 
wheels with LED sources in the design of new spectroscopic 
analysers with long-term operation. 

Non-dispersive analysers have been developed for CO1, 
CO and water detection utilizing LEDs and PbSe detectors. 

An infrared spectrometer based on a linear LED array 
emitting at 3.3 p,m and a fixed grating monochromator has 
been demonstrated. This construction can be used as an elec- 
trically scanned spectrometer module in future IR analysers 
for process on-line monitoring applications and multicom- 
ponent analysis. 
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