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Evolution of the electron localization in a nonconventional alloy system
GaAs;_,N, probed by high-magnetic-field photoluminescence
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We demonstrate that a high magnetic field can be used effectively not only to probe the nature of
the photoluminescencéPL) in a semiconductor, but also to reveal emission peaks that are
unobservable at zero field since the magnetic field can alter energy relaxation processes and the
statistical distribution of the photocarriers. Our systematic magneto-PL study of ;Ga¥s
(0.1%=<x<2.5%) in fields up to 30 T indicates that the character of the low-temperature PL in this
system changes drastically with varying nitrogen composittoand exhibits transitions with
applying strong magnetic fields. Fo# 0.7%, the PL spectrum shows many discrete features whose
energies remain nearly stationary up to the highest applied field. However, the magnetic
confinement gives rise to a feature emerging on the higher energy side of the zero-field spectrum.
This feature does show a diamagnetic shift, but it is much slower that that of the GaAs band-edge
transition. Forx>1%, the PL spectrum evolves into a broad band, and its diamagnetic shift
resembles the band-edge transition in a conventional semiconductor, and the rate of shift is
comparable to that of GaAs. From the diamagnetic shift of the band, the reduced effective masses
for different composition of nitrogen have been derived for this system using the standard theory for
the magneto-exciton in a three dimensional semiconducto20@3 American Institute of Physics.
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The dilute nitrogen GaAs,N, alloy has been exten- nitrogen-induced bound states, the impurity—host interaction,
sively studied both theoretically and experimentally over theand to what extent the wisdom for conventional alloys is still
past few years, because of its important applications irapplicable to this “unconventional” alloy system, we have
electro-optics and interesting fundamental physical properearried out systematic magneto-photoluminesceiieg)
ties created by the doping of nitrogen. It has been found thaheasurements on a set of GaAgN, samplegwith x rang-
doping nitrogen into GaAs greatly reduces the band gap olihg from 0.1% to 2.5%in magnetic fields up to 30 T. The
GaAs™?A lot of experimental and theoretical investigations biggest advantage of performing magneto-PL measurements
have been carried out to study the origin of this giant bandat high magnetic fields is that this technique can clearly dis-
gap reductiori It is generally understood that in the dilute tinguish the extended states and localized states without any
doping limit, N impurities introduce highly localized states ambiguity.
either above or below the conduction band edge of GaAs. The samples were grown by gas-source molecular-beam
These impurity states, originating from isolated N atoms, Nepitaxy on semi-insulating001) GaAs substrates at 420 °C
pairs, and N clusters, have progressively lower energy leveland a growth rate of 0.@m/h using a rf nitrogen radical
in GaAs and emerge sequentially with increasing doping obeam source with a mixture of ,Nand Ar in a ratio of 1:9.
nitrogen*~* The emission lines of those nitrogen bound The epilayer thickness is nominally 4000 A with a 2000-A
states have been shown to broaden and turn into a continuogsaAs buffer forx<1%, and 1000 A with a 2500-A GaAs
spectrum with increasing nitrogen dopitthThe GaAs-like  puffer and a 250-A GaAs cap for>1%. The nitrogen con-
band-edge excitonic absorption feature has also been foungntrations of all these samples were determined by high-
to broaden drastically with increasing nitrogen dopifig, resolution x-ray rocking curve measurement, as well as the-
presumably due to a strong interaction of the down shiftingoretical dynamic simulation. For our PL measurements, a
host state with nitrogen-bound states in its vicinity. However,200-um-diameter optical fiber was used to direct laser light
the exact nature of those bound states or emission lines ang the sample, with a typical power of 1 mW at the 5145-A
their evolutions with increasing nitrogen doping remainyayelength, resulting in a nominal excitation intensity of
unclear?’#4+° ~0.1 W/cnt. The PL signal was collected by a 60®n-

In order to better understand the nature of variousjjameter optical fiber and dispersed by a McPherson 3/4m
spectrometer. A Princeton Instrument CCD array detector
dElectronic mail: wang@magnet.fsu.edu was used for measuring PL signals between 300 and 1100
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Figure 1 shows waterfall plots of magneto-PL spectra of +.:+* 1230
GaAs N, at four typical compositions wittx=0.1%, ##F&
. . . 12601~
0.22%, 1.1%, and 1.3% in magnetic fields up to 30 T at
intervals of 1 T. These samples can be roughly iniQeq into R TR T T BB T T T T
two groups:x<<0.7% andx>1%, based upon their distinct Field (T) Field (T)

@fferences n t?elr spectra a.nd response fo the rnagnet‘i‘;IG. 2. The energy+, left axis and peak intensity®, right axi9 as a
field. _For X<.O.7/.o, as shown n Figs.(@ and Xb), many  fynction of magnetic field(a) and (b) for the transition G in thec=0.1%
transitions with discrete energies were observed at zero magnd 0.22% samples, respectivelg} and(d) for the broad emission bands in
netic field. Comparing with previously published resultsthe 1.1% and 1.3% samples, respectively.

(Ref. 14 and the references theneiall these transitions are

identified to be nitrogen-induced bound states. When the ayeak position of the broad band shifts to the higher energy
plied magnetic field is increased, the positions of these imyith increase of magnetic field at a significantly fast rate
purity transitions do not shift with magnetic field, indicating than for the lowx samples, resembling the behavior for con-
that they originate from strongly localized states of “deep” yentional alloys. However, for the samples with-2.2%,
impurity centers. However, starting from around 10 T, at thefyrther broadening and diminishing of the emission make it
high-energy edge of the spectrum, an additional featate (ifficult to resolve any feature in the spectra, possibly due to
~1.47 eV for the 0.1% sample, and atl.44 eV for the the decrease in the Samp|e qua”ty_

0.22% sampleemerges with increasing magnetic field, and  |n order to give a more quantitative account for the ori-
becomes a well-developed peak at 30 T. Its peak energy igin of the feature G and the broad emission band, we have
close to but always lower than the excitonic band ¢éye  carried out a careful analysis of their magnetic field depen-
excitonic band gap has been found to bel.475 and dences. Figure 2 summarizes the shift of the peak position,
~1.442eV for the x=0.1% and 0.22% samples, the so-called diamagnetic shift, as a function of magnetic
respectively.>® This additional PL feature, hereafter re- field, where(a) and(b) are for the field-induced feature G in
ferred to as G, exists for all the dilutely doped samgie#h  the 0.1% and 0.22% samples, respectively, &xdand (d)
x<0.7%) studied in this work. Right below the dominant are for the broad emission bands in the 1.1% and 1.3%
G-line, there are other features as wNo for 0.1% sample, sample, respectively. For Figs(@ and 2b), the peak inten-
and one for 0.22% samplahat seem to change with the sity of G has also been plotted. Because of the interference of
applied magnetic field. The combination of two factors mayother adjacent peaks, it is difficult to accurately extract the
be responsible for the observed behavidy. The linewidth  integrated intensity of G. We have, therefore, chosen to sim-
of G is very broad, and its tail distribution contributes to theply plot the peak intensity in order to qualitatively illustrate
intensity enhancement of features next to(#) The states the general trend of the intensity change with the magnetic
associated with these features are very close to the states thigld. From the Figs. @) and 2b), one can clearly see that
give rise the G-line, therefore these features and G-line mightince the transition G becomes a well-developed peak at high
come from the same origin, explained in detail in the follow-enough magnetic field>15 T), its peak position starts to
ing. For x>1%, the discrete impurity-like transitions ob- shift monotonically to higher energy with applied magnetic
served in the low-N-composition samples are no longer obfield. The observed energy—field dependence is very much
servable; instead a broad band becomes the only feature different from that of a band edge or shallow impurity tran-
the spectra. Figures(d and Xd) show the PL spectra for sition in conventional semiconductors. Compared to those

two typical x values of 1.1% and 1.3%. It is clear that the transitions on its lower energy side associated with truly
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“deep” impurity like centers that remain stationary under nitrogen-induced bound states and bulk-like states plays a
magnetic field, the field dependence of G clearly indicatewvery important role in the electronic properties of
that it originates from a state somewhat less localized. Th&aAs N, . Using a magnetic field to generate a tunable
behavior of the stationary transitions observed here corrobazonfinement, we are able to explore the characters of various
rates well with the conclusions that they are highly localizedbound states near the conduction band edge. Under high
states drawn from the earlier selective excitationmagnetic field, fox<<0.7%, the transition energies for many
experiments? Some states appear to always exist that camitrogen related bound states remain stationary up to 30 T,
give rise to the transition G in the dilute doping region. revealing that they are highly localized states; an optical
These states seem to define a transition region between th@nsition G is observed at the onset of localized to delocal-
bulk-like and impurity-like states, that is, the G transition ized transition region in the energy spectrum, showing very
might be considered as an onset of the delocalized state. Tisenall diamagnetic shift and thus a weak delocalization. For
electronic structure near the band edge continues to evolwe>1%, a broad optical transition band is observed with a
with adding more nitrogen. Figures@ and 2d) show the diamagnetic shift similar to that in a conventional semicon-
field dependence of the peak position for the 1.1% and 1.3%luctor alloy, exhibiting extended host-state-like behavior.
samples. It is clear that the field dependence shows the quahe reduced masses derived from our data are found to vary
dratic behavior at low magnetic fieldbelow 15 T) and sub- nonmonotonically withx and differently from those obtained
linear behavior at high magnetic field, very much like thefrom other techniques witkx, which suggests a complex
dependence observed for the band-edge transition in a comteraction between nitrogen impurities and the GaAs host.
ventional semiconductor. This finding suggests that the im- o )

purity states and the host states are thoroughly hybridized High-field magneto-PL measurements were carried out
over this nitrogen concentration region. Nevertheless, it doe@ NHMFL, which is supported by NSF Cooperative Agree-
not necessarily mean that there are no more localized stat8&€nt No. DMR-0084173 and by the State of Florida. The
embedded in the unusually broad emission band. We notic¥Ork at NREL was supported by the U.S. DOE under con-
that the band has become more symmetric under high fieldf@ct No. DE-AC36-83CH10093 and by the NREL DDRD

with its peak intensity enhanced at the expense of the lowtnder program No. 0659.0004, and the work at UCSD was

energy tail. partially supported by Midwest Research Institute under sub-
We have fitted the diamagnetic shift for samples withcontractor No. AAD-9-18668-7 from NREL.
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