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Observation of magnetophotoluminescence from a Gall,Ga;_,N heterojunction
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Magnetophotoluminescence has been studied from a single undoped @a&/AN 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 gé8DEG) 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 ah@@dose to the band edge in agreement with
theory.
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. INTRODUCTION ~0.02 W cm 2 for the steady fields but in order that suffi-
cient signal could be detected a much higher value of
It is already known that electric fields play a central role ~0.4 W cm ? was used in the pulsed field experiments.
in GaN heterostructures as a result of the large piezoelectric Both samples were grown by molecular-beam epitaxy
constants and the presence of spontaneous polarization. THISIBE), with a 1-um thick GaN buffer layer grown before a
leads to the quantum-confined Stark effect in quantum well®00-nm thick undoped AbGa, o\ layer. Subsequently a
and strong electric fields at a heterojunctioBonsequently  series of quantum wellQW) structures was grown, as this
previous results have shown that even without intentionalvas the primary intention for these samp‘?ésThe only dif-
doping a carrier density of about %60 cm 2 was ference in the two samples was that N307 contained a single
present at a GaN/phGaygN interface at 7 K quantum well, whereas N298 contained four of differing
It was some years later that the two-dimensional electrorhicknesses. The bulk photoluminescer(®&) lines were
gas(2DEG) was first detected in optical experiments from awell resolved in these two samples, and were separated from
modulation-doped structufeHowever, the signal was small the QW emission. The quantum well features were charac-
as a result of the diffusion of holes into the flat-band regionterized by broad PL emission both above and below the GaN
within the GaN layer. In order to reduce this diffusion, a band gap and could not be mistaken for the bulk lines.
second AlGa, N layer was added to preserve the electron-
hole overlap, successfully increasing the Iluminescence
signal? For an undoped heterojunction, only more recently
has luminescence been reported, and this was achieved by The 2DEG photoluminescence was observed as a reso-
comparing the spectrum before and after etching away thaance phenomenon that originates from an energy of about
Al,Ga,_,N layer® 30 meV below theA free exciton emission and is shown in
Magnetotransport has been routinely used to characterizgig. 1. The additional peak, with an energy betwedg,¥)
the 2DEG, but to date, to our best knowledge, no magnetoluandX, is seen to oscillate in intensity, while at the same time
minescence data has yet been reported, perhaps as a result®increase in energy with magnetic fi€ldt has a linewidth
the broad linewidths, typically 10-30 méW and the pri- that is comparable with the bulk features and an order-of-
mary interest for the use of this material in electronic de-magnitude less than the QW emission. Using a much higher
vices. In contrast, we report magnetoluminescence from intensity from a pulsed quadrupled Nd:yttrium aluminum
2DEG with a linewidth as narrow as 2.5 meV, which is  garnet laser at 266 nm, the 2DEG peak was found to strongly
comparable to the bulk exciton peaks in the same sample. broaden, but there was no significant change in its energy.
The shape of the luminescence is much clearer if a ratio is
taken with respect to a zero-field spectrum, as shown in Figs.
2 and 3. The “sawtooth” shape of the resonance with respect
We have performed magnetophotoluminescence in botto magnetic field can also be seen clearly in the cross section
steady fields up to 19 T and pulsed magnetic fields up to 54 Fig. 3, only decaying slowly on the high-field side.
T on two ALGa_ N heterostructure samples, N307 and The fields corresponding to the maxima in resonance in-
N298, with the growth axis parallel to the magnetic fiedde  tensity have a B relationship with respect to consecutive
Ref. 7 for further experimental and sample dejailfhe integers as indicated in Fig. 4, and no similar resonances are
244-nm line from a cw frequency-doubled argon laser actedeen in the Voigt configuration. These observations are con-
as the excitation source, with an excitation intensity ofsistent with the assignment of this transition to the recombi-

Ill. RESULTS

II. EXPERIMENT
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FIG. 1. Pulsed field PL for sample N307 for 0-54 T. The spectra 3458 — L e
are not equally spaced in field, with there being a higher density of 0 2 4 6 8 10 12 14 16 18
spectra around the resonance fields. The small arrows mark the Magnetic field (T)

resonance peaks due to the 2DEG.

FIG. 3. Contour plot of the PL after ratioing with the zero-field
nation between a two-dimensional electron gas and photoe?peCtr“m; The ve_rtical Iin_es show the resonances with the filling
cited holes, since the filling factoy;=n.h/eB, describing fact_or while t_he d|a_gonal line Sh.OWS how the p.eak ene.rgy'depends
the number of filled Landau levels, passes through intege?n field. The intensity cross section along the diagonal line is shown

. . . - above the contour plot.

values with a 1B period. The carrier concentration of,

=2.77(2)x 10" cm 2 for sample N307 that is deduced

from Fig. 4 is also very similar to values already reported Subsequent transport measurements at 1.4 K on sample

from transport measurements on similar structdres. N307 confirm that the 2DEG is indeed present, however the
Shubnikov—de Haas oscillations, shown in Fig. 5, indicate a
slightly smaller carrier density of 2.58(&)10'? cm 2 and a
mobility of 5300 cn?/V's. The reduction in the density can
be explained by considering that the sample underwent sig-
nificant processing between the optical and transport mea-

19T surements. This itself could alter the strain that is present in
_ J the heterostructure, altering the polarization and thus the car-
-g \/ rier concentration, combined with the fact that the optics and
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Energy (meV) FIG. 4. Line fitting showing the B resonance of the lumines-
cence peaks in sample N307 with filling factarFor low magnetic
FIG. 2. Continuous field PL spectra of sample N307 after ratio-fields strong peaks are only observed for even valuas wfhereas
ing with the zero-field spectrum. The spectra are equally spaced iwith the higher pulsed field a peak corresponding to spin splitting of
field with an interval of 0.5 T. the fundamental levels at the odd values 3, can also be seen.
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FIG. 5. Two-terminal magnetoresistance of sample N307 at 1.45 g p

K, along with the second derivativigop). The Fourier transform /A

(insed indicates a second smaller peak corresponding to the spin 3

splitting at higher magnetic fields. f) < 4
s O K

transport would not necessarily measure the same position () (i)

on the sample.

In sample N307, on which most of these measurements FG. 7. A schematic diagram of the recombination process caus-
were performed, the fundamental resonance=a2, as de- ing the heterojunction luminescence.
termined by the gradient of the graph in Fig. 4, occurs at a

field just above the maximum accessible by the pulsed fielg)minescence peaks are an order-of-magnitude wider. The
system. The beginnings of the resonance can be seen in the o luminescence width for the single heterojunction sug-
highest-field spectrum, but not with the reIatwe_s_trength thabests that the interface only causes long-range potential fluc-
would be expected from a fundamental transition. In cOny,ations, which do not broaden the PL in comparison to the
trast, Fig. 6 shows a similar though less complete set Oaguantum wells where there is a large inhomogeneous broad-
spectra for sample N298 that clearly shows a fundamentalning due to the presence of the second interface. It could

peak whose _inpensifty even eclipses 'that of the ne'utrall acCeRso be due to the ABa N alloy not acting as an effective
tor peak. This implies that the carrier concentration in thisy5rier for the holes in the quantum wéll.

sample is slightly less than in N307.
The 2DEG in our samples is likely to be present at the
interface between the MBE-grown GaN buffer layer and the IV. DISCUSSION

thick AlGa,_,N layer grown prior to the quantum wells. 44 aiready been found that the luminescence from such
The quantum wells are unlikely to be the cause, since theig peterojunction is very weak due to the rapid diffusion of
the photoexcited holes away from the interface into the flat-
band region of GaN:* The presence of the magnetic field

7 has increased the luminescence for certain Landau-level oc-

cupancies, reaching a maximum at the limit of even integer

/ ’ filling factors, as can be seen in Fig. 3. Confirmation that the
lg integer filling factors coincide with the fields indicated in

0T , ’ cept on the B line passes precisely through the origin. The

,I, ‘ change of the luminescence with occupancy is most likely
& ¢ due to the changing efficiency of the screening of the recom-
t ¢ bining electron and hole interaction by the 2DEG. A fuller

’ Fig. 3 can be found from Fig. 4, which shows that the inter-

understanding of the intensity profile requires a more de-
tailed examination of the recombination mechanism.

54T [ i i i . A hole can only bind to an electron near the Fermi energy

3460 3470 En 3430 3490 3500 in the 2DEG, since there must be states into which the elec-
ergy (meV) . . .

tron can move in order to form a localized exciton. However,

FIG. 6. Pulsed field PL for sample N298, showing the largesince there is only a small population of photoexcited holes,

resonance av=2 at the highest field. The spectra are approxi-which will rapidly thermalize to the lowest hole level, angu-
mately equally spaced in field. lar momentum would not be conserved by direct recombina-
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3480

tion intensity used in the pulsed field measurements, which
would give a significant population of holes in the excited
spin staté. Alternatively, it might be related to the better
resolution of the Landau levels at higher field, since the spin
splitting is about a fifth of the electron cyclotron splitting.
The screening efficiency of the 2DEG is thus not reduced
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 the
even filling factors can be explained by the range of final
states that are available for the excited Auger electron. The
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3464 electron can bind to the hole that it has created itself by
leaving the partially filled Landau level to create a “mag-
3460 ) \ ) . . . . netic exciton.™ The dominant peak corresponds to creating
5 10 15 20 such a “magnetic exciton” ak =0, with the tail resulting
Magnetic field (T) from an average over the dispersion relation when they are

_ FIG. 8. Energies of the main resonance peaI@-HHQ_) along g;ersézdir?g:ggjéégs_f:ga;é?;rlgj:ﬁéﬁosr:gglar to that ob
with those from smaller peaks corresponding to transitions involv- The magnetic field dependence of the resonance peak en-
ing higher Landau levels of the 2DE&{-HHO, E2-HHO0). The . T
solid lines correspond to mass@s;=0.222m, and m, =0.31m,, ergy, shown as the diagonal line in Fig. 3 corresponds to the
energy of the zeroth Landau level, given IB(B)=E,
tion with an electron in a higher Landau level. Consequently;+ 3% ., wherew.=eB/ u is the cyclotron frequency with a
as shown schematically in Fig. 7, there is a simultaneouseduced mass gf=0.13(1)m,. A similar analysis of mag-
promotion of an electron, eithde) from the lowest filled netophotoluminescence results from a GaAghs, _,As
Landau level to the partially filled level, oib) from the  modulation-doped heterojunctibhalso shows a strong lin-
partially filled level to a higher level as in an Auger process.ear dependence on magnetic field, corresponding to reason-
The total recombination energy then equals that of the zerothble values of the electron and hole effective masses such as
Landau level. me=0.067m, andm;,=0.3m,.1* Thus from the reduced mass
The cross section through the resonances in Fig. 3 showsf x=0.13(1)m,, and assuming a band-edge electron mass
that the integer even filling factors mark a threshold for theof 0.222am,,'**®the hole mass can be deduced to-b@.3mj.
luminescence intensity, thus there is strong luminescence The mass value of O, is considerably smaller than
when the highest electron Landau level is slightly undermany other measurements of the buélkhole mass, which
filled, and none when it is almost empty. This is consistentare typically between 1 andnZ,. However, these do not
with the Auger proceséb) being dominant, since the simul- contradict our value, since it has been pointed out both
taneous promotion of an electron from the lowest Landauheoretically’ and experimentall{f that theA-valence band
level (@) will depend on the number of holes in the highestis strongly nonparabolic in the direction perpendicular to the
level, while the Auger process) will depend on the number ¢ axis. In fact the theoretical calculations prediot,
of electrons. ~0.33n, close to the band edge, which is much closer to our
Even though the 2DEG screening of the electron-hole inyalyel”
teraction is being inhibited around the integer filling factors, The values ok? corresponding to the zeroth Landau level
the magnitude of the binding energy is still much smallerfor the field region shown in Fig. 3 are between 0 and 0.3
than the bulk value as a result of the strong electric fieldsx 1013 cm™2; this field region was the one that was inacces-
Evidence of this comes from the strong linear, rather thaniple in our previous paper on the valence band of GaN due
diamagnetic, dependence of the resonance energy with fielgh the strong Coulomb effects in bulk materfaNonparabo-
Further confirmation of this picture comes from careful jicity, giving a heavier hole mass, is also probably the reason
ratioing of the PL spectra, which show much smaller peakghe lower filling factors, observed f@=30 T, do not fit the
in the spectra that are separated from the main resonanggear dependence shown in Fig. 3.
peak by multiples of the electron cyclotron energy as aresult |t seems that by studying the properties of a
of recombination between the zeroth hole Landau level WitrGaN/AIXGal_XN heterojunction, there is the possibility of
the first electron level. The energies of these peaks are showjaining further insights into the band structure of GaN, since
in Fig. 8. the electron-hole interaction has been weakened by the

Returning to the details of Fig. 3, small peaks could alsostrong electric fields that are present without sacrificing the
be attributed to the odd filling factorg,=7,9. Since these |inewidth of the luminescence.

are much smaller than the peaks observed for even filling
factors, this could suggest that the holes are strongly spin
polarized due to the spin splitting of ti#evalence band with
B|/c. The observation of the peak &t 3 in the pulsed fields
is therefore somewhat surprising and is probably due to a A magnetoluminescence resonant phenomenon caused
high carrier temperature caused by the much higher excitady recombination between photoexcited holes and a 2DEG

V. CONCLUSIONS
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formed at a GaN/AiGa,_,N interface has been observed, to the Brillouin- zone center, agreeing with theoretical
with a luminescence width considerably smaller than thapredictions.

already seen without a magnetic field. The reduced screen-
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