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Electronic structure of In yGa1ÀyAs1ÀxNx ÕGaAs multiple quantum wells in the dilute-N regime
from pressure and k"p studies
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We report photomodulated reflectance measurements of several intersubband transitions for a series of
as-grown InyGa12yAs12xNx /GaAs multiple quantum well samples as functions of hydrostatic pressure~at
room temperature! and temperature~at ambient pressure!. The experimental results provide support for the
effects of disorder due to different nearest-neighbor N-cation configurations. The quantum well transition
energies obtained from the photomodulated reflectance spectra are fitted as a function of pressure with a
realistic 10 bandk•p Hamiltonian, that includes tight-binding-based energies and coupling parameters for the
N levels. The quality of match between theory and experiment confirms the theoretical model and predicts
some important material parameters for dilute-N InGaAsN alloys.
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I. INTRODUCTION

Recent work has shown that the substitution of dilu
amounts of nitrogen at anion sites in certain group III
semiconductors dramatically reduces the fundamental b
gap ~see note added! and increases the electron mass co
pared to the host material. These modifications result fr
the ability of N to form isoelectronic impurity states tha
while spatially localized, are resonant with the conduct
band ~CB! and strongly coupled to the extended C
states.1–9 In a simplified picture, the N-CB interaction repe
the CB edge and decreases the CB curvature, which, in t
causes the pressure dependence of the fundamental ban
to be unusually weak and nonlinear.1,2 This pressure behavio
is an identifying characteristic of the N-CB interaction, a
can be used to investigate the interaction strength. Us
k•p-like parametrizations of the band structure can be m
based on the level repulsion model introduced by Shanet al.1

The novel bandstructure properties of dilute-N III-V allo
offer attractive opportunities for improved device engine
ing in infrared optoelectronic applications, and several pro
ising advances have been reported recently for 1.3–1.55mm
laser structures that employ this intriguing class of al
materials.10–13

The present paper uses photomodulated reflectance~PR!
spectroscopy to explore the pressure and temperature de
dences of the intersubband transitions in laser-protot
InyGa12yAs12xNx /GaAs (0<x<4.3%) multiple quantum
well ~MQW! samples. These dependences are found
weaken with increasing N content, in accord with other e
perimental and theoretical results on a variety of dilute
III-V systems.1,8,14–18 However, it was evident in earlie
work that broadening of the PR spectra indicated the p
ence of important N-related disorder effects.14 Here, we seek
to gain a more comprehensive picture of the influence
0163-1829/2002/66~16!/165321~9!/$20.00 66 1653
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nitrogen on the confined levels in InyGa12yAs12xNx /GaAs
MQWs, including the effects of disorder due to differe
nearest-neighbor N-cation configurations. A 10-bandk•p
model, with parameters derived from tight-binding superc
calculations, is employed to analyze our pressure data. R
able semiempirical results are obtained for the effect of
content on the CB offset and the electron effective mass
functions of pressure in this system. The present findings
important, both for progress in developing InGaAsN-bas
QW devices, and for advancing the general understandin
the N-CB interaction in III-V-N dilute alloys.

II. EXPERIMENTAL CONSIDERATIONS

We studied four compressively straine
InyGa12yAs12xNx /GaAs MQW samples having N and I
contentsx andy, respectively, in the ranges 0<x<0.043 and
0.25<y<0.32, with well and barrier widths between 85
150 Å. The specific composition and structural parameter
our samples are listed in Table I. The samples were grown
metal-organic vapor phase epitaxy~MOVPE! on buffered
semi-insulating GaAs~001! substrates, and were characte
ized by standard x-ray rocking curve and transmission e

TABLE I. Compositions and structural information for the fou
samples studied in this work.

Sample In conc.
~%!

N conc.
~%!

Well width
~nm!

Barrier width
~nm!

1 2562 0 13.560.5 9360.5
2 3262 0.360.1 14.660.5 1360.5
3 2862 2.560.3 8.960.5 1060.5
4 3062 4.360.5 8.960.5 1360.5
©2002 The American Physical Society21-1
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tron microscopy methods.19 The N-free sample has fiv
QWs, while all the other samples have three QWs. The cr
genic studies were performed in the range 300–10 K at
bient pressure~1 atm! using a conventional closed-cycle H
refrigerator. The pressure experiments were carried out u
86 kbar at 300 K using a diamond-anvil cell with an alcoh
pressure medium. The applied hydrostatic pressure is
brated by both the standard ruby method, and by the shi
the bulk GaAs bandgap in the samples’ substrate and ba
regions~which appears as a sharp PR feature up to;55 kbar,
somewhat above the GaAsG-X crossover!. More details
about the experimental procedures can be found elsewhe14

III. PHOTOMODULATED REFLECTANCE RESULTS

Figure 1 shows the PR spectra observed at ambient p
sure~1 atm! and room temperature for the four samples st
ied. The arrows indicate the effective band gap for ea
sample~obtained by least-squares fitting—see later!. Exami-
nation of the data clearly reveals two trends as a function
increasing N content:~i! a rapid redshift in the transition
energies and~ii ! a strong broadening in the line shapes.

The redshift is caused by the N-CB interaction. The ba
gap shift is;0.08 eV per N at. %, which is slightly smalle
than the results found in prior studies on thi
InyGa12yAs12xNx epilayers1 and on a variety of dilute-N
III-V MQWs.15,20,21As expected, theE1 transition reported
at ;1.7–1.8 eV~depending on the N and In content! in thick
epilayer systems,1 could not be observed in our MQW
samples despite a careful examination of the relevant spe
region. To our knowledge, theE1 transition has not been
seen so far in any dilute-N quantum well systems.

The line-shape broadening seen in Fig. 1 is a strong in
cation of the presence of increasing intrinsic disorder in
QW layers with greater N content. Disorder effects—aris

FIG. 1. Room-temperature ambient pressure PR spectra fo
InyGa12yAs12xNx /GaAs MQW samples~Table I!. The arrows in-
dicate the effective band gap in each sample~obtained by subse
quent least-squares fitting!.
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from defects, nonuniform strain, and fluctuations in the d
sity and arrangement of In and N—are well known
MOVPE-grown epitaxial InGaAsN having N contents e
ceeding a few tenths of an at. %.22,23 Furthermore, the
present samples were not subjected to any post-growth
nealing to lower the disorder closer to what would be pres
for thermal equilibrium growth conditions.

Figures 2 and 3 show the PR spectra of the sample c
taining 2.5% N for several temperatures between 40–30
~1 atm! and several pressures between 0–86 kbar~300 K!,
respectively. In these data, the transition energies are
duced as functions of temperature and pressure from m
tioscillator representations of the observed spectra~points!
by finding the best-fit~solid curves! to a sum of Aspnes-type
third differential line shapes.24 Then the fitted oscillators are
identified by comparison to the transitions predicted in
10-bandk•p calculations described below. Table II give
these assignments. For the sample containing 4.3% N,
find that its weak signal and broadening are too severe
allow this analysis to be performed in a meaningful way, a
consequently the results for this sample have not been
cluded in Table II.

An examination of the PR spectra in Fig. 1 for th
samples containing 0.3 and 2.5 % N shows that the broad
ing in the lowest energy transition~i.e., the effective QW
bandgap! is caused in large part by the presence of a dou

he

FIG. 2. Effect of temperature on the observed PR spectra
atm~circles! for the sample having 2.5% N content in the QWs, a
multioscillator fits to the spectra~solid curves!. The arrows indicate
the low-energy doublet corresponding to N bound to either 4 Ga
1In-3Ga, nearest neighbors~see text!.
1-2
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ELECTRONIC STRUCTURE OF . . . PHYSICAL REVIEW B 66, 165321 ~2002!
structure. Although one might, at first sight, suspect t
heavy-hole–light-hole splitting is a possible explanation
the origin of this low-energy structure, we have found that
two components cannot be modeled successfully as a f
tion of pressure and N content in this way. In Figs. 2 and
the doublet structure is observed clearly for all temperatu
between 300–40 K~at 1 atm!, and for pressures up t

FIG. 3. Effect of pressure on the observed PR spectra at 30
~circles and dashed curves! for the sample having 2.5% N content i
the QWs and multioscillator fits~solid curves!. The arrows again
indicate the low-energy doublet feature attributed to cation disor
which can be observed up to 20 kbar.
16532
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20 kbar ~at 300 K!. The splitting does not depend signifi
cantly on temperature~within our experimental uncertainty!,
but it increases from;25–30 meV at 1 atm to;40–45 meV
at 20 kbar. Above this pressure, the two features can
longer be resolved because of a general increase in the s
tral broadening, and a decrease in the strength of the d
blet’s high-energy component.

Based on the results of recent tight-binding atomic-clus
calculations,25 we attribute this low-energy doublet to th
effects of variations in the N-cation nearest-neighbor c
figuration in the InGaAsN alloy. For the ranges of In conte
~28–30 %! and N content~0.3 and 2.5 %! in the samples tha
show the doublet, fluctuations in the number of Ga and
neighbors around different N sites are expected to prod
important disorder effects on the CB edge.25,26 In this inter-
pretation, the low-energy doublet reflects density-of-sta
structure in a disorder-induced band tail derived from
QWs lowest confined electron level. As is common in P
the higher order transitions are more broadened, which h
tends to obscure the effects of the different configurations
the associated spectral features.25 We assign the lower-
energy feature in the doublet~see Figs. 2 and 3! to transitions
in regions where N atoms are predominantly bonded to f
Ga atoms, and the higher-energy one to regions where
average N-atom environment is closer to 3 Ga and 1
bonds. This assignment is in accord with the predictions
the tight-binding results,25 which show that the energy-orde
assigned here for the N-4Ga and N-~3Ga,1In! levels results
from a weakening of the N-CB interaction (VNc , see next
section! for higher numbers of N-In nearest-neighb

K

r,
nd the
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e

TABLE II. Summary of the three samples studied, showing the assignments of the QW transitions a
results from fitting the associated PR spectra as a function of pressure~at 300 K! and temperature~at 1 atm!.
The first column gives our final assignments of the observed transitions, based on the ten-bandk•p calcu-
lations. The next two columns give the linear and quadratic pressure coefficients of the observed tra
energies, obtained by least-square data fits usingE(P)5E01aP1bP2 ~not shown in Fig. 4!. The last three
columns describe the best-fit temperature dependence~at 1 atm! of the observed PR transitions in terms of th
Bose-Einstein expressionE(T)5EB2aB@112/(eQ/T21)#.

Assignment
based on
calculations

E ~eV!
1 atm, 300 K

60.015

a
~eV/kbar!

60.5

b
~eV/kbar2!

62.031025
EB ~eV!
1 atm aB ~meV! Q ~K!

Sample 1~0% N!

e3-hh3 1.296 11.431023 25.131025

e1- lh1 1.229 11.131023 24.431025

e2-hh2 1.200 10.531023 23.631025 1.280 35.53 183.19
e1-hh1 1.134 10.431023 23.231025 1.214 35.53 183.19

Sample 2~0.3% N!

e1- lh1 1.138 8.431023 22.931025 1.231 44.99 219.84
e2-hh2 /e1-hh3 1.066 8.531023 22.931025 1.158 44.99 219.84
e1-hh1 1.034 8.531023 24.031025 1.112 44.99 219.84

Sample 3~2.5% N!

e1-VB 1.149 6.531023 21.831025 1.233 48.76 253.40
e1- lh1 1.043 7.331023 22.631025 1.120 48.76 253.40
e1-hh1 0.941 7.831023 22.731025 1.010 48.76 253.40
1-3
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S. A. CHOULISet al. PHYSICAL REVIEW B 66, 165321 ~2002!
bonds.25,26This is also consistent with the observed increa
in the doublet splitting with pressure, since a largerVNc
value would also increase the quadratic~sublinear! term in
the pressure shift of the N-4Ga level compared to the m
In-rich nearest-neighbor environments. Such assignment
in accord with Ref. 27, where it was shown by FTIR vibr
tional spectroscopy that annealing converts the environm
of N from 4 Ga to 3Ga-1In. Furthermore, the assignments
in good agreement with our recent work on an InGaA
vertical-cavity surface-emitting laser structure, where the
ferent N configurations broaden the gain spectrum and a
the laser to operate over an unusually wide tempera
range.28

IV. THEORETICAL TEN-BAND k "p MODEL
OF In yGa1ÀyAs1ÀxNx ÕGaAs QWs

We use a ten-bandk•p Hamiltonian to calculate the QW
confined-state energies, and their pressure dependence
basis states~which each are doubly spin degenerate! include
the highest valence bands~i.e., heavy hole, light hole, and
spin-orbit split off! and the lowest CB of the InyGa12yAs
host material atk50, and an additional pair of basis stat
representing the nitrogen resonant level. This Hamilton
structure has been found to give an excellent account of
measured band-edge properties in bulk InyGa12yAs12xNx ,
including the effects on the bandgap and the CB mass
variations in the N and In contents, and variations in
applied ~or internal! strain.29 It also has been applied suc
cessfully to predict the gain characteristics of dilute-nitri
QW lasers.11,30,31 The ten-bandk•p Hamiltonian is further
justified by comparison of the energy-band dispersion tha
predicts with thatcalculatedusing the tight-binding superce
approach, where, with a reasonable choice of thek•p param-
eters, one obtains excellent agreement for the lowest CB
til at least 200 meV above the CB edge.7

We quantize the Hamiltonian along the growth directi
~z axis!, perpendicular to the growth plane. For zero in-pla
momentum (kx5ky50), the 10310 k•p Hamiltonian de-
couples into two independent 535 HamiltoniansH which
we can use to determine the band edge energies in InGa
heterostructures:

H5S EN VNc 0 0 0

VNc* ECB 0 &U U

0 0 EHH 0 0

0 &U* 0 ELH Q

0 U* 0 Q* ESO

D ~1!

where the subscripts N, CB, HH, LH, and SO stand
nitrogen-resonant, conduction band, heavy-hole, light-h
and split-off bands respectively;VNc describes the interac
tion between the N state and the CB edge,U the mixing
between the conduction and valence bands~VBs! at finite
kz , and Q the mixing between the light-hole and split-o
bands at finitekz and strain. Because of the difference b
tween the InGaNAs and the GaAs lattice constants,
InGaNAs QWs are generally under biaxial strain. The ma
16532
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elements in Eq.~1! are determined as functions of N comp
sition x, In compositiony, in-plane strain«xx , and applied
hydrostatic pressureP, as detailed in the Appendix.

As already remarked, calculations in QWs compos
of InGaAsN quaternary alloys are complicated by cation d
order. A substitutional N atom on an As site can be s
rounded by five different configurations of nearest-neigh
cations GajIn42j (j54,3,2,1,0). Hence, there are five di
ferent values for the N levelEN , and five corresponding
values for the interactionVNc between these resonant
states and the CB edge. To simplify the present numer
treatment athigh pressure, we use values ofEN andVNc that
average the differentj cases—in effect fitting the eigenva
ues obtained from thek•p Hamiltonian to the mean energie
of QW levels that are broadened by cation disorder. Thus
use a virtual crystal approximation to describe the N near
neighbor environment. The coupling parameterVNc between
the N resonant level and the CB edge is assumed to be i
pendent of pressure and to vary with N compositionx as
VNc51.675Ax eV. We also take the energy separation b
tween the nitrogen level and the bottom of the CB to
independent of In composition in unstrained InGaNA
DENc(p50)50.485 eV. Although there are many unce
tainties in the analysis used here, we have sought to en
that all the parameter values employed are consistent
the available theoretical and experimental data. In addit
we have purposely fitted the PR spectra with theminimum
number of oscillators needed to represent the major obse
features~consistent with the thickness and barrier height
the QWs!. Hence, while the temperature-dependent PR
sults show four oscillators in all spectra~Fig. 2!, in the
pressure-dependent data the lowest two are resolvable
up to 20 kbar~see the solid curves in Fig. 3!, which is why
we choose to fit the whole set of latter spectra with only th
oscillators.

V. RESULTS AND DISCUSSION

The predictions of the above calculations are put to
stringent test by our pressure results
InyGa12yAs12xNx /GaAs MQWs. This is because the da
provide a relatively large number of confined interband tra
sitions, each of which must be fit by aself-consistent setof
model parameters for different pressures, N content, In c
tent, and well/barrier dimensions—with the pressure and
content varying over considerable ranges. These param
are constrained within realistic limits, as described above.
optimized semiempirical fit to the observed pressure dep
dence of the interband energies is then computed by allow
the sample compositions and dimensions to vary only ins
the uncertainties set by growth conditions~see Table I!, with
standard minor-scaling of the otherk•p parameters, as ap
propriate.

The results of this analysis are summarized in Fig. 4
the three samples having N contents of 0–2.5 %. The s
curves represent the computed optimizedk•p fits to the mea-
sured transition energies~points! for pressures up to 70 kba
The main part of the figure focuses on the lowest ene
oscillator in each sample, assigned toe1-hh1—essentially
1-4
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ELECTRONIC STRUCTURE OF . . . PHYSICAL REVIEW B 66, 165321 ~2002!
the effective QW bandgap broadened by cation disorder.
inset shows the pressure dependence for all three of the
served transitions in the 2.5% N-content sample. These t
sitions are assigned toe1-hh1 , e1- lh1 , and e1-VB ~i.e.,
cross interface to the barrier’s VB edge.! Our attempts at
alternative assignments substantially degraded the ag
ment. For example, thee1-VB feature might also contain
contributions from other normally forbidden or weak of
diagonal transitions, such ase1-hh3 or e2- lh1 , but these
choices provided a significantly poorer overall fit to the da

Table II gives the linear and quadratic pressure coe
cients of the observed transition energies in Fig. 4, obtai
by least-square fits to the data points with expressions of
form E5E01aP1bP2 ~not shown in Fig. 4!. Note that the
pressure dependence of the VB offset can be estimated
the 2.5%-N sample from the results in the inset to Fig. 4. T
observed linear pressure coefficientsa in Table II suggest a
marginal decrease in this offset, between the 0 and 2.5 %
samples, of;2161 meV/kbar for pressures up to 20 kba
an interesting finding that merits further experimental a
theoretical study.

The close agreement between theory and experimen
Fig. 4 indicates that our ten-bandk•p analysis, tight-binding-
based N parameters, and conventional InGaAs parame
give a successful description of the effects of the interac
between resonant N states and the InyGa12yAs host CB in
the QWs. We find, as suggested by Shanet al.,1 that the
repulsion between thes-like CB edge and theA1 symmetry
N level gives rise to linear pressure coefficients for the int
band transitions that are intermediate between that of
host bandgap~essentiallye1-hh1 in our 0% N sample! and
that of the N impurity level. The same mechanism expla

FIG. 4. Observed pressure dependence of thee1-hh1 transition
~filled circles! for the samples having N contents of 0, 0.3, a
2.5 % in the QWs. Solid curves are calculated using the optimi
ten-bandk•p model. The inset shows the measured and calcula
pressure dependence for the three observed interband oscillato
the 2.5% N sample.
16532
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the large sublinear dependence of the pressure shift
N-containing MQW samples, since the repulsion between
CB edge andEN increases as pressure reduces the separa
between these levels. The calculated results reproduce
details of this behavior in the QWs under conditions
which the mismatch strain, band offset, and electron eff
tive mass, vary with pressure by nontrivial amounts.

The effect of the interaction between the CB states a
the N-resonant band is also clear in our temperature res
The transition energies are well described as a function
temperature by fitted Bose-Einstein expressions~see Table
II !. The temperature behavior of the effective band gap
served in the PR data was also confirmed using photolu
nescence measurements. The Bose-Einstein parameteraB

and Q are assumed to be the same for different transiti
within a given sample, but to differ from sample to samp
The parameterQ is proportional to the average frequency
the phonons, and, so, should increase with N content. C
sidering thataB is the difference between the actual effecti
bandgap atT50 K, and theT50 K intercept of the band-
gap’s linear asymptote at very highT, the values ofaB in
Table II indicate that the bandgap renormalization effect
creases with increasing N content. From the Bose-Eins
expression we get a total shift from 0–300 K of;84 meV
for the 0% sample, and;83 meV~viz., marginally less! and
;73 meV for the 0.3 and 2.5 % samples, respective
Hence, the total variation of the observed QW transition
ergies between 0 and 300 K is slightly reduced by the
content. Essentially this is in agreement with other obser
tions of the effects of N on the temperature-induced shift
the absorption edge—reported to be reduced by 12% in
GaAsN bulk alloys with N51.5% ~Ref. 32! and by 40% in
GaNAs bulk alloys with N.1%.33 Note that the effects of
low temperature and high pressure are similar. We attrib
this to the fact that, in both cases, the CB edge moves cl
to the N level, and thus theG character of the CB edge i
modified by mixing with the localized N level.

The effects of applied pressure on the electron effec
mass and the CB offset are explored further in Figs. 5 an
These results are calculated for the samples with N cont
of 0, 0.3, and 2.5 % using the optimized ten-bandk•p model.
Figure 5 gives the pressure dependence of the density
states effective mass34 obtained from the dispersion at th
CB edge in appropriately strained InyGa12yAs12xNx , evalu-
ated at the energy of thee1 confinement level and for
k in plane50. In order to explain the influence of pressure
me* , one needs to consider two competing effects:~i! The
decrease in the bandgap with increasing N content tend
reduce the electron mass, as in conventional semiconduc
~i.e., Dme* /me* 'DEg /Eg), ~ii ! the repulsive N-CB interac-
tion tends to flatten the CB, and so increaseme* . At very low
N content and ambient pressure, this competition weakly
vors the bandgap effect. The calculated electron mass for
different samples decreases, initially, with increasing
content—falling from 0.055m0 for x50% to 0.053m0 for
x50.3%, mainly due to the significant effect on the bandg
of the 7% increase in In content for the 0.3% N samp
However, with further increase in the N content

d
d
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x52.5% ~despite the 3% increase in the In content compa
to the N-free sample, see Table I!, the calculated mass rise
to 0.057m0 as the N-CB interaction, i.e., the effect ofVNc

;bAx becomes dominant. Under high pressure,both
mechanisms promote a heavier effective mass, since pressure
increases the InyGa12yAs12xNx bandgap and, at the sam

FIG. 5. Predicted pressure dependence of the electron effe
mass for thee1 quantum level in the MQW samples containing
0.3, and 2.5% N content, as calculated using the optimized ten-b
k•p model.

FIG. 6. Predicted pressure dependence of
InyGa12yAs12xNx /GaAs CB offset for the MQW samples contain
ing 0, 0.3, and 2.5 % N content, as calculated using the optim
ten-bandk•p model. The inset curve shows the calculated effec
N fraction~to 2.5%! on the 1 atm CB offset for 30% In content. Th
points with error bars~reflecting uncertainty in the In and N con
tent, Table I! are the 1 atm offsets for our specific samples.
16532
d

time, reduces the energy separation betweenEN and the CB
edge. Hence,me* increases with pressure in all three Q
samples, but the change is stronger for higher N con
becauseVNc is larger.

Figure 6 gives the calculated variations of the CB offs
with pressure. In the N-free sample, the offset increases
cause the CB edge shifts to higher energy faster in the G
barriers than in the In0.25Ga0.75As wells. However, at low
pressure this dependence is moderated by the effec
changes in the hydrostatic component of the mismatch str
due to the softer compressibility of the well material relati
to the barrier material. Hence, the strongest changes occ
the quadraticbehavior above 25 kbar. The addition of N
InyGa12yAs reduces its CB pressure coefficient and stiffne
its compressibility. Thus, both effects are modified such t
the increase in the CB offset with pressure is enhanced. T
explains why the calculated increase is much stronger
begins at low pressure in the 0.3% N and 2.5% N samp
The inset to Fig. 6 shows the calculated CB offset atambient
pressurein the InyGa12yAs12xNx /GaAs system as a func
tion of N content. The solid curve corresponds to QWs w
30% In, and the points correspond to the specific samp
studied here. The error bars indicate the possible variat
in the CB offset due to the growth uncertainty in the
content. We find that the absolute value of the CB offse
1 atm increases from 0.25 to 0.34 eV as the N content va
from 0 to 2.5 %.

The results in Figs. 5 and 6 can serve as useful gui
for the engineering of infrared lasers based
InyGa12yAs12xNx /GaAs which shows significantly im
proved optical properties for both edge-emitting and surf
emitting devices compared to the InyGa12yAs12xPx /InP sys-
tem. The predicted increase inme* and nonparabolicity with
N content, which has been confirmed experimentally by s
eral authors,35–37could be applied to design lasers that mo
nearly approach the ideal dispersion for decreased Auge
combination~realized at equal electron and hole masses38!.
Likewise, knowledge of the ability of strain to increase t
CB offset in this system could be employed to reduce th
mal losses, as has been done in InGaAlAs-based lase39

Indeed, results on the temperature dependence of the th
old current have recently been reported f
InyGa12yAs12xNx /GaAs lasers, consistent with the predi
tions of Fig. 6.40,41We believe that the good fit of the prese
ten-bandk•p model to the pressure data reported he
makes a convincing case that this model may be u
as a predictive tool for the advancement
InyGa12yAs12xNx /GaAs devices in the dilute-N regime.

VI. CONCLUSIONS AND SUMMARY

Photomodulated reflectance experiments under varia
high-pressure and low-temperature conditions, and ass
atedk•p calculations, have been used to investigate the
fluence of N on the detailed electronic structure
InyGa12yAs12xNx /GaAs MQWs for 0<x<4.3%. The dra-
matic effects of increasing N incorporation on the QW inte
band energies—including negative bandgap bowing, sma
total temperature variation, and strong decrease in the ra
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pressure-shift~reduced linear shifts with larger subline
components!—are clearly illustrated by the experimental r
sults. Our quantitative findings for the magnitude of the
effects, and their variation with N content up tox52.5%, are
in reasonable accord with other recent measurements
theories for III-V-N dilute alloy systems.1,8,15–18Moreover,
the present experimental results support the importanc
considering disorder in the N-cation nearest-neighbor c
figurations, when analyzing the interband transitions
served in quaternary QW systems. The fine structure
broadening observed in our spectral data are consistent
a weaker N-CB interactionVNc at sites having a greate
number of N-In nearest-neighbor bonds, in agreement w
recent suggestions of short-range bonding effects in the
GaNAs system.25,26 The method discussed here~matching
experiment with theory! also provides a predictive model o
the electronic properties of InyGa12yAs12xNx structures~vs
x, y, and strain! that can be useful for calculating laser ga
and other device properties in this important infrared syst
As examples, we compute the electron effective mass and
CB offset for the QW samples and pressure range studie
this work.
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APPENDIX: DETAILED ASPECTS OF THE 10-BAND k "p
CALCULATIONS

We assume that the different matrix elements in
Hamiltonian given by Eq.~1! of the text vary with N com-
16532
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positionx and axial strain«ax as

EN5EN02~g2k!x, ~A1!

ECB5Ec01
\2

2m0
sckz

22~a2k!x, ~A2!

EHH5Ev01kx2
\2

2m0
~g122g2!kz

22«ax, ~A3!

ELH5Ev01kx2
\2

2m0
~g112g2!kz

21«ax, ~A4!

ESO5Ev01kx2Dso2
\2

2m0
g1kz

2, ~A5!

VNc52bAx, ~A6!

U5
1

)
P0kz , ~A7!

Q5&
\2

m0
g2kz

22&«ax. ~A8!

Here g15g1
L2Ep /(3Eg) and g2,35g2,3

L 2Ep /(6Eg) are
Luttinger parameters sc51/m* 1(Ep/3)@2/Eg11/(Eg

1DSO)#, DSO the spin-orbit splitting,P05A2m0Ep /\2 the
Kane matrix element related to the Kane energyEp , and
«ax52bax(112c12/c11)«xx describes the effect of axia
strain on the VBs, withc11 andc12 the elastic constants,bax
the axial deformation potential, and«xx the in-plane strain.
The parametersa andb describe the band-gap reduction d
to the introduction of N, whilek takes account of the varia
tion of the VB offset between unstrained (Ga,In)NxAs12x
and GaAs as a function ofx. We set a51.55 eV, b
51.675 eV, g53.5 eV, and k53.5 eV, independent o
strain and composition. It is assumed that the spin-orbit sp
f.
TABLE III. Material parameters used in the present calculations to determine the InyGa12yAs host band
structure~scaling vsy!, and the InyGa12yAs12xNx /GaAs band alignment~scaling vsy andx!. The deforma-
tion potentialsav , andag , andbax are defined for hydrostatic and~001! axial strain, respectively, as in Re
43. All tabulated values for InN and GaN are for the zinc blende structure.

InAsa,b GaAsa,b InNc,d,e GaNc,d,e

a0 ~Å! 6.0853 5.6533 4.98 4.52
c11, c12 (102 kbar) 8.33, 4.53 11.88, 5.38 18.2, 12.5 28.2, 15.9
av(eV), ag(eV) 1.00,26.08 1.16,28.33 0.50,23.00 0.80,26.40
bax(eV) 21.8 21.7 21.3 21.6
Eg ~eV! (T5300 K) 0.355 1.424
Ev,av ~eV! 26.67 26.92
DSO ~eV! 0.380 0.341
g1

L , g2
L , g3

L 19.7, 8.4, 9.3 6.85, 2.1, 2.9
m* (m0) 0.024 0.067
Ep(eV) 22.2 25.7

aReference 44.
bReference 45.
cReference 46.

dReference 47.
eReference 48.
1-7



it
.

he
te

io
d

na

a

s
r

io
ll

e

l-

e

-
pen-

this
stic
nd

ate

ited
nd
es
. We
ve a
stab-
ret-
ribe
in

70

n
the
ute

w

K
D

D

.

.

in
lu

.

s

t,
.
.
e,

a,

di,
B

P.

.

tt.

lz,

. J.

.
ka,

S. A. CHOULISet al. PHYSICAL REVIEW B 66, 165321 ~2002!
ting is also independent of N content, in agreement w
experiment,1,20 and we neglect any direct N-VB coupling7

The inclusion of such coupling~which is predicted to be
weak7! would introduce an additional small parameter to t
calculations, whose value cannot be extracted accura
from experiment. The band-edge energiesECB, EHH , ELH ,
andESO are, otherwise, assumed to have the same variat
with In composition, built-in hydrostatic strain and applie
hydrostatic pressure as are found in conventio
InyGa12yAs/GaAs heterostructures.42,43

The N-related parameters, includingEN0(P50), were
constrained by comparison to the tight-binding supercell c
culations, and then further refined by fitting thek•p results
to the interband transitions observed in the PR at 1 atm
our samples. The pressure dependence of the N level wa
at ]EN0 /]P52.5 meV/kbar. This gives a better fit to ou
data compared to the value of]EN0 /]P51.5 meV/kbar pre-
viously used in InGaAsN bulk measurements.1 The other ad-
justable parameters in our calculations are the composit
and structural dimensions~nitrogen and indium content, we
width, and barrier width; see Table I of the text!, which are
varied within the limits of growth uncertainty. We obtain th
lattice constantsa0 , elastic constantsc11 and c12, band-
structure parameters, and band alignments~treated within the
model-solid42,43 picture! for the specific heterostructure ca
culations by appropriate linear scaling~quadratic scaling was
used for the energy gap of host InGaAs material only! vs x
and/or y of the literature values listed in Table III for th
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