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What determines the emission peak energy of the blue luminescence
in highly Mg-doped p-GaN?

J. S. Colton and P. Y. Yu?
Department of Physics, University of California, Berkeley, California 94720 and Materials Sciences
Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

(Received 27 December 2000; accepted for publication 28 February 2001

We report a study of the 2.8 eV blue luminescefBE) in heavily Mg-dopedp-GaN via resonant
excitation with a tunable blue dye laser. The dependence of the BL on the excitation photon energy
(Eey is unlike that of the yellow luminescence founditype GaN. An Urbach-type band tail, with
Urbach parameter of 33 meV is observed in the vicinity of the BL energy. We propose that the peak
energy of the BL marks the transition from localized states to delocalized states within this band tail.
© 2001 American Institute of Physic§DOI: 10.1063/1.1367904

GaN is a wide-band-gap IlI-V semiconductor with ap- temperature carrier concentration gi=2x10""cm3,

plications such as light emitting diodes and laser diddes.which is well below the Mg concentration=10cm™3) in-
One challenge in the fabrication of GaN diodes has been thgoduced during growth.

achievement of a high concentration of holes. The acceptors |n Fig. 1 we compare the “normal” BL spectrum of our

of highly dopedp-type GaN are often compensafetiAc-  sample(which is similar to those reported in the literature
companying this compensation is the appearance of a broagith selectively excited spectra. Small oscillations are no-
blue luminescencéBL) centered around 2.8 €VThe origin  ticeable in all spectra as a result of Fabry—Perot interference
of the BL has remained controversial. Most groups workingoccurring in the GaN film. The selectively excited BL exhib-
on this problem agree that the BL involves a donor—acceptojed little reduction in width when compared to the “nor-
pair (DAP) transition®~® However, the donors and the accep- mal” BL. The selectively excited BL showed a shift By,
tors are assumed to be shallow in some models and deep {{jth E,,. A plot of Eo,—Eey VS Eey iS Shown in Fig. 2. We
others. Some models emphasize the importance of potentighd this dependence to be separable into two regirfBs:
fluctuations caused by ionized impuritist* So far there  gqr Ee< ~2.8€V, the energfq,—E., was approximately
has been no satisfactory explanation as to what determin%nstant, as in RS, ané180 meV (=10 me\). (2) For
the peak energy of this emission. In this letter we report &,,>~2.8eV, Egy, variedlinearly with E,,, as is typical in
study of the BL via resonant excitation with a tunable laserp|  However the slope d ¢ —Ecx VS Eois —0.43(+0.05,

We found that the dependence of the BL on the excitationgther than—1 for normal PL(whereE,,, would be a con-

photon energy K., is quite unlike that of the yellow lumi-  stan) To highlight the unusual nature of Blshown by a
nescenc¢YL ) found inn-type GaN.“ First, the BL intensity  gashed line foE,,>2.8 eV), in Fig. 2 we have indicated the

ingrease%xponentiallyas _a.function ofEe_X indicating the dependence of normal PL and RS by dotted and solid lines,
existence of an Urbach tail in the absorption edgp-@aN.  egpectively. Another unusual feature of the selectively ex-
The emission peak energit{,) depends ot like Raman  jieq BL is theexponentialdependence of its intensity |, )
scattering(RS) for E,<2.8eV but changes to a behavior 4, Eoy:la ~eXpEq,/Eo), WhereEy=33 meV(=5 meV) as

more like photoluminescend®L) for E.,>2.8€V. To €X-  ghown in the inset of Fig. 2. This behavior is reminiscent of
plain these results we propose that emission peak energy of

the BL represents the energy where the photoexcited carrier
lifetime changes from being dominated by relaxation to be- T
ing dominated by radiative recombination. The peak of the
BL is an analog of the “bottleneck” in the decay of exciton
polaritons®?

Our experiment was performed with a Stilbene 420 dye
laser pumped by an UV Arion laser. The “normal” BL
(i.e., BL excited by above-band-gap photpfrem our GaN
sample was excited by a HeCd laser at 3.814 eV. The sample
was maintained at 12 K by a closed-cycle helium refrigera-
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tor. The BL signal was analyzed with a SPEX double spec- 10 2687 eV 1

trometer and detected with a cooled GaAs photomultiplier . e P
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tube. The sample was grown via metalorganic chemical va- .
Emission Energy (eV)

por deposition(MOCVD) on a sapphire substrate. It was
annealed at 750 °C for4 min after growth and has a room FIG. 1. “Normal” BL (dashed curjeexcited at 3.815 eV energy, compared
to representative selectively excited Bkolid curve$ excited at various
photon energies, on a lggscale. The excitation energy is shown next to
¥Electronic mail: pyyu@Ibl.gov each spectrum. In all cases the sample temperature was 12 K.
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T-12K N T T for E¢,>2.8 eV therefore indicates that DAP excited above
\ .
0.18 1 5 iy . this energy can relax to lower energy states.
| Y Raman (AE = constant) | . . el
S o0 LI S Since 2.8 eV is also the energy of the BL emission peak,
g . ] one can understand this seeming coincidence with the fol-
il 02k Exciton Energy &V) % . i lowing model. Let us assume that there is a strong increase
£ +§26 HE I 2 NAE~-043E, with energy in the rate of carriers hopping between impuri-
%4 . . . . . .
g -0.24 3 .,"‘ E ties (a relaxation ratein the Urbach tail. This is reasonable
3 026 z [ " 1 since carriers with higher energy are expected to have higher
a -0. -E .‘.' -" \\ - .ope . . _
g ‘./MW(E' e | PLGE~-E) prob§b|llty of hopping into .Iower energy states. The recom
o28fel ] bination rate due to tunneling between donors and acceptors
: S L should also strongly increase with energy, since the higher
26 2.7 2.8 2.9 3.0

Excitation Energy (eV)

energy photons are emitted by spatially closer DAPs. How-

ever, if we assume that these two rates differ in their depen-
FIG. 2. Peak positions of selectively excited Bihown asEori-Ee) plot-  dence on energy, then it is possible that the relaxation rate
ted as a function of excitation ener@y,. The dashed line is a linear fit to P .
data forE.,>2.8 eV. The dotted and solid lines represent the usual depenpfJln be Iowgr than the recomblr_1at|on rate at low energl_es but
dence orE,, expected for normal PL and RS, respectively. The inset showsd€comes higher at a well-defined ener@ . Under this
the integrated intensity of the selectively excited BL peaks plotted as aassumption, the emission should behave like RS Hgy,
function ofE,, on a logo scale. The solid line is a linear least-squares fit of - since photoexcited carriers recombine before relax-
the data with the expressiomy ~expEe/Eo) with Eq=33 meV. The C ForE P E . h . lax bef
sample temperature was 12 K. ajuon_. OrE¢=> E carriers ave t_|me to relax before recom-
bination and therefore the emission should behave more like
CFL. Furthermore, the emission will peak B for Egn
>E_ since carriers will tend to relax towards . .

We note that this model bears similarity to the exciton-
polariton “bottleneck.”*® Although the density of states of
exciton polariton are known to be continuous, the polariton
emission shows usually one to two peaks whose energies do

p-type GaN using photoconductivity spectroscdpyThey no.t necessarily coincide with the exci.ton energy. It was
determined Urbach parameterEyj of 180-280 meV in Pointed out by Toyozawa that the polariton emission would
both types of GaN samples. In an unintentionally dopecP€ak at energies where lthe exciton-polariton lifetime was
n-type sample they observed an additional Urbach tail neardh@ximum (the bottleneck ® Since the dependence of re-
the band gap with Urbach parameter 60 meV. They combination rate on carrier energy within a DAP transition
suggested that both tails existed in all samples, with the nafmodel is exponentiai] our model is plausible only if the
rower tail near the band edges being mainly due to potentigispersion in the relaxation time of carriers is even greater.
fluctuations introduced by dopants, and the broader oneStrong dispersion in the hopping time of carriers has been
which extended well below 2 eV, tentatively attributed to reported in amorphous and glassy semiconductors in the vi-
“defect states.” Thus our measured value Bf is quite  Cinity of a “mobility edge.” The corresponding energy sepa-
consistent with the Urbach parameter attributed to potentidiation between the mobility edges for electrons and holes is
fluctuations by Qitet al. known as the “mobility gap.” We, therefore, suggest that
The exponential and continuous density of states indithe peak energy of-2.8 eV for the BL is determined simi-
cated by the band tail in highly dopgeitype GaN makes it larly by the energy of a “mobility gap™ in the band tails
difficult to understand what determines the BL peak energyWhich gives rise to a bottleneck in the relaxation. In prin-
Figure 2 suggests thitte 2.8 eV peak energy of the BL is the ciple, this bottleneck in GaN could be observed by energy
energy where the BL undergoes a transformation from RS tgependent time-resolved photoluminesce@&®PL). For
PL (we will address the deviation of the slope fronl in  emission withE.,<2.8eV, the decay time will be domi-
the PL regime latér We note that the RS behavior of the BL nated by slow radiative recombination of localized carriers.
is similar to that of the YL and can be understood by assumFor E¢>2.8 eV, the carriers are delocalized and their decay
ing that the selectively excited DAP states recombine withtime becomes very fast as a result of relaxation into lower
out energy relaxation. In addition, the Raman shiftenergy statestnergy-resolvedRPL studies have not been
(Eex—Eem) Of ~180 meV is approximately equal to the en- reported for the BL in GaN. It was, however, mentioned in a
ergy of two longitudinal optica{LO) phonons in GaN. The recent TRPL study of the BL that the decay time “is more
absence of spectral narrowing when the BL is selectivelystrongly energy position dependent than the yellow
excited suggested that the BL immogeneouslproadened luminescence.™®
by strong coupling between the LO phonons and the DAP  Finally, in our model we will explain the observed rela-
involved in the recombination. This result is in good agree-tionship of E¢,—Ee, approximately—0.43 E, which seems
ment with the conclusion of Kaufmaret al® who indepen-  to suggest that the carriers do not relax all the way down to
dently deducedfrom their analysis of the BL line shapa the bottleneck as proposed above. We first note that several
Frank—Condon shift of 180 meV. It is generally assumedgroups have reported blueshifts in the DAP emission with
that PL, unlike RS, involves energy relaxation of the photo-increasingexcitation intensity J,. For example, Kuskovsky
excited electrons and holes before radiative recombinatioret al, found a nearlyinear dependence of the DAP emission
The fact that the BL changes from RS to behaving like PLpeak position on Iog) o, in heavily n-doped ZnSeé? Similar

Urbach tails in the absorption edges of highly disordere
materials.

The exponential dependence Igf (E.,) can be under-
stood if we assume thag, is proportional to the absorption
coefficient of the GaN sample &t,. Observation of Urbach
tails has previously been reported by @iual.in bothn- and
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dependence has been reported for the BL by Reshchikov This work was supported by the Director, Office of En-
et al,® and by Kaufmanret al® whose data indicate values ergy Research, Office of Basic Energy Sciences, Materials
of dEgn/d(log gl ) Of ~57 and 82 meV per intensity de- Sciences Division, of the U.S. Department of Energy under
cade, respectively. From similar measurements on our GalRontract No. DE-AC03-76SF00098.

sample using above band gap excitation we obtained
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