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Abstract

Optical and structural characterizations were conducted on an InGaAsN quantum well (QW) with large energy

bandgap barrier material consisting of InGaAsP (Eg ¼ 1:62 eV) grown by metalorganic chemical vapor deposition. A

growth pause annealing technique substantially improves both the structural and the optical quality of the QW. With

an optimum growth pause of 14 s, surface roughness reduces by 50% and photoluminescence intensity increases 25

times compared with the sample undergoing a 3-s growth pause. No significant emission wavelength blue shift was

observed, indicating this growth pause annealing process involves a mechanism different from that of the conventional

post-growth thermal annealing of InGaAsN QW. Preliminary results on InGaAsN-active diode lasers employing

InGaAsP barrier material indicate performance is limited by nonradiative recombination.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

First proposed by Kondow et al. in 1997 [1],
InGaAsN material systems have generated in-
creasing interest for achieving high-performance
quantum well (QW) lasers with emission wave-
lengths around 1300 nm for the application of
telecommunication transmitters [2–4]. Since then,
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room-temperature threshold current density of
1300-nm InGaAsN QW lasers has been success-
fully reduced to approximately 210–270 A/cm2

[2–4]. One of the methods to improve InGaAsN
material quality is through post-growth rapid
thermal annealing which has been widely used to
enhance the InGaAsN QW optical characteristics.
Several experimental results have been previously
conducted to determine the effects of various
device structures, material compositions and an-
nealing conditions on both optical and structural
properties of InGaAsN [5–8].
d.
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In this work, we report a new annealing process
performed during the growth pause introduced
before and after the QW [9,10] which was found to
be critical for structures containing InGaAsN QW
and InGaAsP barriers. A systematic optical
luminescence and surface morphology character-
ization study was conducted to understand the
underlying mechanism. The intention of utilizing
high-energy bandgap InGaAsP of 1.62 eV as the
barriers surrounding the QW is to improve the
carrier confinement in the QW. Studies have
shown that the valence band offset of InGaAsN–
GaAs is much smaller than InGaAs–GaAs [11]
and a possible hole leakage process may contribute
to the increased temperature sensitivity of the
threshold current density and the external differ-
ential quantum efficiency found in high-perfor-
mance InGaAsN QW lasers [12]. Previously, we
have shown that by utilizing the InGaAsN QW
structures with GaAsP (Eg ¼ 1:55 eV) barriers,
low threshold current density InGaAsN QW lasers
were realized with improved temperature charac-
teristics [13].
2. Optical and structural characterization on

InGaAsN–InGaAsP

All the InGaAsN QW samples were grown on
nominal exact (100) GaAs substrate by low-
pressure metalorganic chemical vapor deposition
(MOCVD). Trimethylgallium, trimethylindium
and trimethylaluminum were used as the group
III sources and AsH3, PH3, and U-Dimethylhy-
drazine were the group V precursors. The material
composition was confirmed by high-resolution X-
ray diffraction as well as room-temperature
photoluminescence (PL) experiments. Material
optical and structural properties were character-
ized by atomic force microscopy (AFM) and PL
experiments. In both AFM and PL studies,
structures with a highly compressive-strained
(Da=a ¼ 2:7%) 60 (A Ga0.6In0.4As0.995N0.005 QW
under a growth temperature of 530�C were
utilized. The growth rate of the InGaAsN QW
was 1.28 mm/h. The N composition in the QW was
calibrated by secondary ion-mass spectroscopy
measurements.
2.1. PL experiments and results

The PL samples consisted of a 3000 (A GaAs
confinement region, Al0.74Ga0.26As top and bot-
tom cladding layers and a tensile-strained transi-
tion layer of 30 (A GaAs0.67P0.33 grown at 700�C
for improving the AlGaAs–GaAs interface quality
[3]. This GaAs0.67P0.33 layer was found to be
crucial for realizing high material quality of the
highly strained InGaAsN QW grown on a high Al
content (74%) bottom cladding layer. The barriers
surrounding the InGaAsN QW were 70 (A lattice-
matched In0.3Ga0.7As0.4P0.6 also grown at 530�C
with bandgap energy of 1.62 eV. The growth rate
and V/III ratio for the InGaAsP barrier was
1.38 mm/h and 288, respectively. The detailed
structure for this study is shown in Fig. 1a. A
control sample with identical QW composition
and thickness for comparison purposes was also
grown except the InGaAsP barriers were replaced
with 100 (A GaAs layers followed by 75 (A
GaAs0.85P0.15 strain compensation layers on each
side of the QW, as shown in Fig. 1(b). Growth
pausing annealing duration ranging from 3 to 21 s
was applied at the interfaces between the QW and
barriers under a low AsH3 flow of 10 sccm in order
to decide the optimum pause time (5200 sccm total
hydrogen flow and AsH3 partial pressure of
0.4 mbar). However, no growth pause annealing
was utilized for the InGaAsN–GaAs–GaAsP
control sample during MOCVD growth.

The measured room-temperature PL spectrum
from the InGaAsN–InGaAsP structures with
different pause time of 3–21 s is shown in Fig. 2
[9]. A dramatic increase of 25 times in PL intensity
was observed when the pause time increases from
3 s to an optimized value of 14 s. Moreover, no
significant wavelength shift was found, indicating
a different mechanism of growth pause annealing
from the post-growth thermal annealing process,
in which a wavelength blue shift is commonly
observed [5–7]. Slight emission wavelength fluctua-
tions of 1.246–1.254 mm in this PL study are
believed to be due to growth run-to-run variations.

Although a significant improvement of material
quality was obtained by utilizing growth pause
annealing as shown in Fig. 2, the optical quality of
the InGaAsN–InGaAsP QW structure is still inferior
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70 Å InGaAsP barrier 

60 Å InGaAsN QW 

3000 Å GaAs SCH

(a)

(b)

30 Å GaAs0.67P0.33 

Al0.74Ga0.26As cladding layer 

75 Å GaAs0.85P0.15
strain-compensation layer 

60 Å InGaAsN QW 

3000 Å GaAs SCH

30 Å GaAs0.67P0.33 

Al0.74Ga0.26As cladding layer 

100 Å GaAs barrier 

Fig. 1. Schematic band diagram of a single 60 (A In0.4-

Ga0.6As0.995N0.005 QW with (a) 1.62 eV In0.3Ga0.7As0.4P0.6

direct barriers and (b) GaAs direct barriers with GaAs0.85P0.15

strain compensation layers. Growth pause annealing treatment

was applied at the interfaces between the QW and barriers.
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Fig. 2. PL spectra of the InGaAsN–InGaAsP structures with

various growth pause time ranging from 3 to 21 s, which show a

dramatic improvement of PL intensity while no significant

change in emission wavelength was observed.
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to that of the conventional InGaAsN–GaAs QW
structure (control sample) with one order of
magnitude lower PL intensity. The PL spectra of
both structures are shown in Fig. 3 and the emission
wavelengths are 1245 and 1274 nm, respectively, with
the wavelength shift arising as a result of the
quantum size effect. To be compatible with the
InGaAsN growth conditions, we have grown the
InGaAsP barriers at a temperature of 530�C, which
likely is within the miscibility gap for this composi-
tion InGaAsP [14]. This resulted in a relatively poor
material quality of the InGaAsP, possibly leading to
higher nonradiative monomolecular recombination
processes (i.e. lower PL intensity).

A similar improvement in PL intensity after
growth pause annealing was also observed for
structures consisting of InGaAsN QW and
GaAs0.85P0.15 barriers [9]. The fact that the growth
pause annealing only leads to improvement in
structures with phosphorous-containing barriers
(InGaAsP and GaAsP), not conventional GaAs
barriers, indicates phosphine carry-over as a
possible underlying effect. However, we found
comparable PL intensity for InGaAs–InGaAsP
QW structures with and without growth pause,
indicating only structures containing N require the
growth pause.

In order to identify the effect of the growth
pause on either the InGaAsN-to-InGaAsP or
InGaAsP-to-InGaAsN interface, two samples with
a growth interruption of 14 s applied at either side
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Fig. 3. PL spectrum comparison between the optimized

InGaAsN–InGaAsP QW structure and the control sample of

InGaAsN–GaAs.
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of the QW were grown and also characterized with
room-temperature PL experiments. It was found
that the sample with a growth pause on the lower
InGaAsP-to-InGaAsN interface had comparable
PL intensity with the sample having pauses on
both sides. On the contrary, extremely low PL
intensity was observed when a growth pause was
introduced only to the top interface, indicating the
difficulty of growing highly strained InGaAsN
QW may be related to a relatively rough InGaAsP
surface, presumably due to the low growth
temperature of 530�C.

2.2. AFM experiments and results

This strong relation between interface roughness
and material optical quality can be further con-
firmed by the following AFM experiments. Two
experiments were also conducted using a contact-
mode AFM in order to clarify the mechanism of
growth pause annealing. In the first AFM experi-
ment, two structures were compared; sample A,
consisting of a lower barrier of In0.3Ga0.7As0.4P0.6

and sample B, where the lower barrier was replaced
with GaAs. Both samples were capped by 2 nm
GaAs on the top of the InGaAsN QW as shown
schematically in Figs. 4(a) and (b). A growth pause
of 14 s, an optimal value determined from the PL
study, was used in the growth of sample A. No
growth pause was used for sample B. In the second
AFM experiment, samples C–E all have identical
structures with lower and upper InGaAsP barriers
as shown in Figs. 4(c)–(e) and were cooled down
under a flow of AsH3 and PH3. The growth pause
annealing time was the only difference between
these three samples and they were 3, 7.5 and 14 s for
samples C, D and E, respectively. Although the
post-growth cooling down process may alter the
surface morphology, nevertheless, these samples
allow a comparison study for understanding the
effects of QW growth pause annealing duration on
the surface morphology.

Figs. 4(a) and (b) show the AFM images of
samples A and B with a size of 20 mm� 20 mm.
Root-mean-square (RMS) surface roughness of
these two samples were found to be 1.27 and
1.00 nm, respectively, suggesting a smoother surface
of InGaAsN–GaAs compared to InGaAsN–
InGaAsP even when an optimized growth pause
was applied to sample A. This AFM data supports
the PL result, in which the control sample exhibits
roughly 10 times higher PL intensity as shown in
Fig. 3. These data suggest that the surface
morphology and optical luminescence properties
of the InGaAsN QW are strongly related. The
InGaAsN–GaAs structure exhibits both a smooth-
er surface and higher PL intensity than the
InGaAsN–InGaAsP structure. Similar behavior of
interfacial undulation between an InGaAsN QW
and GaAsN barriers were also reported by Li et al.,
for which a strong correlation between PL line
width and interface undulation was presented [15].

The second AFM experiment was conducted on
samples C, D and E and the resulting AFM images
are showed in Figs. 4(c), (d) and (e), respectively.
The RMS surface roughness reduced from 1.2 nm
for the 3-s pause sample to 0.6 nm for the 14-s
pause sample, showing a reduction of 50%. In
Figs. 5(a) and (b), the influence of growth pause
annealing time on RMS surface roughness, PL
intensity and PL spectrum full-width half-max-
imum (FWHM) are summarized, showing the
relationship between surface morphology and the
optical quality of the InGaAsN QW on the growth
pause annealing (i.e. increased PL intensity and
reduced RMS roughness as pause time increases
within the studied range).

In addition to a reduction in RMS roughness,
other changes in surface morphology are notice-
able and may also play a role in the improved
material quality. As shown in Fig. 4(c), the 3-s
pause sample exhibits a large number of surface
pits with an average configuration 0.8 mm in
diameter and 3 nm in depth. A similar observation
was also published by Baskar et al. on a MOCVD-
grown structure consisting of a 7 nm InGaAsN
QW with GaAs pre-layer and cap layer [16], where
they found that by carefully choosing growth
conditions (growth temperature, DMHy flow), the
density of surface pits could be greatly reduced.
Here, we investigated the dependence of pit density
on the growth pause annealing. Comparing Figs.
4(c)–(e), the number of surface pits decreases
substantially as the pause time was extended to
14 s. The pit density of these three samples are
1.23� 107, 7.5� 106 and 2.75� 106 cm�2, respec-
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Fig. 4. The AFM images and the corresponding InGaAsN QW structures for studying the effects of different barriers of InGaAsP and

GaAs (Figs. 4(a) and (b)) and different growth pause time of 3, 7.5 and 14 s (Fig. 4(c)–(e)) on surface morphology.
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tively. In addition, an ordered wire-like pattern
was formed on the sample surface with the 14-s
growth pause (Fig. 4(e)). By contrast, the other
two samples with shorter pauses (Figs. 4(c) and
(d)) revealed a more random surface features. Also
shown in Fig. 4 (b), the InGaAsN–GaAs QW
structure exhibits a similar surface atomic arrange-
ment while no growth pause was introduced.
3. InGaAsN–InGaAsP QW lasers

InGaAsN QW lasers with InGaAsP (Fig. 1(a))
and GaAs (Fig. 1(b)) direct barrier were fabricated
into broad area structure with a stripe width of
100 mm. Ti–Pt–Au and Ge–Ni–Au alloys were
deposited and annealed to form the p- and n-type
Ohmic contacts, respectively. The lasing charac-
teristics were measured within a temperature range
of 10–100�C under a 1% duty cycle (5 ms pulse
width and 2 kHz repetition rate). These two
structures provide different conduction and va-
lence band offsets, suggesting an opportunity to
investigate the relation between carrier confine-
ment and temperature characteristics of the
InGaAsN QW lasers. The valence band offsets
(DEv) are calculated approximately as 100 and
150 meV, respectively, with the assumption of
DEc:DEv equal to 80:20 applied to both cases
[11]. Since the electron confinement is very large
for all three cases (>450 meV), electron leakage
can therefore be neglected. Optimized growth
pause annealing time duration was 14 s for the
InGaAsN–InGaAsP interfaces while no growth
interruption was introduced to the InGaAsN–
GaAs interface. Typical temperature characteris-
tics of threshold current density (Jth) of these
structures (2 mm cavity length) are shown in Fig.
6. At room temperature, the threshold current
densities and lasing wavelengths are 229, 441 A/
cm2 and 1.295, 1.26 mm for the InGaAsN–GaAs
and InGaAsN–InGaAsP lasers, respectively [10].
Note that although InGaAsN–InGaAsP structure
exhibited PL intensity 10 times lower than
InGaAsN–GaAs structure, a reasonable Jth (only
two times higher) was observed for this laser.
Higher T0 of 128 and 98 K for the InGaAsP
barrier structure were obtained in the temperature
range of 10–50�C and 50–100�C, comparing to the
results of 97 and 75 K of the conventional GaAs-
barrier QW laser structure. However, in this
preliminary result, the improved T0 values come
at the expense of increased Jth; indicating further
improvements are required in growth optimization
of the high-bandgap InGaAsP (EgB1:62 eV).
4. Summary

In conclusion, PL and AFM experiments were
conducted to examine the InGaAsN QW structure
with large energy bandgap material InGaAsP
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(Eg ¼ 1:62 eV) as barrier layers. It was found that
a growth pause annealing improved both material
surface morphology and optical quality signifi-
cantly. With an optimum growth pause of 14 s, the
PL intensity increases as much as 25 times and the
RMS surface roughness reduces by 50%, com-
pared with the sample under a 3-s pause growth
annealing treatment. Moreover, a reduced surface
pit density and ordered wire-like pattern were also
observed for the optimized growth conditions.
Preliminary results on InGaAsN-active diode
lasers employing InGaAsP barrier material indi-
cate the performance limited by nonradiative
recombination as a result of poor material quality
of low-temperature-grown high-bandgap In-
GaAsP.
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