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We present evidence for a strong interaction between the conduction band and a narrow reso
band formed by nitrogen states in Ga12x InxNyAs12y alloys. The interaction leads to a splitting of the
conduction band into two subbands and a reduction of the fundamental band gap. An anticrossin
the extended states of the conduction band of the Ga12x InxAs matrix and the localized nitrogen resonant
states is used to model the interaction. Optical transitions associated with the energy minima of
two subbands and the characteristic anticrossing behavior of the transitions under applied hydros
pressure have been unambiguously observed using photomodulation spectroscopy. The experim
results are in excellent quantitative agreement with the model. [S0031-9007(98)08364-1]
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Semiconductor alloys containing component e
with distinctly different properties are currently at
significant attention. In particular, intensive expe
[1–7] and theoretical [8–12] efforts have recently
rected towards developing an understanding of th
ties of group III-N-V alloys in which the group-V e
is partially replaced by nitrogen. It has been found
corporating low concentrations of N has a profoun
on the electronic properties of these materials. A r
of the band gap exceeding 0.1 eV per atomic per
content was observed in GaNxAs12x for x , 0.015
This discovery has opened an interesting possibil
ing N containing alloys for long wavelength optoel
devices [13]. It also raises an important question
mechanism responsible for this unusual behavior
calculations of the band structure of some of the g
N-V alloys have shown that the reduction of the ba
due to the highly localized nature of the perturbati
duced by N atoms [8–12,14]. The largest contrib
the band gap reduction originate from structural re
and charge exchange that are, respectively, prop
the differences in the atomic orbital size and ener
As and N atoms [8,11].

It is well known that at very low concentrations N
duces a highly localized acceptorlike level in conv
III-V compound semiconductors. In GaP the lev
cated slightly below the conduction band minimu
trapolation of the data obtained for GaAsP alloys
the level is located at about 0.3 eV above the botto
conduction band in GaAs [15]. This has been c
by measurements of hydrostatic pressure depen
toluminescence spectra that have shown an eme
N bound excitons at a pressure of about 2.3 GPa
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lements
tracting
rimental
been di-
e proper-
lement

that in-
d effect

eduction
cent of N
[1].

ity of us-
ectronic
as to the
. Model
roup III-

nd gap is
on intro-
utions to
laxation

ortional to
gy of the

intro-
entional
el is lo-
m. Ex-
suggests
m of the

onfirmed
dent pho-
rgence of
[16,17].

In this Letter, we show that the incorporation of N
GaInAs alloys leads to a strong interaction betwe
conduction band and a narrow resonant band formed
N states due to the highly localized nature of the pe
tion introduced by N atoms, resulting in a splitting o
conduction band and a reduction of the fundamenta
gap. This is supported by the unambiguous obser
of the optical transitions associated with the two bra
of the split lowest conduction band in Ga12xInxNyAs12

alloy samples with different In and N concentration
a characteristic anticrossing behavior of the two bra
under hydrostatic pressure. The observed reduction
band gap energy of Ga12xInxNyAs12y alloys with small
concentration can be fully explained by this interact

The Ga12x InxNyAs12y epitaxial layers used in this w
were grown on GaAs substrates by metalorganic
phase epitaxy using dimethylhydrazine as the ni
source. Layers were grown at5 mmyh and570 580 ±C
The layer thicknesses vary from 0.5 to5.0 mm. The nitr
gen content of the samples was determined using re
(004) double-crystal x-ray diffraction measurements

To measure the band gap energy of the Ga12xIn
NyAs12y samples under hydrostatic pressure, photo
lation spectroscopic measurements were carrie
in either transmission or reflection geometry at
temperature (295 K). Photomodulation spectro
is a differential method probing the variation o
absorptivity of the samples caused by the modula
physical parameters such as the built-in surface fi
the system [19]. The resulting spectra are charac
by features arising from direct interband transitio
high symmetry points in the band structure [1
Quasimonochromatic light from a halogen tungsten
15.00 © 1999 The American Physical Society 1221
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dispersed by a 0.5 m monochromator was focused
the samples as a probe beam. A chopped HeCd la
beam s4420 Åd provided the photomodulation. The
photomodulated transmission signals were detected
a Ge or Si photodiode using a phase-sensitive lock-
amplification system. Application of pressure was a
complished by mounting small sample chips with sizes
,200 3 200 mm2 into gasketed diamond anvil cells.

Figure 1 shows the pressure dependence of t
fundamental band gaps of a few Ga12xInxNyAs12y

samples. The band gap energies were determined
photomodulated transmission (PT) measurements. In
case of Ga0.92In0.08As sy ­ 0d, the band gap increases
linearly with applied hydrostatic pressure at a rate o
,100 meVyGPa. This type of behavior is commonly
observed for conventional group III-V semiconductors
Adding N completely changes the pressure dependen
All the Ga12xInxNyAs12y samples exhibit a much weaker
dependence of the band gap energy at low pressures a
tendency of the energy gap to saturate at high pressu
The saturation is clearly visible in the samples with lowe
N contents. The pronounced change in the pressu
dependence of the energy gap can be understood in te
of a pressure-induced transformation of the nature of t
lowest conduction band states, namely, from extended
highly localized. The gradual nature of the transforma
tion, shown in Fig. 1, indicates that it cannot be associat
with a pressure-induced crossover of noninteractingG

and X conduction band valleys, but rather suggests th
it is a manifestation of an anticrossing behavior of tw
strongly interacting energy levels with distinctly differ-
ent pressure dependencies. The possibility of theG-X
crossing smear out due to a strong impurity-inducedG-X
interaction can be ruled out. If this were the case, th

FIG. 1. Change of the fundamental band gaps of differe
Ga12x InxNyAs12y samples as a function of hydrostatic pressur
The solid line is a best linear fit to the experimental da
obtained from the Ga0.92In0.08As sample.
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pressure dependence of the fundamental band gap for
Ga12xInxNyAs12y samples shown in Fig. 1 should be
similarly independent of the N content in the low pressur
region when theG point energy is located well below the
X conduction band edges.

In order to explain the observed pressure dependen
we consider a simple model of two interacting energ
levels: one associated with extended states of the GaIn
matrix and the other with the localized N states. Followin
standard procedures we assume that the interaction of
two types of states can be treated as a perturbation wh
leads to the following eigenvalue problem:Ç

E 2 EM VMN

VMN E 2 EN

Ç
­ 0 , (1)

whereEM andEN are the energies of the GaInAs matrix
conduction band edge and of the N level relative to the to
of the valence band, respectively, andVMN is the matrix
element describing the interaction between those two typ
of states. Incorporation of the interaction represented
the matrix elementVMN leads to a mixing and anticrossing
of these states. The two solutions of the problem can
written as

E6 ­ sEN 1 EM 6 fsEN 2 EMd2 1 4V 2
MN g1y2dy2 .

(2)

To simplify the case without involving too many un-
known parameters, we begin by assuming that the n
trogen levelEN ­ 1.74 eV and is insensitive to applied
pressure. (Later we show that its pressure dependenc
fairly weak.) For In0.08Ga0.92As, as shown in Fig. 1, the
pressure dependence of the conduction band edgeEM is
given by

EM ­ 1.30 1 0.1P seVd , (3)

where EM is measured with respect to the valenc
band edge, andP is the hydrostatic pressure in units
of GPa. Using Eqs. (2) and (3), we find thatEM

crossesEN at 4.1 GPa. As shown in Fig. 2, the lower
branch solutionE2 given by Eq. (2) can fit the pressure
dependence of the experimentally observed band g
energies in In0.08Ga0.92NxAs12x very well. As expected,
the strength of the couplingVMN increases with the
nitrogen composition. It changes fromVMN ­ 0.12 eV
for x ­ 0.009 to 0.4 eV forx ­ 0.023. The downward
shift of the lower branchE2 can account well for
the reduction of the fundamental band gap observ
in Ga12x InxNyAs12y alloys. This demonstrates that the
interaction between extended band states and localiz
N states is responsible for the downward shift of th
conduction band edge.

A very important inference of our model is that it pre
dicts a splitting of the conduction band into two subband
with the energy minimum atE2 and E1. In search of
the predicted splitting, we performed photomodulated r
flectance (PR) measurements over a wide spectral ran
Figure 3 shows PR spectra taken at atmospheric press
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from a Ga0.92In0.08As and two Ga12xInxNyAs12y samples.
The ternary alloy sample (without nitrogen) exhibits, a
commonly observed in most direct band gap semicondu
tors, two sharp derivativelike spectral signatures in its P
spectrum corresponding to the transition from the top o
the valence band to the bottom of the conduction band (E0
transition), and the transition between the spin-orbit spli
off band and the conduction band minimum (E0 1 D0
transition). The doubletlike spectral structure ofE0 tran-
sition is due to a well-known strain effect in which the
lattice mismatch between the Ga0.92In0.08As epilayer and
GaAs substrate induces a compressive strain resulting
the lifting of degeneracy of the heavy-hole and light-hol
valence bands at the center of the Brillouin zone.

For the quaternary samples, in addition to the spectr
features related to the transition across the fundamen
band gap (E2 transition) and the transition from the top
of the spin-orbit split-off valence band to the bottom o
the conduction band (E2 1 D0 transition), an extra fea-
ture sE1d appears on a higher energy side in the PR spe
tra. While theE2 andE2 1 D0 transitions shift to lower
energy with increasing In and N concentrations, theE1

transition moves in the opposite direction. This demon
strates that the splitting betweenE2 andE1 increases with
N content, as described by Eq. (2). It is important to not
that the spin-orbit splitting energyD0 is equal to,0.34 eV
for all measured samples and does not depend on N co
tent. The results demonstrate that incorporation of N int
GaInAs affects mostly the conduction band and has a neg
gible effect on the electronic structure of the valence ban

To further demonstrate the band anticrossing, a
predicted by our model, we show the experimentally mea
sured energy positions of theE2 andE1 transitions in the

FIG. 2. A comparison of the experimental results with
model calculations (solid lines) for the band anticrossin
in Ga0.92In0.08NyAs12y . Also shown are the positions of
unperturbedEM andEN levels (dashed lines).
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Ga0.95In0.05N0.012As0.988 sample as a function of applie
hydrostatic pressure in Fig. 4, along with the pressure
pendence of these two branches calculated from Eq.
The inset shows a representative PR spectrum un
pressure. It can be readily observed that theE2 andE1

transitions exhibit a classical anticrossing behavior. T
calculations are in excellent agreement with the expe
mental results forVMN ­ 0.2 eV. We found that the bes
agreement was obtained forEN slightly dependent on
pressure. Our results yieldEN ­ 1.65 eV with a pressure
dependence of15 meVyGPa. The obtained pressu
coefficient for the N level is consistent with the results
pressure dependent photoluminescence measuremen
GaAs:N [16,17].

The results in Fig. 4 show that application of high pre
sure gradually changes the character of theE2 branch
from extendedEM-like to localizedEN -like and the char-
acter of theE1 branch from localizedlike to extendedlike
Since the dipole interaction for optical transitions coup
much more strongly to extended states than to the locali
states, it is expected that the pressure-induced change i
character of the conduction subband wave functions w
be reflected in the intensity of the optical transitions fro
the valence band to theE2 andE1 subbands. Indeed we

FIG. 3. PR spectra of Ga12x InxNyAs12y samples: (top)
Ga0.92In0.08As sy ­ 0d, the E0 andE0 1 D0 transitions are ob-
served; (middle) Ga0.95In0.05N0.012As0.988, theE2 andE2 1 D0
transitions shift to lower energy, and a new featureE1 appears;
(bottom) Ga0.92In0.08N0.023As0.977 (this sample has the same I
content as the top sample), the addition of more N pushes
E2 and E2 1 D0 to lower energy andE1 to higher energy.
The arrows indicate the transition energy positions.
1223
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FIG. 4. Change of theE2 and E1 transition energies in
Ga0.95In0.05N0.012As0.988 as a function of applied pressure. Th
open triangles are PR data and the filled triangles are
data. The solid lines are model calculation results for the ba
anticrossing. The dashed, dotted, and dot-dashed lines are
pressure dependence of theG andX conduction band edges of
the Ga0.95In0.05As matrix and the N level relative to the top o
the valence band, respectively. The inset shows a PR spect
taken at 4.5 GPa. The narrow PR spectral feature at ene
below E1 originates from the GaAs substrate.

observed a gradual increase of the intensity ratio of the
signals associated with theE1 andE2 transitions. While
the signal intensity of the PR spectral feature related
theE1 transition is at least an order of magnitude small
than that of theE2 transitions at atmospheric pressure (s
Fig. 3), the intensity of theE1 transition has, in fact, be-
come stronger than that of theE2 transition at 4.5 GPa,
as shown in the inset of Fig. 4. The observed results
once again consistent with our model which predicts
equal intensity for both transitions whenEM crosses over
EN at a pressure around 3.5 GPa.

In conclusion, we have discovered an anticrossi
induced conduction band splitting caused by the strong
teraction between the extended conduction band states
localized N resonant states in Ga12xInxNyAs12y alloys.
The splitting of the conduction band into two subban
and a characteristic band anticrossing behavior have b
experimentally observed using photomodulation spe
troscopy in conjunction with large hydrostatic pressur
1224
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Our results indicate that the interaction is fully responsib
for the observed N-induced redshift of the fundament
band gap in the GaInNAs alloy system for small nitroge
concentrations.
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