
APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 18 5 MAY 2003
Improved photoluminescence of InGaAsN– „In…GaAsP quantum well
by organometallic vapor phase epitaxy using growth pause annealing

Nelson Tansu,a) Jeng-Ya Yeh, and Luke J. Mawst
Reed Center for Photonics, Department of Electrical Computer Engineering,
University of Wisconsin–Madison, 1415 Engineering Drive, Madison, Wisconsin 53706-1691

~Received 4 November 2002; accepted 11 March 2003!

The metalorganic chemical vapor deposition of a highly strained InGaAsN quantum-well~QW!
surrounded by~In!GaAsP direct barrier layers is investigated. We found that growth pause annealing
with AsH3, performed immediately before and after the growth of the QW, significantly improves
the optical quality of InGaAsN QW with~In!GaAsP direct barriers. The utilization of larger band
gap barrier materials, such as InGaAsP or GaAsP, will potentially lead to reduced carrier leakage
from the QW laser structures. ©2003 American Institute of Physics.@DOI: 10.1063/1.1572470#
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The InGaAsN quantum-well~QW! active region on
GaAs has demonstrated excellent lasing characteristics
high-performance 1300 nm semiconductor lasers,1–11compa-
rable to or superior to some of the best published res
based on the conventional InP technology.12,13Unfortunately,
high-performance 1300 nm InGaAsN QW lasers exhibit l
characteristic temperature coefficients (1/T05(1/Jth)dJth/
dT) of the threshold-current density (Jth!, with only a slight
improvement inT0 values over those achievable by the co
ventional InP technology. Some recent works14 have attrib-
uted the poorT0 values in 1300 nm InGaAsN QW lasers
the existence of large Auger recombination processes. O
recent work15 has identified that increased carrier leaka
processes and a more temperature sensitive material gai
rameter play a pivotal role in leading to increased tempe
ture sensitivity of 1300 nm InGaAsN QW lasers.

The motivation of this work was to investigate the me
alorganic chemical vapor deposition~MOCVD! growth of
InGaAsN QWs with various larger band gap barrier mate
als. All previous studies of MOCVD-grown InGaAsN QW
have pursued GaAs as the direct barrier material.1–10 There
have been several works investigating the growth of
GaAsN QWs with GaAsN as direct barriers,4,7,8 which how-
ever, is a smaller band gap material system. The utilizatio
larger band gap barrier materials will potentially lead to t
suppression of thermionic carrier leakage,16 which will in
turn lead to a reduction in the temperature sensitivity of
threshold-current density of the lasers, in particular, at hi
temperature operation. The choices of larger band gap m
rials employed in these studies include GaAsP and InGa
material systems.

All structures reported here were grown by utilizing low
pressure MOCVD. The group-V precursors are the hydr
sources of AsH3 and PH3. The trimethyl precursors of gal
lium ~Ga!, aluminum~Al !, and indium~In! are the group-III
precursors. The N precursor is U-dimethylhydrazine. The
tive regions are all based on the 60 Å In0.4Ga0.6As0.995N0.005

QW, sandwiched with various barrier materials. The In a
N contents of the InGaAsN material were determined fr
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high-resolution x-ray diffraction and secondary mass
spectroscopy measurements.

A schematic diagram of the structure investigated her
shown in Fig. 1. The experiments are conducted for a
GaAsN single-QW active region with GaAs, GaAsP, and
GaAsP direct barriers. The lower cladding layer of the str
ture consists of 0.1mm n-Al0.74Ga0.26As, grown at a
temperature of 775 °C. The active region and the direct b
rier materials are sandwiched in a 3000 Å thick GaAs opti
confinement region. The active region, barriers, and the
tical confinement regions are all grown at a temperature
530 °C. The thermal annealing of the active region occ
during the growth of the top cladding layer of 0.1mm
p-Al0.74Ga0.26As at a temperature of 700 °C for a duration
approximately 3 min. The active region, barrier region, a
optical confinement regions are not intentionally doped, a
the doping level of both cladding layers is approximately
31018 cm23. The thermal annealing processes for all of t
InGaAsN samples studied here are performed under sim
conditions. Since the purpose of this experiment was to
vestigate the relative changes in luminescence intensity
sulting from varying the MOCVD growth processes, th
thermal annealing condition does not necessarily repre
the most optimized condition for InGaAsN QW active r
gions.

The first structure investigated, as shown in Fig. 2~a!, is
the reference sample consisting of a InGaAsN single-Q
active region with 100 Å GaAs direct barriers, which al

FIG. 1. The schematic layer structure of the photoluminescence sample
an InGaAsN QW active region.
8 © 2003 American Institute of Physics
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employs strain compensating layers of 75 Å GaAs0.85P0.15

located outside of the GaAs direct barriers to the QW. Si
lar active region designs have been employed for realiz
high-performance 1300 nm InGaAsN QW lasers.1–3 The sec-
ond sample studied here, shown in Fig. 2~b!, consists of a
InGaAsN single-QW with 75 Å GaAs0.85P0.15 direct barriers.
The third sample consists of a InGaAsN single-QW with
Å InGaAsP direct barriers. The InGaAsP barrier consists
1.62 eV band gap quaternary material with In and P con
of approximately 30% and 60%, respectively, correspond
to slight tensile strain ofDa/a521300 ppm. All of the
aforementioned structures are sandwiched inside a sep
confinement heterostructure consisting of 3000 Å undo
GaAs and AlGaAs cladding layers, as shown in Fig. 1. M
surements of the optical luminescence are conducted by
lizing an Ar1 laser with an emission wavelength of 488 n
and a cooled Ge detector, with all samples held at ro
temperature.

By incorporating an intentional growth pause anneal
in the MOCVD growth processes before and after the gro
of the InGaAsN QW, significant improvement in the phot
luminescence is observed. The growth pause annealin
conducted by flowing 10 sccm of AsH3 and 5200 sccm of H2
for the pause time duration (tp). As shown in Fig. 3, the
InGaAsN QW with GaAs direct barriers is shown to ha
luminescence intensity improvement up to two to three tim
by incorporating a growth pause of approximately 12 s
fore and after the growth of the QW, as shown in Fig. 3
should be noted that high-performance 1300 nm InGaA
QW lasers with GaAs barriers have also been realized pr
ously, without the use of any growth pause.1–3

In contrast to the GaAs barrier structure, structures e

FIG. 2. The schematic diagram of the InGaAsN QW with direct barriers
~a! GaAs and~b! ~In!GaAsP.
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ploying GaAsP or InGaAsP barriers exhibit a strong lumin
cence dependence on growth pause time. Without emplo
a growth pause before and after the InGaAsN QW, no lu
nescence intensity was measured from structures with d
barriers of GaAs0.85P0.15. By incorporating a pause of ap
proximately 10 and 15 s before and after the growth of
InGaAsN QW, respectively, a significant improvement in l
minescence of the InGaAsN–GaAsP structure is obser
with a wavelength emission of 1.26–1.275mm as shown in
Fig. 3. The shorter peak emission wavelength from the
GaAsN QW with direct barriers of GaAsP is a result of
stronger quantum confinement effect as well as growth
growth variation in composition.

Similar results were also found for the InGaAsN
InGaAsP structures. The 1.62 eV InGaAsP direct barriers
designed as slightly tensile strained, which provides par
strain compensation of the highly compressively strained
GaAsN QW. The pause time (tp) before and after the growth
of the InGaAsN QW are kept the same for simplicity. In Fi
4, the photoluminescence of the InGaAsN QW with I
GaAsP direct barriers shows the trend of increasing lumin
cence intensity as the pause time is increased. The p
emission wavelengths of the InGaAsN–InGaAsP struct
range from 1245 nm to 1252 nm, due to run-to-run variat
in MOCVD growth processes, as shown in Fig. 4. The larg
quantum confinement effect~i.e., larger barrier potential!
also contributes to the significantly shorter peak emiss
wavelength of InGaAsN–InGaAsP in comparison to t

f

FIG. 3. The comparison of the photoluminescence spectra
In0.4Ga0.6As0.995N0.005 QW with GaAs and GaAs0.85P0.15 direct barriers, for
the case of with and without pause.

FIG. 4. The luminescence intensity and the peak emission wavelengt
In0.4Ga0.6As0.995N0.005 QW with 1.62 eV InGaAsP direct barriers, as a fun
tion of the pause time (tp).
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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structure with GaAs barriers. The luminescence intensity
the InGaAsN–InGaAsP structure, without employing grow
pause annealing, is extremely poor, almost 1000 tim
smaller than that of the InGaAsN–GaAs structure witho
any growth pause annealing. By incorporating the grow
pause annealing under AsH3 flow, significant improvement
in the optical luminescence by a factor of 25 is observed
shown in Fig. 4. This improvement is also accompanied b
reduction in the full width half maximum~FWHM! of the
luminescence spectra by approximately 20%, as show
Fig. 5. It is also crucial to note that the N-free In0.4Ga0.6As
single-QW with either GaAs or InGaAsP direct barriers, e
hibits comparable luminescence intensity without the n
for a growth pause annealing.

It is important to note that the improvement in the op
cal luminescence of the InGaAsN QW~from the growth
pause! is not accompanied by a reduction in the peak em
sion wavelength~Fig. 4!, which indicates that the outdiffu
sion of N from QW is not the contributing factor. The grow
pause annealing process of the InGaAsN QW is very dif
ent compared to the rapid thermal annealing orin situ ther-
mal annealing process, in which the two latter processes
performed at a temperature higher than the growth temp
ture of the QW and are typically accompanied by a sign
cant reduction in peak emission wavelength. Further stu
indicate that the growth pause before the growth of the Q
is most important. From the fact that no blueshift is observ
with increasing annealing time, we believe that the impro
ment by growth pause annealing processes can possib

FIG. 5. The FWHM of the optical luminescence spectra
In0.4Ga0.6As0.995N0.005 QW with 1.62 eV InGaAsP direct barriers, as fun
tions of the pause time (tp).
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attributed to an improvement in surface morphology and
interfaces of the InGaAsN QW–~In!GaAsP direct barriers o
a suppression in the P~phosphorous! carryover from the bar-
riers into the QW.

In summary, we have investigated the MOCVD grow
processes of strain-compensated In0.4Ga0.6As0.995N0.005 QWs
with larger band gap materials of GaAs0.85P0.15 and 1.62 eV
InGaAsP as direct barriers, utilizing AsH3 as the As precur-
sor. From our studies, we found that the optical luminesce
of the InGaAsN QW with GaAsP and InGaAsP direct bar
ers is significantly improved by employing a growth pau
annealing with AsH3 before and after the growth of In
GaAsN QW. This improvement is not followed by chang
in emission wavelength, which indicates that the outdiffus
of N from the QW is not a factor in the improvement o
optical luminescence. The utilization of larger band gap m
terial barriers surrounding the InGaAsN QW can potentia
lead to reduced thermionic carrier leakage out of the Q
which in turn will lead to a reduction in temperature sen
tivity of high-performance InGaAsN QW lasers.
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