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Single quantum wells In0.53Ga0.47As/Ga0.47In0.53N0.021As0.949Sb0.03/In0.53Ga0.47As with
room-temperature photoluminescence peak wavelength at 2.04mm were grown on InP substrate by
solid-source molecular-beam epitaxy~MBE!. In situ reflection high-energy electron diffraction was
used to monitor the MBE growth. Double-crystal high-resolution x-ray diffraction and secondary
ion mass spectrometry were utilized to characterize the samples and optimize the growth conditions.
The roles of nitrogen and antimony atoms in the growth of quinary material, GaInNAsSb, were
investigated. ©2004 American Vacuum Society.@DOI: 10.1116/1.1691411#
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I. INTRODUCTION

GaInNAs/GaAs has been extensively studied as a su
tute material system for InGaAsP/InP in the pursuit of low
cost and more efficient lasers in optical communication1–3

There were several theories explaining the mechanism
band-gap narrowing for nitrogen incorporation in GaAsN
GaInNAs.4–9 With additional antimony atoms incorporate
in the active region, the crystal and optical quality of a dilu
nitride layer can be significantly improved and the operat
wavelength can be pushed further from 1.3mm to 1.55mm
which covers the entireS–C–L bands of long-haul optica
communications.10,11

Low-noise near-infrared photodetectors within the wa
length range of 2–2.5mm are of great interest to biosensin
~e.g., noninvasive blood glucose analysis! and environmenta
gas detection. Since lead–salt detectors and extended
GaAs detectors have unsatisfactory dark-current per
mance at room temperature, integrated systems using o
materials operating in this wavelength range with better p
formance are required. Integration of the photodetector, l
source, and circuits on the same semiconductor subs
cannot only reduce the overall cost, but also incre
the performance of the system response. Lattice-matc
GaInNAs grown on an InP substrate has the potentia
reach this wavelength region with the introduction of on
several percent nitrogen.12,13

In this article, we report the growth of GaInNAsSb on
InP substrate by solid-source molecular-beam epitaxy~MBE!
equipped with a nitrogen plasma source with a roo
temperature photoluminescence~PL! peak at 2.04mm. In
situ reflective high-energy electron diffraction~RHEED! was
used to observe the surface reconstruction and monitor
epitaxial layer growth. High-resolution x-ray diffractio
~HRXRD!, secondary ion mass spectroscopy~SIMS!, and
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room-teperature PL were utilized to characterize the mate
quality and optimize the crystal growth condition. The co
relation of indium atoms and nitrogen atoms during t
growth of GaInNAs~Sb! was analyzed by SIMS. Group-II
growth rate dependent and antimony-enhanced nitrogen
corporation mechanisms were deduced from HRXRD m
surement and SIMS analysis. After-growth annealing a
room-temperature PL were investigated for InGaA
GaInNAs~Sb!/InGaAs samples.

II. EXPERIMENT

The samples were grown in a Varian Gen-II MBE syste
with indium and gallium SUMO cells from Applied Epi. By
controlling the temperature of the tip and base zones of
cells, stable source flux are obtained so that during gro
the lattice match condition can be maintained. The arse
source was a precisely controlled needle-valve cracker w
the sublimation region set to 390 °C and the cracking zo
set to 800 °C. The antimony source was a nonvalved
with two heating zones at idle temperature when not us
During epitaxial layer growth, the flux of arsenic was mon
tored by the needle-valve position, and the flux of antimo
was controlled by the sublimation zone temperature~450–
490 °C! while the cracking zone temperature was 850 °
The nitrogen source is a modified SVT plasma source w
the highest rf power of 300 W and ultraclean nitrogen g
flow up to 5 sccm.

The desorbing temperature of phosphorous from InP s
strate is around 300 °C, while the oxide layer on the surf
remains untouched until InP decomposes at a temperatu
around 500 °C.14 The oxide blowoff process varies based t
substrate history and blowoff environment.15 The substrate
was first heated quickly to 300 °C without arsenic overpr
sure. Then, in an arsenic overpressure environment, the
strate was heated to 350 °C and ramped to 510 °C with ra
ing rate of 20 °C/min in an arsenic beam equivalent press
~BEP! flux of 1026 Torr. After a 234 surface reconstruction
il:
14634Õ22„3…Õ1463Õ5Õ$19.00 ©2004 American Vacuum Society
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is clearly recognized, the substrate was cooled to 37
390 °C and lattice-matched In0.53Ga0.47As buffer layer was
grown with a mismatch strain of less than 0.05%, follow
by a GaInNAsSb layer growth.

The structure of the samples grown in this study is sho
in Fig. 1. The capping layer, the cladding layer, and
buffer layer were lattice-matched In0.53Ga0.47As layers di-
rectly grown on InP substrate. The thickness of the thin la
of Ga0.47In0.53NxAs12x2ySby is between 20 nm and 50 nm
As shown in Fig. 1, after the buffer layer growth, the tran
tion layer of lattice-matched InGaAs was grown with su
strate temperature gradually cooled down to 370–390 °C
the nitrogen plasma was ignited 10–15 min before
growth of the single quantum well~SQW! layer. The use of
a transition layer can reduce nonradiative defects in the S
layer when the substrate temperature changes during
growth of the cladding layer and SQW layer. The bac
ground N level at a growth rate of 0.5mm/h was around
0.15%. During the growth of the SQW layer, N and Sb sh
ters were opened and 20–50 nm InGaAsNSb layers w
grown. A capping layer of a lattice-matched InGaAs lay
was grown on the top of the SQW layer.

III. RESULTS AND DISCUSSION

In this study, three samples were grown and studied.
sample 1, the indium source had a BEP flux of 1.
31027 Torr ~corresponding to a growth rate of 0.167mm/h!;
the gallium source had a BEP flux of 8.8031028 Torr
~growth rate of 0.148mm/h!; the antimony BEP flux was
5.8831028 Torr and the arsenic BEP flux 3.531026 Torr;
the thickness of GaInNAsSb layer~group-III dependent
only! was 50 nm and the cladding and capping layer thi
nesses were 150 nm. For samples 2 and 3, the BEP flux
2.2031027 Torr ~growth rate of 0.257mm/h! for indium
source and 1.3631027 Torr ~growth rate of 0.228mm/h! for
the gallium source; the antimony BEP flux was 7.
31028 Torr and the arsenic BEP flux 5.431026 Torr; the
thicknesses of both GaInNAs~sample 2! and GaInNAsSb
~sample 3! layers were 20 nm and the cladding and capp
layer thicknesses were 80 nm. The nitrogen flow~10% of 5

FIG. 1. Sample structure: Substrate wasn1(100)InP, buffer layer was 200–
300 nm InGaAs lattice matched to InP with strain less than 831024, tran-
sition layer of lattice-matched InGaAs has a thickness of 100 nm, thin la
of InGaAs12x2yNxSby has a thickness of 20–50 nm, cladding and capp
layer of InGaAs is 80–150 nm.
J. Vac. Sci. Technol. B, Vol. 22, No. 3, May ÕJun 2004
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sccm! and the rf power~300 W! were kept the same for al
three samples. The ratio of BEP~As!/BEP~In1Ga! was be-
tween 15 and 20.

A. N and Sb composition analysis

Although the solubility of nitrogen atoms in semicondu
tor bulk materials was theoretically expected to be very lo
Tu and co-workers16 found that up to 14.8% N can be inco
porated in GaAsN layers without phase segregation. Du
the different bond strength of InNAs and GaNAs, pha
separation was expected for a high nitrogen concentratio
unoptimized growth conditions. To avoid phase separatio
low growth temperature to provide metastable growth has
be used for nitride layers. The growth temperature unfor
nately forms extra defects that can be significantly redu
by after-growth annealing~discussed later!. Nitride layers
with a relatively high concentration of nitrogen can be grow
using a lower growth rate.

HRXRD simulation of sample 1~Fig. 2! and SIMS analy-
sis ~Fig. 3! show that up to 3.5% N and 3% Sb can b
incorporated into the nearly lattice-matched InGaAs layers
form a 50 nm Ga0.47In0.53N0.035As0.935Sb0.03 layer, which has
a tensile strain of 0.9%. No evidence of phase separa
~GaN, InN, GaAs, InAs, GaSb, or InSb! can be found in the
wider omega scan~not shown! in the HRXRD measurement

It has been found that the N composition~N%! is recip-
rocally proportional to the growth rate~g, in mm/h! of group
III ~In1Ga! for MBE growth of GaInNAs on GaAs,17

N%5
A

grIn1grGa
. ~1!

A best fit of different samples with various growth conditio
leads to a nitrogen incorporation factorA;1.0.

It is well known that antimony atoms act as a surfacta
when they were added to a GaInNAs layer growth to form
layer of GaInNAsSb. These layers have smoother surfa
fewer defects, and better crystalline and optical quality th
GaInNAs layers.18 During the growth of samples 2 and 3, th
RHEED pattern shows that nitrogen atoms roughen the la
surface while additional antimony atoms make the layer s
face smoother. HRXRD measurements of samples 2 an

r

FIG. 2. HRXRD measurement of sample 1: SQW layer of 50 nm, simulat
curve shows one possible combination of N with 3.5% and Sb with 3.0
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show that pendellosung fringes can be clearly recogni
away from the peak position~Fig. 4!, verifying that antimony
atoms incorporated into the thin SQW layer improved
crystalline quality. In addition, antimony atoms partial
compensate for the strain induced by the nitrogen ato
~Fig. 4! in the quinary. According to Vegaard’s law, th
lattice-match condition for Ga0.47In0.53NxAs12x2ySby /
In0.53Ga0.47As is thatx:y equals to 1:2.56. Another role tha
antimony atoms play in the GaInNAsSb on GaAs layers
that they increase the nitrogen incorporation.19,20

As shown in Fig. 5, with about 3% Sb in the GaInNAsS
layer, the N concentration increases from 1.6%~sample 2! to
2.1% ~sample 3!. Comparing the results of sample 1 wi
those of samples 2 and 3, we find that the relationship
tween the N concentration and group-III growth rate ho
precisely for GaInNAs~Sb! growth on InP with one addi-
tional factorCSb,

N%5
A•CSb

grIn1grGa
. ~2!

The nitrogen incorporation factor for GaInNAs growth o
InP is A;0.8 and the antimony enhanced factor with
concentration of 3.0%CSb51.3.

It was found that the nitrogen composition was indep
dent on indium composition during the MBE growth
GaInNAs layers on a GaAs substrate with In less th
30%.20 However, in the metalorganic vapor phase epita
growth of GaInNAs on GaAs,21 it was found that the indium

FIG. 3. SIMS analysis of sample 1, inset shows the N and Sb concentra
The raw data~not shown! of In show that thin InGaAsNSb layer has 3.5%
less ion count than that of cladding layer, while there is no such effect o
ion count.
JVST B - Microelectronics and Nanometer Structures
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segregation on the surface changes the surface reconstru
and affects the nitrogen incorporation during the growth.
Fig. 3, the SIMS analysis of sample 1 shows that the indi
composition changes in the GaInNAs layer, as well as in
GaInNAsSb layer, compared with the composition in t
lattice-matched buffer and cladding layers~see Fig. 6!. From
the SIMS raw data of analysis, the indium ion count d
creased by a certain amount~3.5% in sample 1, 1.5% in
sample 2, and 2.1% in sample 3! while no corresponding
increase is observed for gallium atoms. Since the indium
gallium source temperatures were precisely controlled no
change during all the layer growths, there must be so
intercorrelation of N and In atoms either during the lay
growth of GaInNAs~Sb! on InP substrate or in the SIMS
analysis. Such an effect should be expected in the growt
GaInNAs~Sb! on GaAs substrate. The cladding layers a
either GaAs or GaAsN, thus there is no continuous indi
reference. The change of indium concentration is so sm
that such an effect might have been just overlooked in
past. Moreover, it was unlikely that the ion counting of n
trogen atoms and indium atoms in SIMS were correlat
Therefore, one of the explanations is that nitrogen ato
randomly incorporated in the unit cell of InGaAs statistica
change the shape~a mixed state of zinc-blende and wurtzi
cell! and the composition of the unit cells. Further theoreti
work is needed to investigate the effect of nitrogen atoms
indium atoms during the growth.

n.

a
FIG. 4. HRXRD measurement and simulation of sample 2~SQW layer of
GaInNAs with 1.6% N! and sample 3~SQW layer of GaInNAsSb with one
possible combination of 2.1% N and 3.0% Sb!.
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B. Sample annealing and photoluminescence
measurement

From Figs. 2 and 3 for sample 1, we found th
Ga0.47In0.53N0.035As0.935Sb0.03 grown on In0.53Ga0.47As
lattice-matched to InP has an in-plane tensile strain of 0.
The theoretically calculated critical thickness for coher
growth is much less than 50 nm. The partially relaxed Ga
NAsSB layer has a high concentration of nonradiative
fects that quench the PL. Sample 2 has a 20 nm laye
Ga0.47In0.53N0.016As0.984 and sample 3 has a 20 nm layer

FIG. 5. SIMS analysis of samples 2 and 3: In sample 3, additional Sb at
increase the likelihood of N incorporation~possibly increasing the sticking
coefficient!.

FIG. 6. Room-temperature PL of sample 3: Lattice-matched buffer and c
ding layer of InGaAs has a PL peak wavelength at 1.68mm,
InGaAsN0.021Sb0.03 layer has a PL peak wavelength at 2.04mm.
J. Vac. Sci. Technol. B, Vol. 22, No. 3, May ÕJun 2004
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Ga0.47In0.53N0.021As0.949Sb0.03 between lattice-matched layer
of InGaAs on InP, which are all well within the cohere
growth range. After-growth annealing and PL measurem
were used to characterize samples 2 and 3.

The low temperature used in the growth of GaInNAs~Sb!
introduced extra defects in the layer even with the help
surfactant antimony atoms. After-growth annealing w
found to be able to reduce the nonradiative defects form
during nitride layer growth.22 The samples were annealed b
rapid thermal annealing with a maximum temperature ram
ing rate of 200 °C/s. The optimized annealing condition
GaInNAs~Sb! SQW samples was found to be betwe
680 °C and 720 °C for 1 to 10 min.

A luminescence wavelength blueshift of annealed Ga
NAs samples was observed similar to that for GaInNAs a
GaInNAsSb on GaAs.21 This has been both experimental
and theoretically explained by nearest nitrogen neighb
change in GaInNAs/GaAs.23 But for GaInNAsSb/InP
samples, the PL blueshifts under different annealing con
tions are not as severe as those of GaInNAs/GaAs sam
One of the possible reasons is that additional antimony at
in GaInNAsSb/InP reduce the strain compared to increas
the strain in the already hightly compressively strained Ga
NAsSb QWs on GaAs. This could reduce the driving for
for the nearest nitrogen neighbors of GaInNAs samples d
ing annealing. As shown in Fig. 6, the room-temperature
of sample 3 has a peak wavelength at 2.04mm ~correspond-
ing to a band-gap energy of 0.6 eV!.

IV. SUMMARY

In summary, InGaAs/GaInNAsSb/InGaAs SQWs wi
good crystalline and optical qualities have been grown
InP substrates.In situ RHEED patterns show that antimon
acts as a surfactant when nitrogen is added in MBE grow
HRXRD measurements show that tensile strained Ga
NAsSb layers can be grown on lattice-matched InGa
buffer layers on InP substrates. The nitrogen and antim
compositions are calibrated using HRXRD and SIMS pro
ing, which show that nitrogen composition is reciproca
proportional to the growth rate of group III~indium and gal-
lium! and that antimony enhances the nitrogen incorpora
rate. SIMS analysis also shows that the nitrogen and ind
compositions are correlated in the layer growth of Ga
NAs~Sb!. Rapid thermal annealing reduces the nonradiat
defects formed during low-temperature growth of nitri
layer. There is less of a blueshift of GaInNAsSb lumine
cence peak wavelength after annealing compared to sim
but most highly strained quinary alloys grown on GaA
Room-temperature PL was obtained f
InGaAs/GaInN0.021As0.949Sb0.03/InGaAs SQW with PL peak
wavelength at 2.04mm. The growth of long wavelength ma
terial on InP substrate is very useful in developing bio- a
chemical gas sensing devices.
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