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1.   Introduction

Mid-infrared lasers with an emission wavelength of 
around 2 µm are very useful for sensing trace gases in 
environmental monitoring. This is because the strong 
absorption lines of various gases such as CO2, N2O, 
and CO are located in this wavelength range and the 
absorption of water is very low, as shown in Fig. 1. 
Laser absorption spectroscopy enables us to make 
measurement systems that provide both a quick 
response and remote sensing. Tunable light sources 
with single-mode operation and continuous-wave 
(CW) output power of several milliwatts are favor-
able for most sensor applications. Semiconductor 
lasers fabricated from InP-based materials are attrac-
tive candidates because their growth and processing 
technologies, which have matured through the devel-
opment of telecommunications lasers, can also be 
used to fabricate light sources for sensors.

The structure of a conventional InP-based distrib-
uted feedback (DFB) laser is shown schematically in 
Fig. 2. The structural characteristics are as follows. 
First-order gratings are formed on the upper InGaAsP 

waveguide layer, and then a p-InP cladding layer is 
regrown on the gratings. The active region, which is 
composed of multiple quantum wells (MQWs), is 
processed into mesa stripes, and these stripes are then 
buried with p- and n-InP current blocking layers. The 
grating fabrication and the regrowth process require 
advanced techniques, which are well established for 
InP-based lasers. The emission wavelength of a con-
ventional InP-based DFB laser ranges from �.3 to 
�.55 µm. It is difficult to fabricate an InP-based DFB 
laser emitting at a wavelength longer than 2 µm 
because the bandgap wavelength of InP-based mate-
rial is shorter than �.7 µm when the layer is lattice-
matched to an InP substrate.

NTT Photonics Laboratories has developed tech-
nology for growing high-quality strained-layer 
InGaAs quantum wells that enables us to fabricate 
mid-infrared lasers with an emission wavelength lon-
ger than 2 µm [�], [2]. In this article, we report our 
recent results for 2.3-µm wavelength lasers with 
3.2%-strained InAs MQW active regions. Section 2 
describes an InGaAs MQW on an InP substrate 
designed to obtain an emission wavelength longer 
than 2.3 µm. The description includes the In compo-
sition and thickness of the quantum well. Section 3 
covers certain issues related to the epitaxial growth of 
strained InAs MQWs. Section 4 reports the device 
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characteristics of the DFB lasers. Section 5 concludes 
with a brief summary.

2.   Design of InGaAs quantum well for  
wavelengths exceeding 2.3 µm

For InP-based quantum-well structures, the use of 
an InGaAs layer with a high In content as a quantum 
well is an effective way to extend the emission wave-
length. However, InGaAs quantum wells with an In 
content higher than 0.53 exhibit compressive strain 
because they have a larger lattice constant than InP. 
Therefore, as the compressive strain increases with 
increasing In content, it becomes difficult to grow a 
strained InGaAs quantum well without generating 
defects. 

The calculated critical thickness, which is defined 
as the maximum thickness that can be grown without 
generating any kinds of defects, as a function of the 
strain (and In content) of an InGaAs layer on an InP 
substrate is shown in Fig. 3(a). The critical thickness 
was calculated using two different theoretical mod-
els: the mechanical equilibrium model [3] and the 
energy balance model [4]. For both models, the criti-
cal thickness decreases with increasing strain. 
Although the critical thickness is larger than �0 nm 
when the strain is less than �.0%, it decreases to less 
than �0 nm when the strain is greater than 2.0%. The 
experimental critical thickness tends to fall between 
the values calculated with these two models [5]. 
Thus, the maximum critical thickness obtained 
empirically is probably the value calculated with the 
energy balance model. 

To clarify the emission wavelength that can theo-
retically be obtained, we calculated the bandgap 
wavelength of InGaAs quantum wells with the criti-
cal thickness shown in Fig. 3(a). The relationship 
between the calculated bandgap wavelength and the 
strain for InGaAs quantum wells sandwiched between 
In0.53Ga0.47 as barriers lattice-matched to InP is 
shown in Fig. 3(b). Here, the bandgap energy is the 
energy of the interband transition from an n=� elec-
tron (E�) state to an n=� heavy hole (HH�) state. The 
bandgap wavelength for the energy balance model is 
longer than that for the mechanical equilibrium 
model because the quantum energy level becomes 
lower as the well thickness increases. The bandgap 
wavelength becomes longer owing to the large contri-
bution made by the reduction in the bandgap energy 
of a quantum well with increasing In content while 
the critical thickness decreases. This indicates that an 
increase in In content of an InGaAs quantum well is 
more effective at extending the emission wavelength 
than an increase in the well thickness. From the cal-
culation shown in Fig. 3(b), we can estimate the 
required strain to be greater than 2.5%, which corre-
sponds to an In content of greater than 0.90, if we are 
to obtain an emission wavelength longer than 2.3 µm. 
On the basis of these calculations, we investigated the 
fabrication of an InAs quantum-well structure with a 
strain of 3.2% to achieve an emission wavelength 
longer than 2.3 µm.

3.   Fabrication of InAs quantum well

Although an emission wavelength longer than 
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Fig. 1.    Absorption spectra of H2O, CO2, N2O, and CO 
extracted from the HITRAN database.
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Fig. 2.    Schematic structure of a typical DFB laser using 
InP-based materials.
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2.3 µm can theoretically be obtained by using an InAs 
quantum well, it is difficult in practice to grow an 
InAs quantum well on an InP substrate because of the 
large lattice mismatch between InAs and InP, which 
can be as much as 3.2%. In general, a reduction in 
growth temperature is effective for strained layer 
growth because it reduces the surface diffusion length 
of adatoms [6] and increases the critical layer thick-
ness [7]. Therefore, we attempted to grow InAs/

In0.53Ga0.47As MQW structures on InP substrates by 
reducing the growth temperature. All the samples 
were grown by metalorganic vapor phase epitaxy 
(MOVPE). We used growth temperatures in the range 
from 440 to 620ºC to investigate the influence of 
temperature on the InAs/InGaAs MQW structures. 
X-ray diffraction (XRD) spectra of InAs MQWs 
grown at different temperatures along with a simu-
lated spectrum obtained using the dynamical theory 
[8] are shown in Fig. 4. The InAs quantum wells of 
all the samples were 5 nm thick. No satellite peaks 
can be seen in the spectra of the samples grown at 520 
and 620ºC, and the peaks of the envelope curves, 
which correspond to the lattice constants of the well 
layers along the growth direction, are shifted to a 
higher angle than in the simulation. For the samples 
grown at 460 and 500ºC, the spectra have clearly 
defined satellite peaks and agree well with the simu-
lation spectra. With growth at 440ºC, the peaks of the 
envelope curves are again shifted to a higher angle, 
although satellite peaks can be seen. We interpret 
these results as follows. Due to the large strain, three-
dimensional growth occurred easily on the growing 
surface of the InAs layer. The strain relaxation caused 
by the three-dimensional growth was enhanced at 
higher growth temperatures because the surface dif-
fusion length of adatoms on the growing surface 
increased as the growth temperature increased [6]. 
The peak shifts of the envelope curves and the 
absence of satellite peaks in the spectra of the samples 
grown at 520 and 620ºC indicate that strain relaxation 
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Fig. 3.    Strain dependences of (a) the calculated critical thickness of an InGaAs layer on an InP substrate and (b) the 
calculated bandgap wavelength of InGaAs quantum wells of the critical thickness sandwiched between In0.53Ga0.47 
as barriers.
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Fig. 4.   XRD spectra of InAs MQWs grown at different 
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occurred in the InAs wells. Reducing the growth tem-
perature to the 460–500ºC range suppressed the strain 
relaxation and yielded flat interfaces between the 
wells and the barriers. However, when the growth 
temperature was reduced to 440ºC, we could not 
obtain an InAs MQW of the desired quality because 
of Ga incorporation in the InAs well layers. The XRD 
results reveal that InAs/InGaAs MQWs with good 
structural characteristics could be obtained only in a 
narrow MOVPE growth temperature range of 460 to 
500ºC.

On the basis of the above results and interpretation, 
we next attempted to control the emission wavelength 
of the MQW by controlling the thickness of the InAs 
quantum well. The dependence of the photolumines-
cence (PL) peak wavelength of the MQWs grown at 
460 and 500ºC and the calculated bandgap wave-
length on the thickness of the InAs wells [8] are 
shown in Fig. 5. The PL peak wavelength increased 
from �.93 to 2.47 µm as the InAs thickness increased 
from 2 to 7 nm. We achieved PL peak wavelengths 
longer than 2.3 µm for MQWs with an InAs thickness 
greater than 5 nm. In addition, these experimental 
values agree well with the calculated results. It is 
evident that the bandgap wavelength was well con-
trolled over a wide wavelength range by adjusting the 
thickness of the InAs quantum well. Although we 
could extend the PL wavelength beyond 2.3 µm by 
using the InAs quantum well, the surface morphology 
deteriorated with increasing well thickness. Atomic 
force microscope (AFM) images of the surfaces of 
InAs MQWs with different well thicknesses grown at 

500ºC [8] are shown in Fig. 6. A featureless surface 
was obtained for an InAs thickness of 5 nm, as shown 
in Fig. 6(a). However, there were many grooves on 
the surface of the MQWs with InAs thicknesses of 6 
and 7 nm, as shown in Figs. 6(b) and (c), respectively. 
The number of grooves increased as the InAs thick-
ness increased. These grooves may be attributed to 
defects generated by the strain relaxation of the InAs 
quantum well because the InAs thickness exceeded 

1.8

2.0

2.2

2.4

2.6

2.8

0 2 4 6 8 10

P
L 

pe
ak

 w
av

el
en

gt
h 

(µ
m

)

InAs thickness (nm)

Tg= 500°C
Tg= 460°C

Calculation

Fig. 5.    Dependence of the PL peak wavelength of MQWs 
on InAs thickness. The solid l ine shows the 
calculated result.

Grooves

(a) InAs thickness = 5 nm

(b) InAs thickness = 6 nm

(c) InAs thickness = 7 nm

50 µm

10
20

30
40

X  10.000 µm/div
Z   2000.000 nm/div

X  10.000 µm/div
Z   2000.000 nm/div

µm

10
20

30
40

µm

X  10.000 µm/div
Z   2000.000 nm/div

10
20

30
40

µm
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the critical layer thickness estimated using the energy 
balance model shown in Fig. 3(a). On the basis of the 
above results, we chose to use an InAs/InGaAs MQW 
structure with a well thickness of 5 nm as the active 
region of a laser emitting at 2.3 µm.

4.   Device fabrication and characteristics

The fundamental processes for fabricating 2-µm 
wavelength DFB lasers are well established, as men-
tioned in Section �. We fabricated our DFB lasers as 
follows. First, an active region composed of a sepa-
rate-confinement-heterostructure MQW was grown 
at 500ºC by MOVPE. The MQW active region con-
sisted of four 5-nm-thick InAs wells and five 20-nm-
thick In0.53Ga0.47As barriers. The lower separate 
confinement heterostructure (SCH) layer was a �00-
nm-thick InGaAsP layer with a bandgap wavelength 
of �.3 µm and the upper SCH layers were �00-nm-
thick InGaAsP layers with bandgap wavelengths of 
�.3 and �.� µm. Next, first-order corrugations were 
formed on the upper SCH layer with a bandgap wave-
length of �.� µm by using electron beam lithography 
and wet etching. Then, a p-InP cladding layer was 
grown on the corrugated surface. A 2.0-µm-wide 
mesa stripe was formed on the wafer and p-n-block-
ing layers were then grown around the stripe using 
mesa-defining SiO2 as a regrowth mask. Finally, a p-
InP cladding layer and p+-InGaAsP contact layers 
were grown. All regrowth was carried out using 
MOVPE at a growth temperature of 600ºC. After 
contact metallization, the wafer was cleaved into bars 
with a 900-µm-long cavity. The facets of the DFB-

laser bars were coated with anti-reflection and high-
reflection films [9].

The emission spectrum during CW operation of the 
DFB laser with a Bragg wavelength of 2.330 µm is 
shown in Fig. 7. The emission wavelength of the DFB 
mode was 2.337 µm, which agrees well with the 
designed Bragg wavelength. This is the longest 
reported emission wavelength for InP-based DFB 
lasers using the interband transitions between the 
conduction and valence bands. The submode sup-
pression ratio was higher than 30 dB, which is suffi-
cient for light sources for sensor applications. 

For practical use in trace-gas sensing applications, 
the emission wavelength of the light source must be 
tunable over a range of several nanometers. The rela-
tionship between the emission wavelength of the 
DFB laser and the injection current with heatsink 
temperature as a parameter is shown in Fig. 8. The 
emission wavelength of the DFB laser changed from 
2.335 to 2.348 µm as the heatsink temperature 
increased from �5 to 95ºC. The wavelength shift with 
increasing temperature was fairly constant at 0.�48 
nm/K, which is about the same as that of the �.55-
µm-wavelength DFB laser. This indicates that the 
emission wavelength of the DFB laser is mainly 
determined by the refractive index, which means it 
can be well controlled by the periodicity of the grat-
ing in the same way as that of a �.55-µm-wavelength 
DFB laser. On the other hand, the current-tuning rate 
of the wavelength was almost constant at 0.007 nm/
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mA in the temperature range from �5 to 95ºC. Such a 
constant tuning rate enables the emission wavelength 
to be finely controlled.

Applications that use laser spectroscopy require not 
only single-mode operation but also high output 
power. The CW light output power of the DFB laser 
versus injected current at heatsink temperatures of �5 
to 95ºC is shown in Fig. 9. The threshold current and 
the slope efficiency at 25ºC were 6� mA and 0.054 
W/A, respectively. The maximum output power was 
as high as 20 mW at 25ºC and was 4 mW even at 
75ºC. Such an output power is suitable for light 
sources in spectroscopic applications [�0].

5.   Conclusion

We demonstrated high-performance DFB lasers 
with emission wavelengths longer than 2.3 µm that 
use InAs MQWs on InP as the active regions. First, 
we confirmed that an emission wavelength longer 

than 2.3 µm could theoretically be obtained by using 
an InAs quantum well within the critical thickness. In 
fact, we achieved a PL emission longer than 2.3 µm 
for a 5-nm-thick InAs MQW without any structural 
degradation by reducing the MOVPE growth tem-
perature to between 460 and 500ºC. The DFB lasers 
fabricated using the InAs MQW as an active region 
exhibited CW single-mode operation at heatsink tem-
peratures of �5 to 95ºC. An emission wavelength 
longer than 2.3 µm was obtained, and the wavelength 
could be easily tuned by altering the injection current 
and the heatsink temperature. The output power was 
higher than 20 mW at 25ºC, which is sufficient for 
practical light sources for gas sensing.
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