Strained InAsN/InGaAs/InP multiple quantum well
structures grown by RF-plasma assisted GSMBE
for mid-infrared laser applications
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Abstract: The authors report the growth, structural and optical characteristics of strained
10-period InAs;_;N,/Ing s3Gag 47As multiple quantum well (MQW) structures on InP substrates
grown by gas-source molecular beam epitaxy. Atomic nitrogen was generated using a RF-plasma
cell. Double crystal X-ray diffractometer (DXRD) measurements indicated that adding N to the
InAs layer reduced the net compressive strain of the MQW. The highest nitrogen composition
obtained in this study was 19.5%. It was also found that the incorporation of nitrogen resulted in
red-shifted photoluminescence (PL) emission energy of the QWs. However, increased nitrogen
composition broadened the DXRD linewidth and degraded PL intensity. The very broad PL
linewidth might be related to alloy inhomogeneity. Finally, ridge waveguide lasers with different
periods (n =2-8) of InAsg ¢7Ng 03/1nGaAs QWs as the gain medium were fabricated. A device
with four QWs gave the best performance and demonstrated pulsed oscillation vp to 260K at
an emission wavelength of 2.38 um with a threshold current density of 3.6 kA /em®. This indicates

the potential of InAsN as a material for mid-infrared applications.

1 Introduction

Many spectroscopic and medical applications require
lasers operating within the 2-3 pm spectral range. Tradi-
tionally, such lasers have been developed in InGaAsSb/
AlGaAsSb material systems lattice matched to GaSb
substrates [1]. However, the development of Sb-based
material systems is handicapped by some very undesirable
properties. GaSb compounds are difficult to etch, they have
low thermal conductivity and dissociate at low tempera-
tures. Because of the superior quality of InP substrates over
GaSb substrates and the mature growth and processing
technology of the InP alloy system, compressively strained
In(Ga)As quantum well structures have been investigated
as an alternative approach [2, 3] in this spectrai range. In
addition, it is noteworthy that the novel II-(N,V) alloy
system has recently been proposed as a possible candidate
for the active region of long-wavelength laser diodes [4, 5].
The advantage of these materials lies in the huge bowing
parameters induced by the large differences in atomic sizes
and electronegativities of N and other group V atoms.
Among these mixed group-V nitride alloys, the fernary
alloy InAsN could be a very promising material for
mid-infrared optoelectronic devices.

Recently, the authors demonstrated a 2.2 pm
InAs/InGaAs/InP highly strained multiple quantum wells
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{MQW) laser diode [6]. Longer emission wavelengths can
be achieved with InAs QWs by increasing the guantum
well thickness. However, the onset of plastic relaxation at a
¢ritical thickness of pseudomorphic growth limits opto-
glectronic quality. It is well known that the strain compen-
sation technique, where the barrier layer is strained in the
opposite sense to the well layer, has often been used to
avoid this problem. These techniques are useful for
InGaAs(P) MQWs with strain less than 1%. For layers
with strain exceeding [%, this technique is not always
effective [7-9].

Previously it was found that there is no significant
improvement in the structural and optical quality of
strain-compensated [nAs/InGaAs MQWs [6]. A novel
material system InAsN/InP could circumvent the critical
thickness limitation. Using InAsN to replace InAs can
alleviate the critical thickness limitation on the guantum
well because of its small lattice constant, and can also
further reduce the bandgap energy of the quantum well
because of its huge bowing effect. These two features
suggcst the possibilittes of pushing the wavelength of
lasers on InP substrates into the longer infrared range. In
an earlier publication [10], InAsN/InGaAsP quantum
wells on InP substrates with a 10K photoluminescence
(PL) peak wavelength as long as 2.6 um were described.
However, only very limited attention was given to this
material because previous studies had demonstrated
problems of phase separation and immiscibility in the
growth of InAsN with high nitrogen content. Nonetheless,
there are no existing definitive results on the synthesis of
this alloy [11-13]. In this study, the growth and PL of a
variety of strained InAs, _,N./Ing 5:Gap 47As MQWs have
been investigated. Ing 52Gagy47As lattice-matched to InP
substrate will be referred to as InGaAs throughout the
text. 1t is demonsirated that the InAs,_ N, /InGaAs QW
material system is suited for emission above 2pum.
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Preliminary performance of InAsN MQWs laser diodes is
also reported.

2 Experiments

All InAs(N) MQW samples for this study were grown on
semi-insulating (001) InP substrates using a VG V80H gas-
source molecular beam epitaxy (GSMBE) system. Besides
the elemental In and Ga sources and thermally cracked
AsHsy and PHj; sources, an EP1 UNI-bulb RF plasma source
was used to generate active N species. After thermally
cleaning the InP substrate at 500°C under P, flux, a 0.3 pm
thick Ing s:Gag 47As layer was first deposited as a buffer.
High-brightness mode N, was then ignited for growth of
the subsequent |0-period MQW structure that comprises
20nm thick Inps3GaggazAs barriers and 3 nm  thick
InAsN wells. Besides the InAsN samples, a reference
InAs/Ing 53Gag 47As MQW was also grown under the
same growth conditions except the irradiation of active N
species. A low growth temperature of 400°C was chosen
for the MQWs to avoid dislocation generation [14] and
enhance nitrogen incorporation [10]. The RF plasma cell
was operated at 180 W with a varying nitrogen flow rate
from 0.1 to 0.58 sccm. A mechanical shutter in front of the
plasma source was used to control the illumination of
nitrogen species. The RF power was tumed off immedi-
ately after QW growth. The growth rate of InAs was
1.5um/h and the As/In ratio was close to 2. These
conditions were selected based on previous investigation
of two-period InAs QW structures [6]. Additionally, there
were no growth interruptions at the hetero-interfaces of the
QW structure.

The laser structure used in this study was a separate
confinement heterostructure (SCH) with InAsgo7Ny g3/
Ing 53Gag 47As strained MQW active medium. Three
device structures with different MQW periods (n =2, 4,
and 8) were grown. The InAspo7Nges wells were 3 nm
thick and separated by 40 nm thick Ing s3Gag 47As barriers.
After theoretical calculations of the optical confinement
factor for QWs using a straightforward 2 x 2 matrix
approach proposed by Zou e! al. [15], the total thickness
of the active region was designed to be 380 nm. The active
layer consisted of a four- and a two-period QW, the two
outside InGaAs layers being 124 nm thick and 169 nm
thick, respectively. To begin the growth, a 0.5 pum thick n*-
InP buffer layer was deposited on the n-InP substrate;
both the buffer and substrate serve as n-cladding layer. The
active. MQW structure was then grown, followed by
deposition of the p-cladding layer, a 1.7 um thick p-type
InP with the doping concentration increased from
2x10""em™ to 8% 10%¥ em™>. Finally, 2 0.1 pm thick
pt-InGaAs contact layer was deposited. Si and Be were
used as dopant sources. For InAsN growth, the RF power
was fixed at 180 W and nitrogen flow rate was 0.1 sccm.
The cladding and buffer layers were grown at 460°C, while
the InAsN/InGaAs MQW was grown at 400°C.

In previous studies [16], it has been shown that after
rapid thermal annealing (RTA), both the PL intensity and
linewidth of InAsN guantum wells are improved. There-
fore, posi-growth rapid thermal annealing was at 575°C for
20 min under N ambient. Ridge waveguide lasers with a
6 pm wide active region were fabricated using wet chemi-
cal etching and metallisation techniques.

The nitrogen compositions of InAsN quantum wells
were defermined by fitting the (004) double crystal X-ray
diffractometer (DXRD) spectra using a dynamic simulation
program, RADS (Bede Scientific, UK). Low-temperature
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photoluminescence (PL) was used to evaluate the optical
quality of the MQW. The 514.5 nin line of an Ar™ laser was
used as the excitation source and samples were mounted on
a closed cycle helium cryostat for low-temperature
measurements. The luminescence was collected by two
CaF, condenser lenses and dispersed by a SPEX 500M
monochromator into a liquid-nitrogen-cooled HAMA-
MATSU P3357-02 InSb photodiode.

3 Results and discussion

3.1 Characteristics of strained InAs;_,N,/InGaAs
MQWs structures

Fig. 1 shows the DXRD spectra of InAsN/InGaAs MQWs
grown at different nitrogen flow rates. The well and barrier
widths were 3 nm and 20 nm, respectively. As can be seen,
mcreasing the N flow rate shifted the zeroth-order peak of
the InAsN/InGaAs MQW towards the InP substrate peak.
This reveals that adding N into the InAs layer reduces the
net compressive strain of the system. The satellite peaks,
however, are broader and weaker than those of N-free
samples. Since there is a very large atomic-size difference
between nitrogen and arsenic, the large local strain from
nitrogen incorporation in I[nAs crystal could result in
inferior crystallinity, even phase separation. In fact, as
the N, fiow rate increases (indicating more N is generated
and incorporated into the InAs), the reflection high energy
electron diffraction (RHEED) pattern observed during
InAsN layer growth becomes spottier and dimmer, indicat-
ing a three-dimensional growth mode. The fitted N compo-
sition and corresponding N, flow rate are also shown on
the right-hand side of the Figure. It should be noted that the
nitrogen composition of sample C959 is about 19.5%,
which is almost lattice-matched to InP, as predicted by
theory. Comparing recent report [17] concerning growing
InAsN bulk on the same type of substrate, and taking into
consideration the effect of different growth conditions such
as N flow rate, plasma power and growth temperature, it
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Fig. 1 DXRD spectra of InAsN/InGads MOW s

N composition of InAsN and corresponding N, flow rate arc also
shown at the right-hand side of the Figure. The zeroth-order satellite
peak of the InAsN/InGaAs MQWs is marked as Oth
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was found that the incorporation of nitrogen into the
InAsN QW structure is much easier than into InAsN
bulk structure. In fact, the multilayer structure may stabi-
lise the InAsN alloy by sandwiching thin layers between
InGaAs ‘“templates’. Similar phenomena have been
reported by Mendoza-Diaz et al [18] and Hao et al
[19]. In addition, it should be noted that a strain effect
might also play a significant role. The lattice mismatch
between InAs and InP is 3.2%. If the thickness of the InAs
epilayer is below the critical layer thickness calculated
from Matthews and Blakeslee’s model [20] (MQW case),
the incorporation of nitrogen could reduce compressive
strain and thus surface free energy. On the other hand, the
incorporation of N into relaxed InAsN bulk film does not
have this advantage. This rcason was given in a previous
report to explain the incorporation difference between
InAsN MQW grown on InP and InAs substrates [21].
The 15K PL spectra of these MQWs are shown m
Fig. 2. Spectra C957-a and C957-b were measured from
different regions of the same InAs/InGaAs MQW samples.
Their different behaviours indicate that this sample lacks
matertal uniformity, which might be due to the partial
elastic strain relief in some regions of C957, although
the results of X-ray diffraction can be fitted well by the
simulation program. As shown in the figure, the PL
wavelength red-shifts with increasing N composition.
This clearly indicates a large bowing effect due to the
incorporation of N. In general, the greater the number of N
atoms incorporated into InAs, the worse the crystallinity,
and the weaker the PL intensity. However, as shown in
Fig. 2, sample C962 has a more symmetric PL profile and
higher intensity than those for C957-b, although the former
has broader full width at half maximum {FWHM). The
symmetric PL profile could be ascribed to better interfaces
in C962 because of the reduced compressive strain.
However, further increasc of N composition results in
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Fig. 2 Photoluminescence spectra of IndsN/inGads MOWs with
various N compositions
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dramatic degradation in PL intensity. For sample C959
with the highest N composition, 0.195, the PL signal is not
observable. This behavior is similar to that reported
previously for a InGaAsN system [22, 23].

Basically, degradation of optical quality might be due to
nonradiative defects introduced by the small diameter N
atoms seated on arsenic sites [4]. However, small amounts
of N incorporation can not only reduce the high lattice
mismatch between InAs and InP, but can also enhance both
material uniformity and PL intensity. In addition,
compared with sample C961, the PL peak energy of
€960 remains nearly unchanged. A possible reason might
be the band-filling effect caused by the residual free carrier
concentration in samples with high nitrogen content, as
previously observed in InAsN bulk samples [17]. The
effect somehow compensates the nitrogen-induced
bowing effect. However, the band-tail of the C960 PL
profile extends to 0.38 eV, even lower than the bulk InAs
bandgap energy 0.41 eV at 15K.

Fig. 3 shows the 15K PL spectra for InAsN/InGaAs
QWs with single-period sample CI181 and 10-period
sample C1183. The well thickness is 3 nm and the barrier
is 40 nm thick. Growth conditions were kept the same
except for QW periods. The nitrogen content of sample
C1183, obtained from DXRD spectra fitting, is about 5%.
Because there is no satellite peak in the X-ray diffraction
pattern of a SQW structure, it is difficult to determined
nitrogen composition from DXRD spectra fitting. As
shown in Fig. 3, the PL peak cnergies arc about 0.51-
0.52¢eV (~2.4um) for these two samples. Features at
approximately 0.46-0.47 eV are from atmosphetic absorp-
tion. Since the PL peak energies of the two samples are
very close, the nitrogen composition of C1181 is assumed
to be almost identical to C1183. It is reasonable that the PL
intensity of 10-period QW samples is stronger than that of
a single quantum well. In addition, it should be noticed that
the PL FWHM of these two samples are nearly the same,
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Table 1: Summary of PL peak energy, PL FWHM, and
nitrogen composition of InAsN/inGaAs QWs

Sample No. aw Peak energy FWHM N comp.

number {eV) {meV) {%)
C1181 1 0.513 85 —
C1183 10 0.529 74 5

about 80 meV. This result reveals that the possible origin of
the anomalous huge PL FWHM of these high nitrogen-
containing QW samples is due to a strong alloy inhomo-
geneity effect rather than well thickness fluctuation or local
strain relaxation. This strong alloy inhomogeneity is diffi-
cult to eliminate by means of RTA [24]). A summary of the
PL peak energy, PL FWHM, and nitrogen composition of
each sample is presented in Table 1.

3.2 Preliminary performance of

InAsg g7No.03/ InGaAs/ InP laser

Fig. 4 shows 10K PL spectra of laser structures with 2, 4,
and 8 QWs, after the removal of the upper contact and
cladding layer. The nitrogen composition of these samples
is about 3%. In these strained InAsN/InGaAs MQWs,
the effect of well number on PL intensity is noteworthy,
The 10K PL intensity as a function of the period of the
InAsN/InGaAs MQW is shown in the inset of Fig. 4. It is
apparent that when the number of quantum wells rises from
2 to 4, the PL intensity increases. However, with further
increase n the number of quantum wells, the PL intensity
saturates. Although the PL FWHMs of these samples are
almost the same, we believe that the PL intensity saturation
might be caused by strain-induced defects because the
8-QW structure has large total strain and the density of
strain-related defect should depend on the total thickness
of the InAsN MQW.
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The light output power versus injection current (L—7)
characteristics for the lasers with four QWs (length
L =942 pm) and eight QWs (L =697 um) are shown in
Fig. 5@ and 5h, respectively. The laser diodes were
measured under pulsed operation at a series of tempera-
tures from 10K to their highest operating temperature. The
pulse length and repetition rate are 5 us and 500 Hz. For
the laser with four QWs, a threshold current of 203 mA is
achieved at 260 K, the corresponding threshold current
density is 3.6 kA/em?®. The laser with eight QWs shows
a threshold current /;;, = 66 mA at 200K, corresponding to
a threshold curremt density of 1.6kA/em’. The slope
efficiency degrades rapidly as the temperature increases.
Some possible loss mechanisms are suggested. First, in this
narrowgap material, Auger recombination becomes more
significant at longer wavelengths and/or higher operating
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Fig. 5 [ plois for InAsN/InGads ridge waveguide lasers
measured under pulsed operation at temperatures from 10K to
their maximum vperating temperature

a Four QWs; threshold current density 3.6 kA /cm? at 260K; N =6 pum,
L=942.2 ym; 300 Hz; 5 ps

bEight QWs; threshold current density 1.6kAjem’® at 200K;
W=6pum; L=697.2 pm; 500 Hz; S us
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temperature [25]. Second, because of the high nitrogen
composition (~3%) in the wells, defects introduced by the
smail diameter nitrogen located on arsenic sites and the
alloy inhomogeneity is expected to exist in InAsN even
after postgrowth RTA. These defects would act as nonra-
diative recombinations and be thermally activated, result-
ing in a decrease in the luminescence efficiency [24].

The lasing spectra of a four-QW laser diode at 200K and
260K under pulsed injection at f=1.4/y, are shown in
Figs. 6a and 6b, respectively. Multiple longitudinal modes
are observed. The lasing spectrum of an eight-QW laser at
200K is shown in Fig. 6¢c. At the maximum laser operating
temperature, the peak lasing wavelength of lasers with four
and eight QWs was 2.38 um and 2.37 um, respectively.
Both emission wavelengths are much longer than those of
laser dicdes using InGaAs/InP or InAsP/InP material
systems previously reported. The emission wavelength
peak of the eight-GW laser is longer than that of the
four-QW laser at 200K, which is consistent with their PL
behaviour at 10K. It is worth noting that the slope effi-
ciency of the eight-QW laser degrades more rapidly than
that of the four QW structure as the temperature increases.
This can be attributed to two possibilities. First, as
mentioned before, the net strain in the laser active region
with eight QWs is larger than with four QWs and therefore
results in a higher density of strain-related defects. Second,
nonuniform carrier distribution in the QW region might
result in deterioration in laser performance. Because of the
short transport distance of the holes in the active region,
the holes would be populated preferentially in the first few
welis close to the p-cladding layer [26]. This will result in
gain from these QWs near the p-cladding layer and losses
from other wells.

Fig. 7 shows the temperature dependence of threshold
current density Jy, for the InAsN/InGaAs/InP four-QW
laser. By fitting the Jy, data to the equation Jy(7)=
Joexp(T/Tp), we obtain Ty=62K in the temperature
range 50-260K. The variation of lasing wavelength with
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operating temperature is also shown in the inset of Fig. 7.
A slope of ~0.59 nm/K is measured.

4 Conclusions

In summary, we have studied the growth, structural and
optical characteristics of strained InAs;_,N,/InGaAs
MQW structures with well width 3nm and nitrogen
composition varied from 0 to 0.195. InAsN MOQW
structures have been successfully applied to mid-infrared
laser diodes. A device with a four InAs; 07Ny g2/InGaAs
QW gain medium demonstrates pulsed oscillation at 260K
with a threshold current density of 3.6kA/cm® and an
emission wavelength of 2.38 pm.
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