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Observation of magnetophotoluminescence from a GaNÕAl xGa1ÀxN heterojunction
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Magnetophotoluminescence has been studied from a single undoped GaN/AlxGa12xN heterojunction with a
linewidth of 2.5 meV. The peak originates from the recombination of a photoexcited hole with an electron in
the two-dimensional electron gas~2DEG! formed as a result of spontaneous and piezoelectric polarizations at
the interface. The photoluminescence intensity is strongly enhanced at filling factors corresponding to filled
Landau levels as a result of the reduced screening of the Coulomb interaction by the 2DEG. This prevents the
rapid diffusion of photoexcited holes away from the heterojunction. The energy of the magnetoexcitonic
recombination indicates a very low value for the hole mass of 0.3m0 close to the band edge in agreement with
theory.
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I. INTRODUCTION

It is already known that electric fields play a central ro
in GaN heterostructures as a result of the large piezoele
constants and the presence of spontaneous polarization.
leads to the quantum-confined Stark effect in quantum w
and strong electric fields at a heterojunction.1 Consequently
previous results have shown that even without intentio
doping a carrier density of about 2.631012 cm22 was
present at a GaN/Al0.13Ga0.87N interface at 7 K.2

It was some years later that the two-dimensional elect
gas~2DEG! was first detected in optical experiments from
modulation-doped structure.3 However, the signal was sma
as a result of the diffusion of holes into the flat-band reg
within the GaN layer. In order to reduce this diffusion,
second AlxGa12xN layer was added to preserve the electro
hole overlap, successfully increasing the luminesce
signal.4 For an undoped heterojunction, only more recen
has luminescence been reported, and this was achieve
comparing the spectrum before and after etching away
Al xGa12xN layer.5

Magnetotransport has been routinely used to characte
the 2DEG, but to date, to our best knowledge, no magnet
minescence data has yet been reported, perhaps as a res
the broad linewidths, typically 10–30 meV,3–5 and the pri-
mary interest for the use of this material in electronic d
vices. In contrast, we report magnetoluminescence from
2DEG with a linewidth as narrow as;2.5 meV, which is
comparable to the bulk exciton peaks in the same samp

II. EXPERIMENT

We have performed magnetophotoluminescence in b
steady fields up to 19 T and pulsed magnetic fields up to
T on two AlxGa12xN heterostructure samples, N307 a
N298, with the growth axis parallel to the magnetic field~see
Ref. 7 for further experimental and sample details!. The
244-nm line from a cw frequency-doubled argon laser ac
as the excitation source, with an excitation intensity
0163-1829/2002/65~19!/195320~5!/$20.00 65 1953
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;0.02 W cm22 for the steady fields but in order that suffi
cient signal could be detected a much higher value
;0.4 W cm22 was used in the pulsed field experiments.

Both samples were grown by molecular-beam epita
~MBE!, with a 1-mm thick GaN buffer layer grown before
200-nm thick undoped Al0.08Ga0.92N layer. Subsequently a
series of quantum well~QW! structures was grown, as thi
was the primary intention for these samples.6,7 The only dif-
ference in the two samples was that N307 contained a si
quantum well, whereas N298 contained four of differin
thicknesses. The bulk photoluminescence~PL! lines were
well resolved in these two samples, and were separated f
the QW emission. The quantum well features were char
terized by broad PL emission both above and below the G
band gap and could not be mistaken for the bulk lines.

III. RESULTS

The 2DEG photoluminescence was observed as a r
nance phenomenon that originates from an energy of ab
30 meV below theA free exciton emission and is shown
Fig. 1. The additional peak, with an energy between (A0 ,X)
andX, is seen to oscillate in intensity, while at the same tim
to increase in energy with magnetic field.8 It has a linewidth
that is comparable with the bulk features and an order
magnitude less than the QW emission. Using a much hig
intensity from a pulsed quadrupled Nd:yttrium aluminu
garnet laser at 266 nm, the 2DEG peak was found to stron
broaden, but there was no significant change in its ene
The shape of the luminescence is much clearer if a rati
taken with respect to a zero-field spectrum, as shown in F
2 and 3. The ‘‘sawtooth’’ shape of the resonance with resp
to magnetic field can also be seen clearly in the cross sec
in Fig. 3, only decaying slowly on the high-field side.

The fields corresponding to the maxima in resonance
tensity have a 1/B relationship with respect to consecutiv
integers as indicated in Fig. 4, and no similar resonances
seen in the Voigt configuration. These observations are c
sistent with the assignment of this transition to the recom
©2002 The American Physical Society20-1
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nation between a two-dimensional electron gas and phot
cited holes, since the filling factor,n5neh/eB, describing
the number of filled Landau levels, passes through inte
values with a 1/B period. The carrier concentration ofne
52.77(2)31012 cm22 for sample N307 that is deduce
from Fig. 4 is also very similar to values already report
from transport measurements on similar structures.2

FIG. 1. Pulsed field PL for sample N307 for 0–54 T. The spec
are not equally spaced in field, with there being a higher densit
spectra around the resonance fields. The small arrows mark
resonance peaks due to the 2DEG.

FIG. 2. Continuous field PL spectra of sample N307 after ra
ing with the zero-field spectrum. The spectra are equally space
field with an interval of 0.5 T.
19532
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Subsequent transport measurements at 1.4 K on sam
N307 confirm that the 2DEG is indeed present, however
Shubnikov–de Haas oscillations, shown in Fig. 5, indicat
slightly smaller carrier density of 2.58(2)31012 cm22 and a
mobility of 5300 cm2/V s. The reduction in the density ca
be explained by considering that the sample underwent
nificant processing between the optical and transport m
surements. This itself could alter the strain that is presen
the heterostructure, altering the polarization and thus the
rier concentration, combined with the fact that the optics a
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FIG. 3. Contour plot of the PL after ratioing with the zero-fie
spectrum. The vertical lines show the resonances with the fil
factor while the diagonal line shows how the peak energy depe
on field. The intensity cross section along the diagonal line is sho
above the contour plot.

FIG. 4. Line fitting showing the 1/B resonance of the lumines
cence peaks in sample N307 with filling factorn. For low magnetic
fields strong peaks are only observed for even values ofn, whereas
with the higher pulsed field a peak corresponding to spin splitting
the fundamental levels at the odd value,n53, can also be seen.
0-2
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transport would not necessarily measure the same pos
on the sample.

In sample N307, on which most of these measureme
were performed, the fundamental resonance atn52, as de-
termined by the gradient of the graph in Fig. 4, occurs a
field just above the maximum accessible by the pulsed fi
system. The beginnings of the resonance can be seen i
highest-field spectrum, but not with the relative strength t
would be expected from a fundamental transition. In co
trast, Fig. 6 shows a similar though less complete se
spectra for sample N298 that clearly shows a fundame
peak whose intensity even eclipses that of the neutral ac
tor peak. This implies that the carrier concentration in t
sample is slightly less than in N307.

The 2DEG in our samples is likely to be present at
interface between the MBE-grown GaN buffer layer and
thick AlxGa12xN layer grown prior to the quantum wells
The quantum wells are unlikely to be the cause, since t

FIG. 5. Two-terminal magnetoresistance of sample N307 at 1
K, along with the second derivative~top!. The Fourier transform
~inset! indicates a second smaller peak corresponding to the
splitting at higher magnetic fields.

FIG. 6. Pulsed field PL for sample N298, showing the lar
resonance atn52 at the highest field. The spectra are appro
mately equally spaced in field.
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luminescence peaks are an order-of-magnitude wider.
narrow luminescence width for the single heterojunction s
gests that the interface only causes long-range potential
tuations, which do not broaden the PL in comparison to
quantum wells where there is a large inhomogeneous bro
ening due to the presence of the second interface. It co
also be due to the AlxGa12xN alloy not acting as an effective
barrier for the holes in the quantum well.10

IV. DISCUSSION

It has already been found that the luminescence from s
a heterojunction is very weak due to the rapid diffusion
the photoexcited holes away from the interface into the fl
band region of GaN.3,4 The presence of the magnetic fie
has increased the luminescence for certain Landau-leve
cupancies, reaching a maximum at the limit of even inte
filling factors, as can be seen in Fig. 3. Confirmation that
integer filling factors coincide with the fields indicated
Fig. 3 can be found from Fig. 4, which shows that the int
cept on the 1/B line passes precisely through the origin. T
change of the luminescence with occupancy is most lik
due to the changing efficiency of the screening of the reco
bining electron and hole interaction by the 2DEG. A full
understanding of the intensity profile requires a more
tailed examination of the recombination mechanism.

A hole can only bind to an electron near the Fermi ene
in the 2DEG, since there must be states into which the e
tron can move in order to form a localized exciton. Howev
since there is only a small population of photoexcited hol
which will rapidly thermalize to the lowest hole level, ang
lar momentum would not be conserved by direct recombi

FIG. 7. A schematic diagram of the recombination process ca
ing the heterojunction luminescence.
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tion with an electron in a higher Landau level. Consequen
as shown schematically in Fig. 7, there is a simultane
promotion of an electron, either~a! from the lowest filled
Landau level to the partially filled level, or~b! from the
partially filled level to a higher level as in an Auger proce
The total recombination energy then equals that of the ze
Landau level.

The cross section through the resonances in Fig. 3 sh
that the integer even filling factors mark a threshold for
luminescence intensity, thus there is strong luminesce
when the highest electron Landau level is slightly und
filled, and none when it is almost empty. This is consist
with the Auger process~b! being dominant, since the simu
taneous promotion of an electron from the lowest Land
level ~a! will depend on the number of holes in the highe
level, while the Auger process~b! will depend on the numbe
of electrons.

Even though the 2DEG screening of the electron-hole
teraction is being inhibited around the integer filling facto
the magnitude of the binding energy is still much smal
than the bulk value as a result of the strong electric fie
Evidence of this comes from the strong linear, rather th
diamagnetic, dependence of the resonance energy with fi

Further confirmation of this picture comes from care
ratioing of the PL spectra, which show much smaller pe
in the spectra that are separated from the main reson
peak by multiples of the electron cyclotron energy as a re
of recombination between the zeroth hole Landau level w
the first electron level. The energies of these peaks are sh
in Fig. 8.

Returning to the details of Fig. 3, small peaks could a
be attributed to the odd filling factors,m57,9. Since these
are much smaller than the peaks observed for even fil
factors, this could suggest that the holes are strongly s
polarized due to the spin splitting of theA-valence band with
Bic. The observation of the peak atn53 in the pulsed fields
is therefore somewhat surprising and is probably due t
high carrier temperature caused by the much higher exc

FIG. 8. Energies of the main resonance peaks (E0-HH0) along
with those from smaller peaks corresponding to transitions invo
ing higher Landau levels of the 2DEG (E1-HH0, E2-HH0). The
solid lines correspond to masses;me50.222m0 andmh50.31m0.
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tion intensity used in the pulsed field measurements, wh
would give a significant population of holes in the excit
spin state.7 Alternatively, it might be related to the bette
resolution of the Landau levels at higher field, since the s
splitting is about a fifth of the electron cyclotron splitting
The screening efficiency of the 2DEG is thus not reduc
sufficiently for the higher odd integer filling factors to ob
serve a resonant luminescence peak.

The significant low-energy tails that can be seen for
even filling factors can be explained by the range of fin
states that are available for the excited Auger electron.
electron can bind to the hole that it has created itself
leaving the partially filled Landau level to create a ‘‘ma
netic exciton.’’11 The dominant peak corresponds to creati
such a ‘‘magnetic exciton’’ atK50, with the tail resulting
from an average over the dispersion relation when they
created at finiteK. This behavior is very similar to that ob
served in GaAs/AlxGa12xAs heterojunctions.12

The magnetic field dependence of the resonance peak
ergy, shown as the diagonal line in Fig. 3, corresponds to
energy of the zeroth Landau level, given byE(B)5E0
1 1

2 \vc , wherevc5eB/m is the cyclotron frequency with a
reduced mass ofm50.13(1)m0. A similar analysis of mag-
netophotoluminescence results from a GaAs/AlxGa12xAs
modulation-doped heterojunction13 also shows a strong lin
ear dependence on magnetic field, corresponding to rea
able values of the electron and hole effective masses suc
me.0.067m0 andmh.0.3m0.14 Thus from the reduced mas
of m50.13(1)m0, and assuming a band-edge electron m
of 0.222m0,15,16the hole mass can be deduced to be;0.3m0.

The mass value of 0.3m0 is considerably smaller than
many other measurements of the bulkA-hole mass, which
are typically between 1 and 2m0. However, these do no
contradict our value, since it has been pointed out b
theoretically17 and experimentally18 that theA-valence band
is strongly nonparabolic in the direction perpendicular to
c axis. In fact the theoretical calculations predictmh
;0.33m0 close to the band edge, which is much closer to o
value.17

The values ofk2 corresponding to the zeroth Landau lev
for the field region shown in Fig. 3 are between 0 and
31013 cm22; this field region was the one that was inacce
sible in our previous paper on the valence band of GaN
to the strong Coulomb effects in bulk material.18 Nonparabo-
licity, giving a heavier hole mass, is also probably the rea
the lower filling factors, observed forB>30 T, do not fit the
linear dependence shown in Fig. 3.

It seems that by studying the properties of
GaN/AlxGa12xN heterojunction, there is the possibility o
gaining further insights into the band structure of GaN, sin
the electron-hole interaction has been weakened by
strong electric fields that are present without sacrificing
linewidth of the luminescence.

V. CONCLUSIONS

A magnetoluminescence resonant phenomenon ca
by recombination between photoexcited holes and a 2D

-
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formed at a GaN/AlxGa12xN interface has been observe
with a luminescence width considerably smaller than t
already seen without a magnetic field. The reduced scre
ing of the electron-hole binding by the 2DEG around integ
filling factors and the requirement to conserve angu
momentum through an Auger process leads to a 1/B reso-
nance phenomenon with a sawtooth profile. The ene
of the luminescence suggests that the Coulomb bind
is very weak and that the hole mass is very light clo
ter
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to the Brillouin- zone center, agreeing with theoretic
predictions.
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