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Abgtract : The transitions of Eo, Eo +Ao, and E+ in dilute GaAs:«Nx alloys with x=0.10 %,0. 22 %,0. 36 %,and
0. 62 % are observed by micro-photoluminescence. Resonant Raman scattering results further confirm that they are
from the intrinsic emissions in the studied dilute GaAsN alloys rather than some localized exciton emissions in the
GaAsN alloys. The results show that the nitrogerrinduced E+ and Eo +Ao transitions in GaAsN alloys intersect at
a nitrogen content of about 0.16 %. It is demonstrated that a small amount of isoelectronic doping combined with
micro-photoluminescence allows direct observation of above band gap transitions that are not usually accessible in

photoluminescence.
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1 Introduction

Ga(In) AsN semiconductor alloys containing
small concentrations of nitrogen have attracted
much attention due to their unusual physical prop-
erties* 1. A nitrogen isoelectronic substitution in
GaAs of only 1% can introduce a reduction of the
fundamental band gap (E) by about 200meV'".
The large bowing parametersin Ga(Iln) AsN alloys
make it easy to realize long-wavelength semicon-
ductor lasers with higher temperature stability for
optical-fiber communicationson GaAs substrate'® .
A nitrogerrinduced level ( E.) above the conduc
tion-band minimum has been observed experimen-
tally for GaInNAs samples®*. Whereas E under-
goes a red shift and the spin-orbit split-off trans-
tion (B +Ao) appears with the increase of nitro-
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gen concentration (<3 %) , E+ increases with in-
creasing nitrogen content™®®”'. Up to now, many
mechanisms have been proposed to explain the
unexpected nitrogen-induced changes on the band
structures of Ga(ln) AsN alloys'®” *. The origin
and nature of the E+ level are not completely
clear yet. The E+ level in GaAsN alloys has been
directly probed by modulated reflectance spectra,
and E+ has been clearly resolved only for nitro-
gen concentrations down to about 0.8 %' . Obtai-
ning well-resolved E- levelsin dilute Ga(ln) AsN
alloys is very important for understanding their
unusual physical properties and the mechanisms
behind them. The much lower nitrogen content in
GaAsN alloys,however ,results in unresol ved spec-
tral features of Eo +Ao and E+ ,and these features
are always interrupted by the Eo +4 signal from
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the GaAs substrate in modulated reflectance
measurements'’’. To the best of our knowledge,
there has been no report on the photolumines-
cence emission from the Eo +Ao, and E. transi-
tionsin GaAs:xN«x alloys. I n this paper ,we report
the emission from the above band-gap states in
the energy region relevant to E. and B +4o,e
ven into the composition region of x=0.1%from
their micro-photoluminescence (U-PL) spectra.
The observation of these transitions in dilute
GaAsN alloys from PL spectra is very useful in
studying the mechanisms responsible for their un-
usual physical properties.

2 Experiment

The GaAs-xNx samplesinvestigated here were
grown by gassource molecular beam epitaxy on
semi-insulating (001) GaAs substrates at 420 at
a growth rate of 0. 8mm/ h usng an RF nitrogen
radical beam source with a mixture of N> and Arin
aratioof 1 9. The epilayer thickness of the sam-
plesis nominally 400nm. Four samples(No. 2658 ( x
=0.10 %) ,No0.2846(x =0.22%) ,No.2847(x =0.
36 %) ,and No. 2848 (x = 0. 62%)) were used in
this study. The detailed growth process has been
described elsewhere!™!. The nitrogen concentra
tion was determined by high-resolution X-ray rock-
ing curve measurements and theoretical dynamical
smulations. The PL and Raman gspectra of the
GaAsN samples were recorded by two micro- Rer
man systems (Dilor Super Labram and Dilor HR)
in a back-scattering geometry. The systems cond st
of holographic notch filters for Rayleigh rejection
and a long-working-distance microscope with a 50
x objective lens, allowing a high sgnal-to-noise
ratio and a spatial resolutionof 1.Q m. The laser
excitation wavelengths are 514 5nm for an Ar’
laser ,632. 8nm for a He-Ne laser,and 671. Onm
for a diode pumped solid-state red laser. The sam-
ple temperature was controlled by a programma-
ble hot-stage THMS 600 from Linkam Scientific
Instruments L td.

3 Resultsand discussion

Figure 1 shows the PL spectra of GaAs:x N«
samples(x=0,0.1%,0. 22 %,0. 36 % ,and O 62 %)
at 80K ,which were excited by a 632. 8nm He Ne

laser. For the GaAs reference sample,the PL peak
at 822.8nmisfrom the recombination near itsfun-
damental band gap E. A broad peak is located at
669nm ,whose energy is 0. 346eV higher than that
of B. The energy of 0.346eV is very close to the
gimorbit splitting Ao in bulk GaAs' , and thus
the peak at 669nm is assigned as the transition
from the spin-orbit split-off valence band ( B +
Ao) . Two sharp peaks in the PL spectra of the
GaAs reference sample correspond to the first-
and second-order longitudinal optical (L O) modes
of bulk GaAs at 295 and 589cm™, respectively.
The 2L O mode in bulk GaAs is very weak under
other excitations, such as an excitation of
514. 5nm. It is, however ,apparent that it is reso-
nantly enhanced by the observed Eo +Ao transi-

tionin the PL spectra.
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Fig.1 PL spectra of GaAs:x Nx samples (x = 0,
0.1%,0 22%, 0. 36 %, and 0. 62%) excited by a
632 8nm laser at 80K in the range from 635 to 940nm
The arrows,stars and crosses indicate the observed PL
peaks. The inset shows the nitrogerrinduced levels in
GaAsN as afunction of nitrogen concentration and the
fitting results. The dashed lines give the peak fitting
results for x=0.1% and 0. 22 %. The spectra are ver-
tically shifted for clarity. The vertical dash-dotted line
indicates the wavelength of 671.0nm.

For GaAs:xNx samples (x #0) ,as shown in
Fig. 1,the PL peaks above 800nm labeled with
crosses ( +) arefrom the emission of their funda-
mental band gaps Eo ,which were observed by L uo
et al. under short pulse excitation'. Here, it
shows that the micro-PL technique is very power-
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ful in investigating the alloy states in dilute
GaAs:x N« alloys,because the localized states f rom
some defect centers will be saturated due to the
limited number of localization centers under a
high power density of about 100kW/cm’. We do
not observe significant blue-shift ( <1meV) of the
PL peaks under different excitation powers at
80K. These peaks decrease in energy with the in-
crease of nitrogen content from 0.1 % to 0. 62 %.
From the energy of the Eo transition,we can de-
duce that the bowing coefficients are 37.7,31.0,
25. 9, and 23 7eV, respectively, for the dilute
GaAs:xNx alloys with x =0.1%,0. 22 %,0. 36 %,
and 0. 62 % after assuming a bandgap energy of
3 29V for cubic GaN at 80K™. This is well
known as the giant and composition-dependent
optical bowing coefficient in GaAs:xNx al-
loys'*?'. In the spectral range f rom 640 to 740nm,
two broad peaks were observed in the PL spectra
of GaAsrxNx samples with x of 0. 10 %,0. 36 %,
and Q. 62%. The two peaks are so close for the
sample with a nitrogen content of 0. 22 % that it is
hard to distinguish them. Two peaks with a line
shape like the Eo +Qo peak in bulk GaAs are used
to fit the high-energy peaks of 0. 10 % and Q. 22 %
alloys,and the fitting peaks are shown in Fig.1 as
dashed lines. The energies of all the observed PL
peaks are summarized in the inset of Fig. 1. The
data clearly show that the PL peaks at 682 1,
691 0,701 2,and 719nm observed in GaAs:x Nx
samples closely track the nitrogen content de-
pendent Eo energy with a constant blue-shift of
0. 348eV ,which is equal to the spin-orhit splitting
Ao in bulk GaAs. This indicates, therefore, that
these PL peaks are the transition from the spin-
orbit split-off valence band ( Es +Ao) in GaAs:x
Nx. They are labelled with stars ( *) in Fig. 1.
More importantly ,besides the PL peaks of Eo
and Eo +Ao ,the other PL peaksindicatedin Fig.1
by arrows increase in peak energy with increasing
nitrogen content,a behavior which is similar to
that of the E+ energy observed by modulated re-
flectance in GaAsN alloys®” . The energy of
these peaks is encompassed by the reported Eo +
Ay and well-known nitrogeninduced level ( E.).
For example,the energy 1 865eV (1 838eV) of
the PL peak at 664 7nm (674 1lnm) for the x =
0. 62% (0. 36 %) GaAs:rxNxsampleis very close to
that of the nitrogen-induced E-: level observed by

modulated reflectance measurement at 80K'".
Therefore,we believe that the other PL peaks are
the expected optical transitions related to the ni-
trogen-induced E- states.|n addition to the above
broad PL peaks,many sharp peaks close to the la-
ser line are also observed for all dilute GaAs:xN«
samples. These sharp peaks are Raman peaks of
dilute GaAs:x N« ,including GaAslike LO,2LO,
3L O, and 4L O phonons at about n X 295cm* and
a GaN-like LO phonon at  473cm™. Referring to
the Raman spectra of bulk GaAs,we see clearly
that the Raman modes are resonantly enhanced in
intensity by the observed high-energy PL peaks.
For example, the intensities of the GaN-like LO
and GaAslike 2L O and 3L O phonon modes loca-
ted near the broad high-energy PL peak in the
GaAs:x Nx sample with x of 0. 62% are much
stronger than those in the GaAs:xNx samples with
x of 0.1% and 0.22 %. The previous results show
that the out-going resonance, rather than the in-
coming resonance, dominates the Raman light-
scattering process in GaAsN alloys™ . As shown
in Fig. 1,the zone-boundary phonons LA (L) ( =
207cm™®) ,LO (L) (= 243cm™) ,and TO (X) (=
207cm™) to the left of the GaAslike LO phonon
modes in GaAsN alloys become stronger as the PL
peaks approach the Raman modes for GaAs:xNx
samples with larger nitrogen content ,such as x =
0.36 % and 0. 62 %. This is a typical resonant Ra-
man behavior related to the E+ transition in
GaAsN alloys™™*'. The resonant behavior of the
Raman modes further suggests that the PL peaks
labeled with arrows are from the intrinsic transi-
tions with the E+ level in our GaAs:«xNx samples.

For dilute GaAs:xNx samples (0. 1% < x <
0. 62 %) ,as shown in the inset of Fig.1,the ob-
served levels of B and Eo +A, exhibit a nonlinear
dependence on the nitrogen content,which indi-
cates that the bowing coefficients are strongly de-
pendent on the composition of the GaAs:xNx al-
loys. E+ increases with increasing nitrogen con-
tent in GaAsN alloys,whereas E, and the spin-or-
bit split-off transition ( Eo +Ao) decrease with the
increase of nitrogen concentration. E: intersects
Eo +Ao at a nitrogen content of about 0. 16 %. For
the x=0.1% sample,the E- transitionislower in
energy than the Eo +Qo transition. It is also found
that the intensity of the E+ transition is much
stronger than that of the Eo +Ao transition for the
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x =0. 22 % samples,whereas the E +Ao transition
exceeds the E. transition in intensity for the x =
0. 1% sample.

In a small range of nitrogen concentration
between 0. 10 % and 0. 62 %, it is found that the
energies of E+ are almost linear versus the nitro-
gen composition of alloys.Linear extrapolation to
the dilute limit of the E+ transition in GaAs:xN«
yields the energy E+« (x=0") of 1 797eV. The i-
dentification of the E+ PL peak as alocalized res
onant N level is very unlikely because the linear
extrapolation energy 1 797eV of E+« (x=0") at
80K is even much larger than the N« transition'™®
of 1 68eV below 10K, and previous works also
show that the shift of Nxis rather small in a dilute
nitrogen limit™"*®". Because the PL peaks associ-
ated with Eo +Ao are very weak, the electronic
transition from the conduction band extremum to
the spin-orbit split valence band is not a possible
candidate for the E+ peak. The nitrogen incorpo-
ration into GaAs breaks the translational symme-
try of the lattice,and the impurity potential splits
the Lic-derived quadruplet into an ai (L) singlet
and a t2( Li) doublet and thel i state becomes a
a: (1) singlet'® . Considering that the derived
E.:(x=0") is aimost equal to the energy 1 8eV
of L{ conduction band minimum of GaAs related
tothetop ("¢) of the valence band at 77K™ | we
ascribe the observed E+ peak to transitions be-
tween the top of the valence band and high lying
conduction band states near the L point, which
have been strongly perturbed by the nitrogen do-
ping.

In bulk GaAs, optical transitions from L
and Xic to the valence maximum are forbidden. In
an ordered structure (one N in a supercell) ,the L
point isfolded to thel" point and obtains some
component due to coupling to the point™ . In
the real sample, being disordered, optical transi-
tions from the degenerated a: (L1c)to the valence
maxi mum become partially allowed due to the re-
laxation in the selection rule related to the trans-
lation symmetry"™® . Previous pseudopotential cal-
culations have indicated that the GaAs host states
will be quite strongly perturbed by the incorpora-
tion of nitrogen by the M-L-X mixing effect,
which results in all levels containing a significant
admixture of [-like character'® . The optical
transition probability is defined by their[" charac-

ter. This may be the main reason that optical tran-
sitions from the top of the valence band to the
perturbed ai (Li) become allowed.
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Fig.2 PL and Raman spectra of GaAs:xx~Nx samples
excited by 671nm laser at 80K in the range from 677
to 750nm  The stars indicate the observed PL peaks.
The spectra are vertically shifted for clarity.

Figure 2 shows PL spectra of GaAs:xNx sam-
ples (x=0,0.1%,0 22%,0 36 %,and O 62 %) at
80K excited by a laser line of 671nm. The broad
PL peaks were also observed for each GaAs:xNx
sample as marked with stars and arrows. These
peaks are from the Eo +4o (star marked) or E-.
(arrow marked) transitions in these GaAsN al-
loys. Because of the condition of near resonant ex-
citation,the PL peak of the Eo + Ao transition
shows stronger intensity than those excited with
the 632 8nm excitation. The 514. 5nm laser line of
an Ar” laser is also used as an excitation (results
not shown) ,and the relative intensity of the E +
Ao transition to the E. transition is about ten
times weaker than that excited with the 632 8nm
laser for the x =0.62 % alloys. The sharp peaksin
Fig. 2 are Raman peaks of dilute GaAs:x Nx al-
loys. For bulk GaAs,only one Raman peak of 1L O
phonon is observed. However , GaAslike 2L O and
3L O phonon modes are observed in the Raman
spectrum of each GaAsN alloy. The vertical dash-
dotted line in Fig. 1 shows the wavelength position
of the 671 Onm laser. One can see that the energy
of the E.+ transition of a GaAsi:xNx alloy with x
= 0.36% is slightly lower than that of the
671 Onm laser line whereas that of a GaAsirx N«
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alloy with x = 0. 62 % is larger than that of the
671 Onm laser line. That the 3L O phonon modein
the x =0 62 % alloy is stronger than the that of
the x =0. 36 % alloy indicates that the 3LO pho-
non modeinthe x=0. 62 % alloy is resonantly en-
hanced by its Eo +A transition, because the out-
going resonance dominates the light-scattering
process in GaAsN alloys'™ . Using a low excita-
tion power,a GaAslike 4LO phonon mode was
also observed in the x =0. 62% alloy. Therefore,
the results of resonant Raman scattering further
verify the intrinsic feature of band gap emission
from the observed Eo +Qo transition in GaAs:«N «
alloys. For the 0.1 % alloy ,its Eo +Qo transition is
very close to the excitation energy. However ,we
still observe the GaAslike GaAslike 3L O phonon
peak in this alloy. This suggests that the other lev-
el of E. observed by 633nm excitation should res
onantly enhance this high order Raman peak,
where the PL signal of E: transition is enshrou-
ded in the strong resonantly-excited PL signal of
the Eo +4o transition.

4 Conclusion

In summary ,we have observed three groups of
PL peaks in dilute GaAs:-x Nx alloys with x =
0. 10 %,0. 22 %,0. 36 % ,and 0. 62 % by micro-pho-
toluminescence measurements. Usng these and
resonant Raman scattering measurements, the
three groups of PL peaks are confirmed to be the
intrindgc transitions of & , & +A, and E- in the
studied dilute GaAsN alloys. The bowing coeffi-
cients are deduced as 37. 7,31 0,25 9,and 23 7eV
at 80K, respectively,for the dilute GaAs:-xN«x al-
loys with x =0. 1%,0. 22%,0. 36 %, and 0. 62 %.
Our results show that the near-resonant excitation
of the micro-PL spectra is very important in ob-
serving the optical transitions above the funda-
mental band gap of semiconductor materials.
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