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Origin of the nitrogen-induced optical transitions in GaAs1ÀxNx
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The temperature and concentration dependence of optical transitions in GaAs12xNx (,3.8 eV) are studied
by electromodulated reflectance. These studies suggest that theE1 transition involves the valence-band maxi-
mum atG and a singlet state originating from the splitting of the quadruply degenerate conduction band atL.
Such a transition, forbidden in pure GaAs, becomes allowed in GaAs12xNx due to the strong perturbation of
nitrogen doping to the band structure. A similar analysis applied to the transitionE* suggests that it is related
either to resonant states evolving from the level created by a single isolated nitrogen impurity in GaAs, or to
the splitting of the triplet originating from theL conduction band, induced by a further reduction in symmetry
associated with nitrogen pairs.
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Ever since the first report of a giant band-gap bowin1

GaAs12xNx (x&5%) has been the subject of intensive e
perimental and theoretical investigation. Although it
known that the virtual crystal approximation has limitatio
for the description of semiconductor alloys,2 the dramatic
deviation observed for GaAs12xNx is nonetheless unusua
Along with this unexpected band-gap variation, two ne
electronic transitions,E1 and E* , have been observed i
optical spectroscopic studies.3–5 These findings have posed
challenge to theoretical attempts to model the unusual p
erties observed. But more than being merely a curiosity
ternary semiconductor alloy exhibiting a decrease in b
gap with a decrease in lattice constant opens up many e
ing possibilities for technological applications.

Whereas many of the experimental findings concern
GaAs12xNx are undisputed, there are several conflicti
models that have been proposed to explain the origin of
abnormal behavior of GaAs12xNx . For example, according
to various authors, theE1 transition results from a two-leve
repulsion between the resonant N impurity and
conduction-band minimum,4 a configuration weighted aver
age of interacting conduction-band extrema,6 singularities in
the conduction-band density of states,7 or a singlet state de
rived from L6

c .8 Critical to the understanding o
GaAs12xNx , and this class of strongly perturbed alloys
general, is the assignment of this transition as it is likely
account for several of its unusual properties.

In this work, we demonstrate that theE1 transition most
likely originates from a splitting of the quadruply degenera
conduction-band extremum nearL due to the broken transla
tional invariance. In addition, we suggest that t
conduction-band state associated with theE* transition in-
volves either nitrogen related conduction-band reson
states that evolve from the resonant state produced b
isolated nitrogen impurity in the conduction band of GaA
or a further splitting of theL conduction-band states due
the reduced point group symmetry associated with nitro
pairs.

The samples used in this study were grown epitaxia
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from either molecular-beam epitaxy or organometallic vap
phase epitaxy on~001! GaAs substrates. The samples we
nominally undoped and grown onn-type substrates. The
typical epilayer thickness is 0.2mm. From x-ray-diffraction,
most samples with concentrations below 1.5% were strain
The details on growth conditions have been publish
elsewhere.5,9,10 The nitrogen concentration was determin
from x-ray-diffraction. Modulation spectroscopy was us
for measuring the energy of optical transitions. Most spec
were modeled using the third-derivative line shapes propo
in Ref. 11. From this modeling, the energy of the critic
point, the broadening parameter, and the relative inten
can be reliably extracted. The samples were studied in c
tactless or direct-contact mode. In contactless mode, a tr
parent electrode~an indium tin oxide or inconel coated glas
plate! is brought in close proximity with the sample.12 This
mode usually gave satisfactory signal levels and was p
ferred for the measurement of the lowest energy transitio
However, higher sensitivity and signal levels can be achie
using a direct-contact configuration. In this configuratio
;10 Å Ti and ;80 Å Au contact layers were evaporate
onto the sample. The value of the internal electric fie
achieved in this mode can be much higher. This mode w
preferred for extracting very weak features such asE1

1D0 andE* .
Figure 1 shows a direct-contact electroreflectance sp

trum measured on GaAs0.99N0.01. The solid line is a fit using
the line shape appropriate for each transition. Seven dist
transitions are observed, three of them involving the sp
orbit split valence bands. The energy dependence of th
transitions on nitrogen composition is discussed next.

Figure 2 shows the energy of all the transitions measu
in this work. All measurements were done at 80 K and
critical-point energy was extracted from the best fit using
models mentioned above. The fundamental band gap of
alloy E0 involves the zone-center valence (G8v) and conduc-
tion band (G6c). As can be seen, the band gap shifts rapi
to lower energy with increasing N doping. For simplicity, a
transitions involving regions of the Brillouin zone locate
©2003 The American Physical Society07-1
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close to theL point will be referred to asL bands~the tran-
sition E1 involves a region of the Brillouin zone close to th
L point, between theL4v,5v valence andL6c conduction
bands!. E1 shifts to higher energies at a moderate rate
'24 meV/% N. Transitions involving the spin-orbit split-o
valence bands,E01D0 andE11D1, are also observed. Th
transitions of main interest areE1 and E* . E1 shifts to
higher energies at a rate of 94 meV/% N, which correspo
to about 60% of the observed band-gap reduction. TheE*

FIG. 1. Electroreflectance spectrum from GaAs12xNx with a
nitrogen composition of 1.0%. The solid line is a fit to the spec

FIG. 2. Concentration dependence of the optical transition
GaAs12xNx measured at 80 K. The transitions denotedE18 andE* 8
duplicate E1 and E* , but are translated by11.2 eV and
21.2 eV, respectively.
07520
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transition shifts to lower energy at a rate of 52 meV/%
which is significantly lower than that ofE1 . The
conduction-band states associated withE1 and E* are dis-
cussed next.

It was first reported thatE1 arose from the two-leve
interaction between the nitrogen resonant level (Nx) and the
conduction-band minimum of GaAs atG.4 This model
known as the band anticrossing model was appealing
cause the giant band-gap lowering could be explained
terms of a simple two-level repulsion. Due to the number
adjustable parameters, the band anticrossing model is q
versatile in modeling other phenomenologic
observations,13 but suffers from some inconsistencies14 and
fails to provide an insightful view on this novel class
alloys. Building from the concept of band repulsion, oth
more sophisticated models have been proposed that ex
the band-gap reduction in terms of a disorder-induced in
band coupling between conduction-band minima.6,7,15Unfor-
tunately, these models do not account well for the origin a
characteristics ofE1 . In contrast to these earlier reports, w
assign the conduction-band state ofE1 to theL-derived sin-
glet a1(L6

c). This assignment has been recently proposed
the theoretical model of Szwackiet al.8 To support this as-
signment, we show that the energy ofE1 extrapolates to an
energy close to that of the degenerateL6

c secondary mini-
mum, the temperature dependence of this transition is c
acteristic of a transition involving theL6

c-G8
v band edges, and

the line shape of theE1 transition is characteristic of a well
defined band-edge transition and not of that arising from
collection of interacting impurity and host states.

The presence of nitrogen breaks the translational sym
try of the lattice, splits the degeneracy ofL6

c @into a a1(L6
c)

singlet and at2(L6
c) triplet# and X6

c @into a1(X6
c) and a

e2(L6
c) doublet#,16 and induces intraband coupling.17 As a

result, forbidden transitions in GaAs become optica
allowed.8 Figure 2 shows the dependence ofE1 on nitrogen
concentration. A linear regression applied to the data yie
an energy value of 1.79660.020 eV ~Ref. 29! at x50.
While the experimental data are best represented by a li
fit, it is not possible to rule out a possible quadratic dep
dence forE1 . Applying a quadratic fit~not shown! results in
slightly smaller extrapolated value of 1.770 eV. The impur
level produced by an isolated nitrogen atom resonant w
the conduction band is located between 1.670 and 1.
eV.18 This level is therefore at least 70 meV below the e
trapolated values obtained forE1 using a quadratic fit. Fig-
ure 2 also shows the energy dependence ofE18 which is
simply that ofE1 translated to a higher energy by 1.2 e
This energy corresponds to the difference between theG8

v

maxima and theL4,5
v minima.19 As is evident,E18 at x50 is

located close toE1 ~3.02 eV!, indicating that both transitions
might originate from the same conduction-band state as
been suggested in the electronic band-structure calculatio
Szwacky and Boguslawski.8 To further support this assign
ment, we show that the temperature dependence ofE1

agrees very well with the measured temperature depend
of the L6

c band minima with respect to theG8
v maxima, a

necessary requirement for this assignment. Figure 3 sh
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ORIGIN OF THE NITROGEN-INDUCED OPTICAL . . . PHYSICAL REVIEW B 68, 075207 ~2003!
the spectra forE1 measured at 80 and 300 K for sever
nitrogen compositions. The experimental spectra~circles! are
well modeled using the theoretical line shapes~solid line!.
Panels~b! and ~c! of Fig. 4 show the temperature induce
shift measured between 80 and 300 K, as a function of
trogen concentration forE1 andE0, respectively. The hori-
zontal dotted lines show the expected energy shift for
fundamental gap20 and theG8

v-L6
c band edges21 of GaAs. The

temperature dependence ofE0 appears to be slightly reduce

FIG. 3. Spectra ofE1 at 80 (s) and 300 K (d) for several
nitrogen compositions. The lines are a fit to the spectra. The l
energy part of the 80-K spectra was truncated for clarity.

FIG. 4. Temperature shift between 80 and 300 K for~a! E* , ~b!
E1 , and~c! E0. The dotted lines show the expected shift for som
GaAs band edges.
07520
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with respect to GaAs asx increases, but it is still within the
error bars.30 The temperature shift ofE1 is consistently
larger than the temperature shift found forE0 for all samples
studied, but smaller than the expected temperature shif
E1.22 For GaAs, the temperature sensitivity of theL6

c with
respect to theG8

v valence-band edge is 15% and 36% high
than that relative to theG and X conduction-band minima
respectively.21 Assuming that a1(L6

c) has characteristics
similar to that ofL6

c , the agreement between the temperat
dependence ofE1 and that of the GaAsG8

v-L6
c band edges

supports the suggestion made above that the conduc
band state involved is related to thea1(L6

c) singlet that origi-
nates from the quadruply degenerate conduction-band s
nearL.

We also find that the broadening parameter ofE1 , which
is proportional to the width of the optical transition, is rem
niscent of a well-defined band-edge transition~see Fig. 1!.
For example, the broadening parameter ofE1 consistently
tracks that ofE01D0, being only 6% larger on average ove
the entire concentration range studied. We find it unlike
that such a small broadening parameter is characteristic
resonant level evolving from the interaction of resonant i
purity states with a single or multiple host bands, since
energy of the nitrogen levels being very sensitive to the
trogen configuration and the number of possible configu
tions quickly increasing in the concentration range stud
would result in a broad linewidth. Instead, we associate
small broadening parameter to a well-defined host band-e
transition. With increasing nitrogen concentration, the bro
ening parameters ofE1 and E11D1 increase much faste
that that ofE0. This anomalous broadening is simply ass
ciated with the presence of an additional transition loca
betweenE1 andE11D1 involving a1(L6

c) and the valence-
band extremum originating fromL4,5

v ~see E18 in Fig. 2!.
Other experimental findings also support this assignm
Raman experiments have shown that an intensity reson
of theL-point phonons occur atE1 ;23 resonant Raman stud
ies report a similar transition;24 the pressure dependence
E1 at low pressure is similar to that of theL conduction
band;4 ellipsometry measurements revealed a weak transi
above E11D1 at high nitrogen concentration;25 ballistic
electron emission spectroscopy studies revealed that aL-like
band shifting to higher energy with nitrogen concentration26

the electron effective mass reported is consistent with
a1(G6

c)-a1(L6
c) mixing;27 and the reduced bowing coefficien

observed for InGaAs12xNx ~Ref. 28! can be related to the
larger energy separation betweenL6

c andG6
c hence reducing

the band interaction.
Another new transition labeledE* has recently been ob

served in GaAs12xNx .5 E* appears as a broad and ve
weak transition on the lower energy side ofE1 and has only
been observed in direct-contact electroreflectance. Figu
shows three representative spectra measured at 80 and
K. The solid line shows a fit taking into consideration theM1
nature of theE1 and E11D1 critical point31 and it fits the
data remarkably well. As can be seen from Fig. 2,E* moves
to lower energy at a rate of'259 meV/% N and it extrapo-
lates, atx50, to 2.9160.034 eV. WhileE1 is observed

-
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because of a relaxation of selection rules due to the lac
translational symmetry, a similar origin forE* is excluded.
For example, assigning it to a transition fromG8

v to a1(X) is
dismissed since this would extrapolate to a much lower
ergy ~1.98 eV!. The value ofE* (x→0) coincides with the
energy of a transition between theL6

v split-off valence and
the G6

c conduction band. However, this transition should
accompanied with a low-energy transition related to theL4,5

v

band and additionally its energy dependence on nitro
concentration should be comparable to that ofE0. Since nei-
ther of these conditions are satisfied, we dismiss this po
bility.

Following a similar approach taken in Ref. 5, we rec
E* by 1.2 eV to lower energy. The result is shown by t
line labeledE

*
8 on the graph. We find thatE

*
8 extrapolates at

x→0 to 1.71060.034 eV and is close to the energy ofNx
which corresponds to the resonant level produced by an
lated nitrogen atom in GaAs. Photoluminescence exp
ments have shown that the isolated nitrogen impurity s
becomes a bound state at hydrostatic pressures exce
;22 kbar. At ambient pressure at low temperature, the
pected position of this nitrogen level extrapolates to ab
150–180 meV above the conduction-band mimimum.18 This
energy range is shown in Fig. 2 by the vertical bold li

*Electronic address: sebastien_francoeur@nrel.gov
†Present address: Department of Physics, Chung-Ang Univer
Seoul 156-756, Korea.
1M. Weyers and M. Sato, Appl. Phys. Lett.62, 1396~1993!.

FIG. 5. Spectra ofE* , E1 , E11D1 at 80 (s) and 300 K (d,
shifted to higher energies by the energy indicated!. The lines are fit
to the spectra.
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close to the energy axis. This coincidence suggests thatE*might be related to the nitrogen-induced resonant band
GaAs12xNx .

Panel~a! of Fig. 4 shows the energy shift ofE* between
80 and 300 K. While the uncertainty is relatively large, t
temperature induced shift is the largest compared to tha
E0 andE1 and is very close to the temperature depende
of E1 for GaAs,22 indicating thatE* emulates the tempera
ture dependence of theL valence- and conduction-ban
edges. This rather high-temperature sensitivity is surpris
if we assume thatE* originates from theNx localized reso-
nant level. It has been shown that the wave function of
nitrogen related resonant state projects to all regions of
Brillouin zone of GaAs, demonstrating that this state
highly delocalized in momentum space. Therefore, the te
perature sensitivity of this resonant state should approxim
the temperature sensitivity of the conduction-band states
eraged over a large region of the Brillouin zone. This avera
should be much smaller than that observed in Fig. 4~a!.
Therefore this result appears to contradict the tentative
signment made above.

It is possible thatE* , just like E1 , originates from the
highly perturbedL conduction band. Taking into conside
ation interactions between nitrogen atoms, the overall sy
metry is further reduced and is only a subset of the po
groupTd . Therefore, the formation of nitrogen pairs nece
sarily implies that the degeneracy oft2(L6

c) must be broken
down into either three singlets or one doublet and one
glet. It is possible that bothE1 and E* share the GaAs
conduction-bandL point as origin. This alternative explana
tion is supported by results obtained from resonant Ram
measurements, where the three resonant features locat
energies higher than the band gap extrapolate toL6

c at x
→0.

In conclusion, we find that theE1 transition most likely
involves theL-derived singleta1(L6

c). This transition, opti-
cally forbidden in pure GaAs, results from the strong pert
bation caused by nitrogen on the host band structure. E
dently, any explanation of the large band gap bowi
observed in GaAs12xNx must take into account the multipl
intraband coupling induced by nitrogen’s strongly localiz
impurity potential and its surrounding lattice relaxation. T
dominant contribution to the band-gap reduction appear
be from the interaction betweena1(G6

c) anda1(L6
c). Finally,

two competing mechanisms have been proposed for the
gin of E* . This transition originates either from a nitroge
resonant state evolving fromNx or from the lifted degen-
eracy oft2(L6

c) induced by the reduction in symmetry ass
ciated with the presence of nitrogen pairs.

We thank Y. Zhang for informative discussions and J.
Perkins for letting us use his data onE1 andE* . This work
was supported by the U.S. Department of Energy, Office
Science, Basic Energy Sciences Contract No. DE-AC
83CH10093.
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