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Nitrogen-Activated Transitions, Level Repulsion, and Band Gap Reduction
in GaAs12xNx with x ,,, 0.03
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National Renewable Energy Laboratory, Golden, Colorado 80401-3393

(Received 12 November 1998)

We report electroreflectance spectra for a series of GaAs12xNx samples withx , 0.03. For all
samples, the fundamental band gap transitionsE0d and the transition from the spin-orbit split-off
valence bandsE0 1 D0d are observed. For samples withx $ 0.008, an additional transitionsE1d
is observed. With increasing nitrogen content, the increase inE1 is linear in, and nearly equal to, the
band gap reduction indicative of a nitrogen-induced level repulsion. The directly observedE1 transition
may arise from either a nitrogen-related resonant level or a disorder-activated indirect transition.
[S0031-9007(99)08950-4]

PACS numbers: 71.20.Nr, 71.55.Eq, 78.20.–e, 78.66.Fd
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Substituting just one percent nitrogen for arsenic
GaAs decreases the room temperature band gap from 1
to 1.25 eV [1,2]. This is quite remarkable considerin
that GaN has a band gap nearly 2 eV higher, not lowe
than that of GaAs. In contrast, for conventional III-V al
loys, such as Ga12xInxAs, the deviation of the band gap
energy from that of a composition weighted linear ave
age is usually small and well described by the quadra
correctionDEgsxd ­ bxsx 2 1d with b of order 0.5 eV
[3]. To parametrize the measured band gap reduction
GaAs12xNx in this way requires introducing a composition
dependent bowing coefficient,bsxd, of order 10–20 eV
[4–6]. This incongruity suggests that, for GaAsN, the or
gins of the band gap energy’s composition dependence d
fer from those for conventional III-V alloys [3]. Hence,
understanding the band gap reduction in the particu
material GaAsN will likely improve the understanding o
semiconductor alloys in general. However, other tha
the ubiquitously observed decrease in the band gap
ergy with increasing nitrogen content [4,5,7–9], there h
been little experimental evidence regarding the cause of
large band gap reduction in GaAs12xNx until very recently
[10]. Furthermore, it is precisely this band gap reductio
which makes GaAsN and GaInAsN alloys of technologic
interest for integrated light emitting electronics, infrare
diode lasers [11], and multijunction high efficiency sola
cells [12].

In this Letter, we present room-temperature electror
flectance spectra for a series of GaAs12xNx samples
with x , 0.03 as well as two quaternary samples with
compositions Ga0.95In0.05As0.987N0.013 and Ga0.92In0.08-
As0.978N0.022. For all ten samples, we observe both th
fundamental band gap transitionsE0d as well as the transi-
tion from the spin-orbit split-off valence bandsE0 1 D0d.
An additional transition (denotedE1) is observed for
the GaAs12xNx samples withx $ 0.008. Unlike E0
and E0 1 D0, which decrease in energy with increasin
nitrogen content,E1 increases with increasing nitrogen
content. A mutual repulsion between theE1 level and
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the conduction band minimum, as manifest by the direc
observed divergence ofE0 andE1, would account for the
unusually large band gap reduction in nitrogen substitu
GaAs. TheE1 transition may arise from either a nitrogen
related resonant level within the conduction band or fro
a disorder-activated indirect transition such asGy ! Lc.

Epitaxial GaAsN and GaInAsN samples were grown o
Zn doped (001) GaAs substrates by atmospheric-press
metallic-organic vapor phase epitaxy (MOVPE) usin
trimethylgallium, arsine, trimethylindium, and dimethyl
hydrazine (nitrogen) sources [12]. Sample temperatu
during growth ranged from 570 to 650±C. The nitrogen
content was determined from either, or both, x-ray diffra
tion and secondary ion mass spectroscopy. The sam
thickness ranged from 1 to7 mm.

Room-temperature electroreflectance spectra were m
sured using a contactless electroreflectance technique [
The spectra were measured in a near normal incidence
ometry using a scanning monochromator with a broad ba
tungsten-filament bulb as a light source. The unmodula
probe beam was focused to a roughly1 mm 3 4 mm spot
on the sample. The reflected light was refocused into
ther a Si orLN2 cooled InGaAs photodiode detector a
appropriate for the wavelength being measured. A loc
in amplifier was used to measure the change in reflecta
due to a modulating voltage of6750 to 1000 V at 400 Hz.

Figure 1 shows the electroreflectance spectra for
2 mm thick GaAs0.978N0.022 sample. For the modulation
voltages used, roughly61000 V across 1 mm, the corre-
sponding field,10 KVycm, yields electroreflectance spec
tra in the low-field regime where the measuredDRyR
spectra correspond to the third energy derivative of t
dielectric function [14]. Hence, sharp derivativelike fea
tures are expected at energies corresponding to crit
points in the electronic structure. In Fig. 1, three su
features, labeledE0, E0 1 D0, andE1, are seen at pho-
ton energies of 1.19, 1.52, and 1.83 eV, respectively. T
latter two features,E0 1 D0 and E1, are more clearly
seen in the second spectra shown which is displayed w
© 1999 The American Physical Society
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FIG. 1. Electroreflectance spectra for a2 mm thick
GaAs0.978N0.022 film on a GaAs substrate. The band ga
transition sE0d at 1.19 eV as well as the transition from the
spin-orbit split-off valence bandsE0 1 D0d at 1.52 eV are
easily seen. An additional weak featuresE1d at 1.83 eV is
more clearly seen in the second spectra shown at103 and
offset for clarity. The fitted line shape for theE0 1 D0 and
E1 transitions are shown with dashed lines and offset f
clarity.

a factor of 10 magnification and offset vertically. Th
strongE0 transition at 1.19 eV withDRyR ø 4 3 1025

corresponds to the direct band gap excitation atk ­ 0.
The weaker, but still easily observed,E0 1 D0 transition
at 1.52 eV withDRyR ­ 3 3 1026 corresponds to the
transition from the spin-orbit split-off valence band to th
conduction band minimum atk ­ 0. The measured spin-
orbit valence band splitting of,0.33 eV is close to that
of bulk GaAs and to the 0.33 eV we measure for a pu
GaAs film. The transition energies, indicated by vertic
arrows in Fig. 1, are determined by fitting the measur
spectra to the Aspnes third-derivative functional form
DRyR ­ RehCeiuysE 2 Ei 1 iGd5y2j [14]. The resul-
tant fits for theE0 1 D0 andE1 transitions are shown in
Fig. 1 with dashed lines and offset for clarity.

In addition to theE0 and E0 1 D0 transitions which
are intrinsic to zinc blende III-V semiconductors, a thir
weaker feature, denotedE1, with DRyR ø 1 3 1026 is
observed at higher energy, 1.83 eV. ThisE1 transition
is observed only in GaAs12xNx samples withx $ 0.008.
Neither the spin-orbitE0 1 D0 nor theE1 transition were
observed in recent contactless electroreflectance meas
ments [9]. This is likely due to the masking of thes
weak transitions by the strong features from the GaAs su
strate which are observable for the partially transpare
4000 Å thick GaAsN layers examined in Ref. [9]. In ou
measurements, the optically thick (2 mm) GaAsN layer
suppresses any possible substrate related features, the
enabling our observation of theE0 1 D0 andE1 features.

Figure 2 shows electroreflectance spectra for eig
GaAsN samples [Figs. 2(a)–2(h)] and two GaInAs
samples [Figs. 2(i) and 2(j)]. Note the different scale
p

or

e

e

re
al
ed

d

ure-
e
b-
nt
r

reby

ht
N
s

FIG. 2. Electroreflectance spectra for GaAs12xNx [(a)–(h)]
and GaInAsN [(i) and (k)]. Note the different scale use
for each panel as well as the expanded scale within ea
panel used to more clearly display the above band g
transitions. For the GaAs12xNx samples, the nitrogen conten
ranges fromx ­ 0 (a) to x ­ 0.028 (h). For the GaInAsN
samples, the compositions are Ga0.95In0.05As0.987N0.013 (i) and
Ga0.92In0.08As0.978N0.022 ( j).

used for each panel as well as the expanded scale u
within each panel to more clearly display the above ba
gap transitions. For the GaAs12xNx spectra, the nitrogen
content of the samples increases monotonically fro
x ­ 0 [Fig. 2(a)] to x ­ 0.028 [Fig. 2(h)]. The relative
uncertainty in nitrogen content is estimated to be620%.
The well-established decrease in the band gap ene
with increasing nitrogen content is clear. In additio
the spin-orbit split-offE0 1 D0 transition is observed for
each sample and tracks the energy shift of the band
with a nearly constant splitting of,0.3 eV. We also note
the general decrease in strength and increase in width
theE0 band gap feature with increasing nitrogen conten

In addition to theE0 and E0 1 D0 transitions ob-
served in all of the samples, the extraE1 transition
is apparent for the GaAs12xNx samples withx $ 0.008
3313
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[Figs. 2(d)–2(h)]. In contrast toE0 andE0 1 D0, which
decrease in energy with increasing nitrogen content,E1

generally increases in energy with increasing nitrogen co
tent. The only exception being the highest nitrogen co
tent sample shown in Fig. 2(h) where theE1 transition
is slightly lower in energy than that for the sample i
Fig. 2(g). However, unlike the samples withx # 0.024
which have a mirrorlike surface, the sample of Fig. 2(h
has a noticeably lined surface indicative of structural d
fects due to the large lattice mismatch,,0.6%. Still, the
observation of theE1 transition in this sample supports the
generality of theE1 transition. Finally, in the bottom two
panels, we show electroreflectance spectra for two q
ternary alloys with compositions Ga0.95In0.05As0.987N0.013
[Fig. 2(i)] and Ga0.92In0.08As0.978N0.022 [Fig. 2( j)] which
are lattice matched to GaAs. All three of the electror
flectance features seen in Fig. 1 can be seen in each of
two quaternary alloy samples. This demonstrates that
observation of theE1 transition is not dependent upon
the strain intrinsic to the GaAsN samples and further su
ports the generality of theE1 transition.

The decrease ofE0 1 D0 and the increase inE1 with in-
creasing nitrogen content are both evident in Fig. 2. Ho
ever, as shown in Fig. 3, the systematic trends are clea
when the energy differences,E1 2 E0 sdd and D0 smd,
are plotted versus the band gap reduction,dE0 ­ E0s0d 2

E0sxd. The solid symbols are for the GaAsN samples a
the open symbols for the GaInAsN samples. When plott
in this way, the composition independence ofD0 and the
linear increase inE1 2 E0 for dE0 , 0.3 eV are clear.
Since the energy splittingsE1 2 E0 and D0 are compa-
rable, their different composition dependencies (i.e., t
composition independence ofD0) show that theE1 tran-
sition does not correspond to an electronic transition fro
within the valence band to the conduction band minimum
Hence, we conclude that theE1 transition corresponds to
an electronic transition between the valence band ma
mum and a level above the conduction band minimum.

For the first four GaAs12xNx samples for which theE1

transition is observeds0.008 , x , 0.024d, the increase

FIG. 3. Energy differences vs the band gap reduction: t
spin-orbit splittingD0 smd and E1 2 E0 sdd. Solid symbols
are for GaAsN and open symbols for GaInAsN.
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in E1 2 E0 is linear. The dashed line in Fig. 3, a linear
fit to these fourE1 2 E0 points, has a slope of 1.67.
Linear extrapolation to the dilute limit,dE0 ­ 0, of the
E1 transition in GaAs12xNx yieldsE1 2 E0sx ­ 01d ­
0.26 eV or E1sx ­ 01d ­ 1.68 eV. However, noE1

transition is observed in the electroreflectance spectra f
samples withx # 0.001. Taking into account the factor of
dE0 implicit in E1 2 E0 and definingdE1 ­ E1sxd 2

E1sx ­ 01d, yieldsdE1 ­ 0.67dE0.
The opposite and nearly equal shifts ofE1 and E0

with increasing nitrogen content suggest that a nitroge
induced level repulsion contributes to the observed ban
gap reduction. For the two quaternary GaInAsN sample
shown with open symbols in Fig. 3,E1 2 E0 andD0 show
the same trends as observed in the ternary GaAsN samp
However, whileD0 in the quaternary is essentially the
same as that in the ternary,E1 2 E0 is smaller than that
observed for a ternary sample with the same band g
reductiondE0. This is consistent with a nitrogen-induced
level repulsion betweenE1 and E0 contributing to the
band gap reduction since in the quaternary alloy som
of the band gap reduction is due to In substitution. W
next consider what electronic states might interact wit
the conduction band minimum to produce the observe
interaction betweenE1 andE0.

Nitrogen substitution into GaAs destroys the forma
translational symmetry underlying momentum conserva
tion based optical selection rules and thereby may ma
normally forbidden indirect transitions optically active.
In particular, our extrapolated value forE1sx ­ 01d of
1.68 eV is close to the 1.71 eV room-temperatureGy !
Lc energy difference in GaAs [15]. First principles calcu
lations find that the directE0 optical transition is strongly
suppressed in dilutely nitrogen substituted GaAs [16
By conservation of oscillator strength, indirect transition
such asGy ! Lc could become observable. Further cal
culations find that N substitution for As induces intraban
coupling within both the conduction and valence band
[6]. Such intraband coupling causes intraband level r
pulsion which, in addition to decreasing the conductio
band minimum, could increase theL-point energy, consis-
tent with the observed divergence of theE0 andE1 lev-
els. Additional, very recent, calculations do find that th
L-point energy increases with nitrogen substitution [17].

Alternatively, very recent pressure-dependent phot
modulation measurements observe a saturation in the
crease of the apparent band gap energy with increasi
hydrostatic pressure in GaInAsN containing small amoun
of nitrogen, a few percent or less [10]. This is explaine
using a simple two level anticrossing model including
a normally pressure-dependent GaAs-like band gap a
a nominally pressure-independent nitrogen level. Th
simple model provides a good fit to the measured da
with EN, the nitrogenlike level,,1.74 eV above the va-
lence band maximum. Photoluminescence from nitroge
trapped excitons has been observed in both nitrogen dop
GaAs:N under hydrostatic pressure [18,19] and nitroge
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doped GaAs12xPx:N for x $ 0.2 [20]. Extrapolation of
the nitrogen bound exciton energy back either to ambie
pressure for GaAs:N or to GaAs:N for GaAs12xPx :N yields
energies of 1.65 and 1.7 eV, respectively, close to our e
trapolated value of 1.68 eV. Hence, considering energi
alone, a nitrogenlikeE1 level at E1 ø 1.7 eV is rea-
sonable. Furthermore, in GaAs:N at hydrostatic pressu
slightly lower than that necessary for the nitrogen boun
exciton to become nonresonant, LO phonon sideban
were observed indicating that the nitrogen level remain
spatially localized even when resonant within the condu
tion band [18]. Such a spatially localized level include
momentum components from across the entire Brillou
zone, thus enabling pseudodirect optical transitions.

In summary, we have presented room-temperature ele
troreflectance spectra for a series of GaAs12xNx samples
with x , 0.03 as well as two quaternary alloys with
compositions Ga0.95In0.05As0.987N0.013 and Ga0.92In0.08-
As0.978N0.022. For all samples, both the fundamenta
band gap transitionsE0d as well as the transition from
the spin-orbit split-off valence bandsE0 1 D0d are ob-
served. For the GaAsN samples, the band gap ene
decreases monotonically with increasing nitrogen conte
and the spin-orbit split-off transition shifts with the band
gap at constant offset of,0.3 eV. In addition, for the
GaAs12xNx samples withx $ 0.008, an additional transi-
tion sE1d is observed. Unlike the band gap and spin-orb
transitions,E1 increases in energy with increasing nitro
gen content. The lack of interaction betweenE0 1 D0 and
E1 indicates that theE1 transition corresponds to an elec
tronic transition between the valence band maximum and
level above the conduction band minimum. The observe
E1 transition may arise from either a nitrogen-relate
resonant level,0.25 eV above the conduction band
minimum in the dilute limit or from a disorder-activated
indirect transition such asGy ! Lc. However, indepen-
dent of the exact nature of theE1 transition, the opposite
and nearly equal shifts ofE0 andE1 we directly observe
show that a nitrogen-induced level repulsion contribute
to the unusually large band gap reduction in nitroge
substituted GaAs.
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