PHYSICAL REVIEW B VOLUME 61, NUMBER 11 15 MARCH 2000-I

Dynamics of anomalous optical transitions in AjGa;_,N alloys
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We present a comprehensive study of the optical characteristics,@aAl,N epilayers (B=x=<0.6) by
means of photoluminescen¢BL), PL excitation, and time-resolved PL spectroscopy. FQGa] N with
large Al content, we observed an anomalous PL temperature dependigrace:'S-shaped” PL peak energy
shift (decrease-increase-decreased (i) an “inverted S-shaped” spectral width broadenifigcrease-
decrease-increapwith increasing temperature. We observed that the thermal decrease in integrated PL inten-
sity was suppressed and the effective lifetime was enhanced in the temperature region showing the anomalous
temperature-induced emission behavior, reflecting superior luminescence efficiency by suppressing nonradia-
tive processes. All these features were enhanced as the Al mole fraction was increased. From these results, the
anomalous temperature-induced emission shift is attributed to energy tail states due to alloy potential inhomo-
geneities in the AlGa,_,N epilayers with large Al content.

Much interest has been focused @, In)GaN alloys and ers instead of quantum structures, one can avoid ambiguous
their heterostructures, whose band gap energy varies betweeffects usually involved in quantum structures, such as
6.2 and 1.9 eV at room temperature, due to their potentiastrain-induced piezoelectric polarization, quantum confine-
applications such as red-ultravioléUV) light emitting ment, layer thickness variations, and interface-related de-
devices'? solar-blind UV detectors,and high-power and fects. The AJGa,_,N thin films used in this work were
high-temperature devicés. In particular, the ternary com- grown by metalorganic chemical vapor deposition
pound AlGa N has the potential for use in light-emitting (MOCVD) on (000)-oriented sapphire. A set of samples,
and light-detecting devices covering nearly the entirenominally identical aside from deliberate variations in the Al
deep-UV region of the spectruii3.4-6.2 eV. In spite of  contentx of the AL, Ga,_,N alloys, were grown specifically
poor structural propertiege.g., high threading dislocation to study the influence ok in the ALGa_,N alloys. The
density>10" cm™?) due to large lattice and thermal mis- growth temperature was about 1050 °C. Prior to@d, N
matches, it has been demonstrated that InGaN-based lighlzowth, a thin~5-nm-thick AIN buffer layer was deposited
emitting devices are highly efficient and have very 10wy, the sapphire at a temperature of 625 °C. Triethylgallium,

thresholds, and it is believed that the recent success %ethylaluminum, and ammonia were used as precursors in

achieving InGaN-based light-emitting devices is deeply re- .
lated to the role of carriers localized in the InGaN activethe ALGa N growth. The AlGa, (N layer thickness was

region. In the InGaN-based light-emitting device structures,abOUt 1 pm. To evaluate the Al alloy composition and to

In alloy inhomogeneity and/or quantum-dot-like In phasecheck for ordering effects, the samples were analyzed with

separation have been proposed as the cause of the localiZ3{gh-resolution x-ray diffractioriXRD) measurements using
state$~1%and an anomalous temperature dependence of thg! K« radiation. PL and PLE experiments were performed
InGaN emission peak energy due to band-tail states wadsing the 244-nm line of an intracavity doubled cwAaser
observed 13 According to thermodynamical calculations, @nd quasimonochromatic light emission from a Xe lamp dis-
however, ternary AlGaN alloys are predicted to not have aPersed by a 1/2-m monochromator as an excitation source,
unstable mixing region, in contrast to InGaN and InAIN al- respectively. TRPL measurements were carried out using a
loys. Therefore, no phase separation is expected in AlGaicosecond pulsed laser system consisting of a cavity-
alloys!* Although understanding the emission mechanismdumped dye laser synchronously pumped by a frequency-
and the role of the energy tail states(if, In)GaN alloys is  doubled mode-locked Nd:YAGyttrium aluminum garnet
very important, the detailed emission properties of AlGaN-laser for sample excitation and a streak camera for detection.
based structures have not previously been clarified, in con- Figure 1 shows 10-K PL and PLE spectra for @& N
trast to the case of InGaN-based structures. epilayers withx=0.17, 0.26, 0.33, and 0.6 with a PL peak
In this paper, we report optical properties of &k N energy Ep) of ~3.70, 3.92, 4.22, and 4.76 eV, respec-
epilayers (6=x=<0.6) as a function of temperature using tively. The PL spectra were measured using second-order
photoluminescencdPL), PL excitation (PLE), and time- diffraction through a monochromator and all the spectra
resolved PL(TRPL) spectroscopy. By studying alloy epilay- were normalized. The decrease in PLE signal above the PLE
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decrease in the excitation intensity of a Xe lamp source. Note
that the full width at half maximum{FWHM) of the PL
emission and the Stokes shift between the PL emission peak FIG. 3. PL peak energies for Xba,_,N epilayers in the tem-
energy and the PLE absorption edge monotonically increasgerature range from 10 to 300 K. The emission peak shows an
with varying x from O to 0.6. anomalous S-shaped shift behavior with increasing temperature.
Figure 2 shows the evolution of PL spectra as a functioriThe temperature regions I, Il, and Il correspond to redshift, blue-
of temperature for the AGa _,N epilayers withx=0.17, shift, and redshift behavior of the PL peak positions. The free ex-
0.26, and 0.33. In general, the emission peak energy followsiton (FX) and bound excitoiBX) curves are shown for GaN.
the well-known temperature dependence of the energy gap
shrmkageEg(T)_:_ Eq(0)— aT?/(B+T), whereEy(T) is the the other hand, the PL emission from ,8lg; ,N with
band-gap transition energy at a temper_af_uranda and 8 higher x did not follow the typical temperature dependence
are known as thei\ﬁarshnl thermal coefficielftghe param- of the energy gap shrinkage and has interesting attributes not
etversCa:8.3_2_>< 107" eV/K and 5=835.6 K for the GaN o0 i random homogeneous IlI-V allofs, clearly shows
Fg-T'7 tran_smé)n were previously extracted by photoreflec-ihe «g.ghaped” emission shiftdecrease-increase-decrease
tance studie® The temperature-dep.endent PL peak shift forpanavior with increasing temperature. For the@d, N
the GaN and AlGa N layers with smallx value &  gpjjayer withx=0.17(0.26, 0.33, 0.§ with increasing tem-
<0.1) was consistent with the estimated energy decrease. %rature up ta,, whereT, is ~20 (50, 90, 150 K, an initial

small decrease ikp; was observed, followed by an increase

Temperature (K)

Wavelength (nm) in Ep_ in the temperature range ®f—T,,, whereT, is ~70
345 340 335 330325 320 315 300 295 290 (110, 150, 225K, and finally Ep; decreased again as the
PP | | (emperatiie mercased abovg. Another umusus) property
of the PL spectra is that the FWHM shows an anomalous
A\ % % 10K “inverted S-shaped” FWHM broadenin@ncrease-decrease-
2z fk ,_A % 20K increasg behavior with increasing temperature. The PL peak
] /a\ ’_/\ JA\ 50K energy position of the AGa_,N epilayers withx=0, 0.17,
2 ﬂ % _’/\ a0k 0.26, 0.33, and 0.6 are plotted as a function of temperature in
i _,_A %\ % o Fig. 3. The temperature-induced “initial” redshiftegion ),
o % % % i blueshift(region 1l), and “final” redshift (region Ill) behav-
a_& A ,,///-\‘\zggi ior of the PL peak position are clearly shown for0.17,
//\ Ny 0.26, 0.33, and 0.6, in contrast to the casexef0 (GaN).
A //\ /\ o Note that the corresponding temperature regions significantly

depend onx: with increasingx, the characteristic tempera-
turesT, andT,, increase and the temperature regions | and Il
are extended into higher temperatures.

FIG. 2. PL spectra for AGa,_,N epilayers in the temperature ~ On€ would suspect that the energy differencee] be-
range from 10 to 300 K. The emission peak shows an anomaloudveen the PL peak af<T, and theEy(T<T,) determined
S-shaped shift behavior with increasing temperatacéid circles. ~ bY Eq(T)=Eg(0)—aT?(B+T) using the measured peak
Note that the crossover temperature from redshift to blueshift in€nergies al > T would correspond to the binding energy of
creases with increasing All spectra are normalized and shifted in excitons bound at neutral donafsr acceptors In the case
the vertical direction for clarity. of GaN, AE between the bound excitai8X) and the free
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perature for the AlGa, _,N-related emission of AlGa, 4N epilay-
ers with Al contentx=0, 0.17, 0.26, and 0.33. Activation energies
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estimated from the relationshifp =1,/[1+A exp(—E,/kT)] in 50 F

the transition region Il are 9%61.5, 21.2-1.2, and 44.6 05,.,,,,.,,,,.,,. A .
+1.8 meV for the A|jGa, _,N epilayers withx=0.17, 0.26, and 0 50 100 150 200 250 300
0.33, respectively, indicating more confinement with increasing Temperature (K)

exciton (FX) energies is about 6 meV, which corresponds FIG. 5. Lifetime as a function of temperature for the emission in
exactly to the BX-to-FX transition temperatutkE/k of  AlGa_,N epilayers withx=0.17 and 0.33. The insets show the
~70 K. In contrast, for the AGa,_,N epilayer with x emission energy dependence of lifetime. Note that the lower-energy
=0.17(0.26, 0.33, 0.5 AE/k is much larger than the char- side of the PL peak has a longer lifetime than the higher-energy side
acteristic transition temperatufg,~70 (110, 150, 225 K for T<T,, while th_ere is no difference between lifetimes moni-
(see Fig. 3. Therefore, the temperature-induced optical tran-ored abovelopen trianglels below (open squargsand at(closed
sitions in the AlGa,_,N epilayers are not due to the BX- CIrcles the peak energy for>T, .
to-FX transition as seen in the GaN layers. In addition, we
observed no PL peak energy shift by varying excitation dentum efficiency » and the carrier dynamics of the transition
sity over four orders of magnitude for all the samples, indi-from the lower “localized” states in the alloys, we carried
cating that the transition is not due to donor-acceptor paiput integrated PL intensity and TRPL measurements, respec-
related recombination, since the Coulomb interaction of dotively, over the same temperature range. Figure 4 shows
nors and acceptors as a function of their separation wouldrrhenius plots of the normalized integrated PL intensities
lead to a shift in emission energy with excitation density. On(lp) over the temperature range of 10—300 K. The main
the other hand, a similar anomalous temperature dependendéference between thi curves occurs in the temperature
for PL peak energy has been reported in ordered Galir®,  range showing the abnormal temperature dependéree
a monolayer superlattice of GaP and InP formed on theegions | and Il. An activation energyE,) estimated from
group-Ill sublatticeé and in disordered superlattices consist-the relationshigp =1/[1+ A exp(—E,/kT)] in the transi-
ing of (AlAs),(GaAs), with m and n randomly chosen, in tion region Il corresponds to the magnitude of effective po-
contrast to the case of random homogeneous direct gap IlI-¥ential fluctuations. The activation energies are 9165,
alloys(e.g., ALGa, _,As, disordered GalnRetc) or ordered 21.2+1.2, and 44.61.8 meV for the AlGa N epilayers
AlAs/GaAs superlatticege.g., periods of two monolayers of with x=0.17, 0.26, and 0.33, respectively, reflecting more
AlAs and two monolayers of GaAsRecently, there have effective confinement with increasing We note that the
been some reports on the long-range ordering effect in mancrease in the thermal activation energy with increasing Al
lecular beam epitaxy-grown InGaN and AlGaN filf{sTo  content is in good agreement with the increase in the Stokes
determine if ordered domains are in our,&bk, _,N alloys, shift between the PL peak energy and the PLE absorption
XRD measurements were made. However,(800) XRD  edge(see Fig. 1 TheseE, values are also well matched
patterns were observed, indicating an absence of the orderedth the AE values obtained from Fig. 3. Figure 5 shows the
domains in the AlGa, _,N alloys under investigation. There- temperature dependence of the TRPL lifetimes, and the in-
fore, we rule out the possibility of the ordering effect in the sets show the 10-K lifetimes as a function of emission en-
Al,Ga, _,N alloys. The AlGaN alloys clearly show interest- ergy (open circleg with time-integrated PL spectra for the
ing emission behavior which cannot be explained in terms ofl 1/G& g and Al 3Ga N thin films. The lifetimesry
conventionalhomogeneoualloy fluctuations or an ordering were monitored at the peak ener¢glosed circles lower-
effect. In addition, thermodynamic theory predicts that thereenergy sidgopen squargsand higher-energy sid®pen tri-
is no phase separation in the AlGaN alld{s. angles of the peak position for the phGagdN and

To investigate the temperature dependence of the quaml;Ga AN epilayers. We observed that the FWHM is
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about 17 and 48 meV and the overall lifetime is about 25Ccarriers occurs in AGa _,N with rather high Al content.

and 450 ps at 10 K for the fhGay N and AbsGaeN  This is quite surprising since the /8a N ternary alloys
thin films, respectively. In both cases, the measured lifetimgnyestigated have neither ordering effects nor phase separa-
increases with decreasing emission energy, and hence, thgns (according to theoretical predictith, and moshomo-

peak energy of the emission shifts to the low energy side ageneousernary alloys do not show such an anomalous emis-
time proceeds. This characteristic feature can be attributed 5, pehavior. Finally, it should be noted tH@tthe Stokes-

ir}lhomlolgeneous potential fluctuations in the,®@& N e hift, (ii) the deviations of the PL peak energy, FWHM,
a %fh h the lifeti functi f i i and PL intensity from their typical temperature dependence,
oug € firetimes as a function of temperature alreand(iii) the corresponding temperature rangegjions | and

different for the two samples, one can find interesting com—”) increase with increasing of the ALGa,_.N epilayers,

mon features of Fhe samples from f[his analysis, as fqlloyvs. IH‘herefore we conclude that the anomalous emission is due
temperature region |, the change in the measured lifetime i :

. o optical transitions from “localized” to “extended” band-
very small and the difference between the lifetimes measured . . .
ail states, and the band-gap fluctuation responsible for the

above, below, and at the peak energy is quite large, Indlcadeviations enhanced with increasingcan be attributed to

ing that radiative recombination processes are dominant. AS X ;
energy tail states due inhomogeneoualloy potential fluc-

thg temperature IS further mcrea;ed, the overall IIf(T."t'metuationsnonrandomly distributeéh the plane of the layer$.
quickly decreases in region Il and is almost constant in re-

gion lll, reflecting a strong influence of nonradiative recom-De’Ealle{j studies are under way to clarify the origins which

bination processes. This is further evidenced by a quick decause deviations from raf‘domf‘ess n thgag‘lfo alloys. .
In summary, we have investigated the optical characteris-

crease in the difference between lifetimes measured abovgtS of MOCVD-grown AlGa,_.N (0=x=0.6) epilayers
—x =A=<U.

below, and at the peak energy in region Il and no differenc%y means of PL, PLE, and TRPL spectroscopy. We observed
. . 0, — 1 1 :

thri(r)]ugh rteh?alon gl'u'gzzzmm% Olf 1((.)|_(;ﬁ a(t'll'o 1K())%K ?.P)d anomalous temperature-induced PL emission behavior for

- 9 d PL PLA~ 7 Al,Ga, _,N epilayers: an “S-shaped” PL peak energy shift

= 10t(T)/ 7(T), one can determine the radiative and nonra'(decrease-increase-decre an “inverted S-shaped” PL

diative lifetimes as a function of temperature. The total ”fe'FWHM broadening (increase-decrease-increpsaith in-

time i, IS given by o= 1/ +1/7,,, wherer is the creasing temperature. The deviation from the typical tem-

ra|d|?t|vehl!fegmtsvandr,1|[ IS tf(\je rllf)nradl?nve dot?le-t %Smtg the perature dependence of PL spectra and the temperature range
relationship betweeny(T) and+(T), we found that the tran- in which the anomalous emission behavior occurs increase

sition from radiative to nonradiative recombination occurs at_ .., . : .
~30 and ~80 K for the Al ,GaeN and AbsGa e N R/\nth increasing Al content of the AGa, _,N epilayers. From

T . L . _the integrated PL intensity and lifetime measurements as
thin films, respectively. Consequently, radiative recombina- e integrated ensity and lifetime me ements a

tion is dominant fofT<T, (region ). and the t ition f function of temperature, we found that the anomalous
lon 1S dominant fort = 1, {région ), and the transition rom temperature-induced emission shift is deeply related to ther-
radiative to nonradiative recombination occurs at abyt

i . ) : mal population in localized energy tail states due to alloy
for both samples. In region Il, in which a blueshift of the PL otential inhomogeneities in the /Ba N epilayers.

‘herefore, we attribute the anomalous emission behavior to

matically decrease. In region lll, a typical temperature d:—the enhanced band-gap fluctuation in@a N epilayers

caused by an inhomogeneous spatial distribution of the Al

per)dence of PL spectra was observed and no sudden Chan&?ntent, and the degree of band-gap fluctuation increases
of lifetime occurs. with increasingx

From the TRPL results, together with the S shajpe '
verted S shapeof the PL peak positiotFWHM) as a func- The authors would like to acknowledge the contributions
tion of temperature and the much smaller PL intensity de-of Dr. Y. H. Kwon for the XRD measurements. This work
crease in the temperature range showing the anomalowsgas supported by AFOSR, ARO, ONR, DARPA, and CRI of
emission behavior, we conclude that strong localization oMOST.
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