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The growth of InAsN/InGaAs~P! quantum wells ~QWs! on InP substrates by gas-source
molecular-beam epitaxy and a rf plasma nitrogen source is reported for the first time. The double
crystal x-ray diffraction satellite peaks of the InAsN/InGaAsP multiple quantum well~MQW!
samples are sharper than those of the pure InAs/InGaAsP MQW samples, showing that a flatter
heterointerface is achieved due to the smaller lattice mismatch. However, broadening of the satellite
peaks and degradation of the photoluminescence~PL! intensity due to the increase of the nitrogen
composition in these InAsN/InGaAsP MQWs suggest the existence of defects introduced by the
small diameter nitrogen atoms located on arsenic sites. The PL result also shows that the peak
energy decreases as the nitrogen composition increases. The estimated transition energy shrinkage
coefficient is231 meV/at. % nitrogen. The largest nitrogen composition obtained in this study is
5.9%, and its 10 K PL peak wavelength is;2.6 mm ~480 meV!. The effects of growth temperature
on nitrogen composition and PL intensity are also discussed. ©2001 American Vacuum Society.
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I. INTRODUCTION

Low-nitrogen-content zinc blende III–V alloys have r
ceived much attention in the past few years.1–3 The large
difference in atomic size and electronegativity between
and As has motivated a theoretical approach to unders
the huge bowing parameter, and also to ascertain the s
conductor or semimetal nature of these alloys.4–6 In addition,
the large conduction band offset of these materials is v
promising for overcoming the poor temperature characte
tics of conventional InGaAsP/InP long-wavelength las
diodes.2,3

In midinfrared 2–5mm wavelengths, the InAsN alloy
could also be a very promising material. Recently, we de
onstrated a high-quality 2.2mm InAs/InGaAs/InP highly
strained multiple quantum well~MQW! laser grown by gas-
source molecular-beam epitaxy.7 Using InAsN to replace
InAs can ease the critical thickness limitation on the qu
tum well because of its small lattice constant, and it can a
further reduce the band gap energy of the quantum well
cause of its huge bowing effect. These two features rev
the possibility of pushing the wavelength of lasers on I
substrates to a longer infrared range. For device applica
it is very important to improve the material quality; howeve
the epitaxial growth technique and material properties of
~Ga!AsN have not yet been fully studied. III–V~N! materi-
als may have epitaxial growth problems due to their mis
bility gap, which originates from the large differences
atomic radius and electronic negativity.8,9 Thus, suitable ni-
tride source deployment and growth conditions are very
portant for the growth of these materials. A number of e
taxial methods have been used to grow In~Ga!AsN, including
metalorganic chemical vapor deposition~MOCVD!,10–12
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metalorganic molecular-beam epitaxy ~MOMBE!,13

chemical-beam epitaxy~CBE!,14 and gas-source molecula
beam epitaxy~GSMBE!.15,16 In this article we report on
GSMBE growth of InAsN/InGaAs~P! QWs on InP sub-
strates, and on their crystal quality and optical propert
using double crystal x-ray diffraction~DXRD! and photolu-
minescence~PL! measurements, respectively.

II. EXPERIMENT

The samples were grown on semi-insulating~100! InP
substrates using a VG V-80H GSMBE system. Besides
elemental In and Ga sources and thermally cracked AsH3 and
PH3 sources used for producing group III and V molecu
beams, an EPI UNI-bulb rf plasma source was used to g
erate active N species. The rf power for these growths w
kept at 120 W. For the growth of InAs~N!/InGaAsP MQW
samples, after thermally cleaning the InP substrate at 50
under P2 flux, a 0.5-mm-thick In0.75Ga0.25As0.53P0.47 layer
which is lattice matched to the InP substrate was first gro
as a buffer layer at a growth rate of 2mm/h. High-brightness
mode N2 plasma was then ignited for subsequent Q
growth. The MQW structure is comprised of 20- or 30-nm
thick In0.75Ga0.25As0.53P0.47 barriers and 3-nm-thick InAs~N!
wells. The growth rate and As/In flux ratio of the InAs~N!
well were 1.5mm/h and 2, respectively. To study the grow
conditions, the range of growth temperatures was var
from 340 to 460 °C. And the range of nitrogen flow rates w
varied from 0.2 to 1.4 sccm, the corresponding beam equ
lent pressure~BEP! of which was from 1 to 631025 mbar.
To control illumination of nitrogen species, a mechanic
shutter in front of the plasma source was used. Howe
there were no growth interruptions at the heterointerface
the MQW structures. The rf power was turned off immed
ately after the QW growth was finished. Finally, a 0.1-mm-
2021Õ19„1…Õ202Õ5Õ$18.00 ©2001 American Vacuum Society
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thick InP cap layer was overgrown on the QW. Detail
growth conditions are summarized in Table I. The typic
flow rate fluctuation was within 0.1 sccm. The growth
InAs~N!/InGaAs single quantum well~SQW! samples is
similar to InAs~N!/InGaAsP MQW ones. The buffer laye
and the barrier are In0.53Ga0.47As, and the growth rate wa
2.83mm/h.

The nitrogen compositions of InAsN MQWs were dete
mined from the DXRD spectra fittings using commercial d
namic simulation software RADS. The optical quality w
evaluated using PL measurements. The 488 nm line o
argon laser was used as the excitation source and a cl
cycle helium cryostat was used for low temperature meas
ments. The signal was detected using a liquid nitrog
cooled InSb photodiode with a Hamamatsu P3357-02 p
amplifier.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the DXRD spectra of 10-period InAs~N!/
InGaAsP MQW structures grown at different nitrogen flo
rates. The well and barrier widths are 3 and 20 nm, resp
tively. Basically, increasing the nitrogen flow rate shifts t
envelope and the satellite peaks toward the substrate p
which indicates the reduction of lattice mismatch due to
introduction of nitrogen. The full width at half maximum
~FWHM! of them523 satellite peaks is also shown in Fi
1. Note that the satellite peaks of InAsN/InGaAsP MQ
samples~C822, C823, and C824! are sharper than those o
the InAsN/InGaAsP MQW sample~C821!. This implies that
flatter heterointerfaces are achieved in InAsN/InGaA
samples due to their smaller lattice mismatch. However,
satellite peaks of the InAsN MQW samples broaden in sp
of the decreasing lattice mismatch as the nitrogen flow
increases. The degradation on the crystal quality might
due to the defects or dislocations introduced by the sm
diameter nitrogen atoms located on arsenic sites in InA
To analyze the nitrogen composition in InAsN quantu
wells, the composition of the InGaAsP buffer and barr
layers was first determined from the peak marked B in Fig

TABLE I. Summary of the growth conditions and nitrogen composition
InAs12xNx /InGaAs~P! QWs.

Sample
No.

Number of
periods

Flow rate of N2

~sccm!
Growth temperature

~°C!
Nitrogen

composition

C821 10 0 400 0
C822 10 0.35 400 0.011
C823 10 0.70 400 0.035
C824 10 1.40 400 0.059
C827 4 0.43 430 0.022
C828 4 0.43 400 0.025
C829 4 0.43 370 0.027
C830 4 0.43 340 0.033
C885 1 0.43 420 ¯

C886 1 0.43 440 ¯

C887 1 0.43 460 ¯

C888 1 0.43 420 ¯

C889 1 0.43 400 ¯
JVST B - Microelectronics and Nanometer Structures
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The nitrogen composition was then used as a parameter
the DXRD curves using the RAD commercial dynam
simulation software. The typical eror of the nitrogen comp
sition is within 0.002. The nitrogen composition determin
from the DXRD spectra as a function of nitrogen flow rat
is plotted in Fig. 2. As can be seen, the incorporation beh
ior is linear.

The 10 K PL spectra of the as-grown InAsN/InGaAs
MQWs are shown in Fig. 3~a!. As can be seen, the PL pea
energy decreases with increasing nitrogen composition. T
result indeed confirms the bowing effect due to the incor
ration of nitrogen. However, the integrated PL intensity d
grades almost linearly with increasing nitrogen compositi
as shown in Fig. 3~b!, and the FWHM also shows simila
behavior. The luminescence of sample C824, whose nitro
composition is as large as 5.9%, is not even observable
general, the more N atoms incorporated into InAs, the poo
the sample crystallinity and the weaker the PL intensity. T
degradation is due to residual strain resulting from the sm
diameter nitrogen atoms located on arsenic sites. And
behavior is similar to that reported previously for the I
GaAsN system.1–3,11,12,15,16

However, by annealing the samples, the PL intensities
be recovered by decreasing the number of defects. Figu
shows the 10 K PL spectra of the annealed InAs~N!/InGaAsP
MQWs. The samples were annealed at 525 °C for 15 min
nitrogen atmosphere. To protect the surfaces of the sam
during the annealing process, the tops of Si wafers w

f

FIG. 1. DXRD spectra of 10-period InAsN/InGaAsP MQWs grown at d
ferent nitrogen flow rates. SUB and B denote the peaks of the InP subs
and InGaAsP buffer layer, respectively. The superlattice orders of each
ellite peak are marked. The FWHMs ofm53 satellite peaks are also shown
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capped. By comparing the peak energies of the samples
fore and after annealing, seen in Figs. 3~a! and 4, respec-
tively, almost no structural change or quantum-well int
mixing ~QWI! is observed under this condition.17 Figure 4
also shows the 10 K PL spectrum of sample C824, wh
luminescence before annealing is not detectable. The n
gen composition of sample C824 is as high as 5.9% and
PL peak wavelength is as long as 2.6mm ~480 meV!. A
detailed comparison between as-grown and after annea
samples is summarized in Table II. In both Figs. 2 and 4,
InAs MQW sample, C821, which has the largest compr
sive strain, shows a low energy shoulder. This shoulder
comes increasingly weaker when the temperature incre
and it eventually disappears at 80 K. Because of this beh
ior, the shoulder is believed to be an impurity or defe
related luminescence.18,19

The 10 K PL peak energy as a function of nitrogen co
position for the annealed InAsN/InGaAsP MQWs is sho
in Fig. 5. By linear fitting, the transition energy shrinkag
coefficient is231 meV/at. % N. This result, although from
MQWs grown on InP, is consistent with the result from t
absorption measurements on bulk InAs12xNx grown on
GaAs.10 However, it is much smaller than the value in the P
study of the In0.3Ga0.7As12xNx quantum well,2150 meV/
at. %. N, reported by Kondowet al.2

The incorporation behavior of nitrogen in InAsN as
function of growth temperature is shown in Fig. 6. T
growth rate, As/In flux ratio, and nitrogen flux for these I
AsN layers were fixed at 1.5mm/h, 2, and 0.43 sccm, respe
tively. Detailed growth conditions are summarized in Tab
I. As can be seen in Fig. 6, the nitrogen composition
creases from 0.022 to 0.033 in mole fraction as the gro

FIG. 2. Nitrogen composition determined from DXRD spectra as a func
of nitrogen flow rate.
J. Vac. Sci. Technol. B, Vol. 19, No. 1, Jan ÕFeb 2001
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temperature decreases from 430 to 340 °C. This is due to
decrease of group V equilibrium pressure as the growth t
perature decreases. The lower re-evaporation rate at lo
growth temperature enhances the incorporation of nitrog
The integrated 10 K PL intensity as a function of inver
growth temperature is shown in Fig. 7. Besides the result
the InAsN/InGaAsP MQW samples, the results of InAs
InGaAs SQW samples are also plotted in Fig. 7. The grow
conditions for the InAsN well are the same, except for t
growth temperature, as can be seen in Table I. As show
Fig. 7, the results of InAsN/InGaAs SQW samples, who
temperature range is higher, display a two-section curve.
the other hand, the InAsN/InGaAsP MQW samples grown
the lower temperature range display a straight line paralle
the low-temperature section of InAsN/InGaAs SQ
samples. In general, the formation of the nonradiative defe
in these InAsN/InGaAs~P! QWs is not only due to the re

n

FIG. 3. ~a! 10 K PL spectra of as-grown InAsN/InGaAsP MQWs.~b! Inte-
grated PL intensity and FWHM as a function of nitrogen composition.
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sidual strain introduced by the small diameter nitrogen ato
on As sites, but is also related to some native point defe
such as vacancies and arsenic antisites induced by lo
growth temperature. Nova´k et al.20 reported that the bound
ary temperature between nonstoichiometric growth and c
ventional growth for MBE GaAs layers is around 400 °C.
nonstoichiometric growth, there are many native point
fects such as vacancies and arsenic antisites induce
lower growth temperature. Although this boundary tempe
ture can vary, depending on the materials and growth co
tions, we believe the curves with larger slope at the low
growth temperature region in Fig. 7 are due to native po
defects such as vacancies and arsenic antisites. On the
hand, the curve with the smaller slope at the higher grow
temperature region in Fig. 7 is due to the effect of nitrog
composition and is similar to that shown in Fig. 3~b!.

FIG. 4. 10 K PL spectra of the annealed InAsN/InGaAsP MQWs. Th
samples were anealed at 525 °C for 15 min in nitrogen atmosphere.

TABLE II. Summary of the detailed PL data comparison between as-gr
and after annealing samples.

Sample
No.

As grown After annealing

Peak
energy
~eV!

Integrated
intensity
(1023)

FWHM
~meV!

Peak
energy
~eV!

Integrated
intensity
(1023)

FWHM
~meV!

C821 0.672 1.00 16 0.677 10.0 20
C822 0.583 0.70 39 0.587 12.0 32
C828 0.557 0.20 57 0.558 0.7 54
C823 0.517 0.04 49 0.519 1.5 62
C824 ¯ ¯ ¯ 0.480 0.2 85
JVST B - Microelectronics and Nanometer Structures
s
ts
er

n-

-
by
-
i-
r
t
her
-

n

IV. CONCLUSION

In summary, the growth of InAsN/InGaAs~P! QWs on an
InP substrate with different nitrogen compositions
GSMBE using a rf plasma nitrogen source was investiga
for the first time. The DXRD spectra show that a flatter h
erointerface is achieved due to the smaller lattice misma

e

n

FIG. 5. 10 K PL peak energies as a function of nitrogen compositionx for
the annealed InAsN/InGaAsP MQWs. By linear fitting, the estimated tr
sition energy shrinkage coefficient is231 meV/at. % N.

FIG. 6. Nitrogen composition in an InAsN quantum well as a function
growth temperature.
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However, the broadening of the satellite peaks and the d
radation of PL intensity due to the increase of the nitrog
composition in these InAsN MQWs suggest the existence
defects or dislocations introduced by the small-diameter
trogen atoms located on arsenic sites. The PL result
shows that the peak energy decreases with increasing n
gen composition in the InAsN layer. A 1% nitrogen increa
in alloy composition causes a shrinkage of 31 meV on
transition energy of the QW. The largest nitrogen compo
tion obtained in this study is 5.9%, and its 10 K PL pe
wavelength is;2.6 mm ~480 meV!. The decrease in growth
temperature increases nitrogen incorporation. However,
effect of growth temperature on the integrated PL intens
was also studied. In the low-temperature region, the form

FIG. 7. 10 K integrated PL intensity as a function of inverse growth te
perature. The closed circle and open circle represent InAsN/InGa
MQWs and InAsN/InGaAs SQWs, respectively.
J. Vac. Sci. Technol. B, Vol. 19, No. 1, Jan ÕFeb 2001
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tion of nonradiative defects in these InAsN QWs is not on
due to residual strain introduced by the small-diameter ni
gen atoms on As sites, but also, from some native po
defects such as as vacancies and arsenic antisites induc
lower growth temperature. However, in the highe
temperature region, the slight variation of the PL intensity
due to the change in nitrogen composition.
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