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Inelastic phonon scattering in long-range-ordered(Al o sGag 5) o.51N ¢ 5P
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Kobe 657-8501, Japan
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(Received 29 September 2000; published 13 March 001

Carrier relaxation and recombination in long-range-ordered @4, 5) o sing sP have been studied by selec-
tively excited photoluminescencdL) spectroscopy. We observed sharp resonant PL peaks under near-
resonant excitation. The set of resonant PL peaks evolves according to excitation energy. The excess excitation
energies for the resonant PL peaks agree well with the LO-phonon energies related to the In-P, Ga-P, and Al-P
bonds of the ordered sample. Furthermore, the LA resonance caused by zone-folding effects was observed.
These resonant PL intensities show different excitation energy dependence, which precludes the possibility of
resonant Raman scattering. High dense excitation reveals an excited state n¥aeteé This suggests
mixing of electron wave functions in thE and X states. Energy relaxation of excited carriers from the
pseudodirecKX state to thd™ ground state causes the resonant PL. Time-resolved spectroscopy was employed
to study the carrier relaxation mechanism.

DOI: 10.1103/PhysRevB.63.125210 PACS nuniber78.66—w, 78.55—m, 78.47+p

Spontaneous CuPt-type ordering of (@a, sP has been |ic vapor-phase epitaxy. The film thickness was L. De-
widely observed in vapor-phase epitaxy on a lattice matche¢hiled sample growth conditions were reported in Refs. 6 and
GaAs (001) substraté. This ordering has periodically 7. The ratio of Al to Ga was confirmed by measuring the
stacked cation sublattices along {li41] or [111] direction,  optical band gap of a Zn-doped random alloy on
the two CuPj§ subvariants. All forms of deviation from per- GaAg001).” The estimation error of the Al mole fraction is
fect randomness profoundly affect material properties espeabout +0.02. Transmission-electron diffraction  of
cially the electronic band structure. It has been shown experiAl, sGay 5)osiNgsP on GaAg001) shows superreflection
mentally and theoretically that atomic ordering causes a&pots of CuPt type at—1/2,1/2,1/2 and(1/2,—-1/2,1/2. On
reduction of the band gap and a splitting of the valence banthe other hand, the epitaxial film on GaAs(1A5)oes not
maximum®?which depend on the square of the order paramshow clear superlattice diffraction, although optical anisot-
eter. Similar effects are also found in (8a _,)osNosP  ropy caused by the ordering was obserVethis indicates
alloys! Generally, ordered (AGa_)ognyP (0<x=<1) that the atomic ordering on GaAs(1¥b)is weak. In this
alloys have crystal domains with different order parameterpaper the samples grown on G#881) and GaAs(115
and different sizes. A statistical distribution of the order pa-are called the ordered sample and the weakly ordered
rameter in the epitaxial film and “sequence mutatiohsf sample, respectively.
the ordered atomic layer cause a fluctuation of the band-gap For PL experiments the samples were mounted in a cry-
energy in real space. This explains the photoluminescencsstat at 10 K. A tungsten lamp dispersed by a 0.27 m single
(PL) and its excitatiorPLE) properties observed in ordered grating monochromator served as a tunable low-excitation-
alloys®~® In such a band structure an anomalously largedensity light source. The excitation density was about
Stokes shift in PL has been observed at low temperature. In0 wW/cn?. The diameter of the excitation light at the
this study we focus our attention on the energy relaxatiorsample was about 1 mm. The time-resolved PL measure-
process of  photoexcited carriers in  orderedments were performed in a He-gas-flow cryostat at 2.8 K
(AlgsG8&y5)05NgsP. The (A Gay 505N sP random alloy is  using 250 fs pulses from the second harmonic of a mode-
an indirect gap material, while the optical transition in or- locked Ti:sapphire laser with a repetition rate of 4 MHz. The
dered (AbsGay 5)o.5iNg 5P is direct, because tiéconduction  excitation laser wavelength and initial density are 440 nm
band energy is reduced and crossesXhealley level”’ We  and 2x< 10'* cm™ 2, respectively. The laser spot diameter was
observed inelastic phonon scattering in this orderecibout 100um. The PL was dispersed in a 0.25 m monochro-
(Al sGay 5)g 5ing sP alloy by selectively excited PL spectros- mator and detected with spectral and temporal resolution of
copy. Strongly modulated near-resonant excitation efficiency.15 nm and about 2 ps, respectively, by a streak camera
allows selective excitation of the ordered domains. Selecwith two-dimensional readout. Raman scattering measure-
tively excited PL spectra reveal sharp PL peaks due to phoments were performed at room temperature in a backscatter-
non scattering. We discuss these phenomena from the poiirig configuration along th€001] direction, using the 514.5
of view of energy relaxation of carriers from excited states tonm line of an Ar ion laser.
ground states. A proven method to demonstrate the dominant carrier re-

Epitaxial films of (Al G& 505N sP alloys were grown laxation process is the observation of hot exciton relaxation,
on GaAg001) and GaAs(115) substrates by organometal- revealing phonon resonances in PL and PLE spécha.
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FIG. 1. Selectively excited PL spectra of a partially ordered

sample. The triangles indicate the excitation energies. :
AlGalnP/GaAs(001)

strongly modulated near-resonant excitation efficiency al- AIGaInP/GaAs(115)
lows selective excitation of domains with ground state tran-
sition energy below the excitation energy. Figure 1 shows
selectively excited PL spectra of ordered
(AlgsGan 505N sP. The solid triangles indicate the excita-  FIG. 2. Contour plot of selectively excited PL. Dashed lines
tion energy for each spectrum. For excitation energy abovénark constant phonon resonan¢es Raman scattering spectra of
2.28 eV an inhomogeneous broad peak was observed, indhe ordered sample and the weakly ordered sample are compared
cating nonselective excitation. Since the ordered sampl@ith the PL datab).
comprises inhomogeneous ordered domains, nonselective
excitation causes such broad luminescence consisting of trmrresponding broadened density of phonon states of
ground state PL from the ordered domains. Under neartAl,sGa,5)osingsP. It is considered that the ordered domain
resonant excitation, on the other hand, we found a set ddtructure, e.g., domain boundaries, enhances the intensity of
sharp PL peaks together with the inhomogeneous broad Pithe DATA and DALA signals. Since the LA-phonon energy
With decreasing excitation energy the set of sharp PL peakat X is larger than that dt, the Raman signals near 24 meV
evolves. For excitation energy below 2.20 eV the sharpand 29 meV are due to DALA bands related ltoand X,
peaks disappear and the inhomogeneous broad PL only wasspectively. Moreover, the ZFLA signal caused by the long-
observed. The resonance phenomenon was not observedramge ordering is superposed on the 24 meV signal.
weakly ordered (AJsGay 5).5lNg sP grown on GaA& 15A. The relative intensity of the sharp PL depends on excita-
Figure Za) is a contour plot of the selectively excited PL tion energy, which reflects the density of domains with a
intensity as a function of the energy shift from the excitationmatching ground state transition energy. Figure 3 plots the
energy. The dashed lines indicate the positions of the shamgxcitation energy dependence of the sharp PL intensities cor-
PL peaks. It is found that the energy shifts of these PL peakeesponding to the LA29 me\), InP- and GaP-like LO, and
are independent of excitation energy. These excess excitatigkiP-like LO resonances. In the resonant PL, the InP- and
energies lie in the range of typical phonon energies of th&saP-like LO modes were not resolved. These profiles show
(Aly 5G& 5).5Ing 5P alloy. We compare the sharp PL with different resonance energies. Peak separations between the
Raman scattering spectra obtained from the ordered sampf{e), (b), and (c) profiles are indicated bAE; and AE, in
and the weakly ordered sample in FighR The sharp PL Fig. 3. AE; andAE, nearly coincide with the differences in
agrees well with the Raman scattering peaks of the LCenergy between the corresponding phonons. These results
phonons related to In-P, Ga-P, and Al-P bohdbof the  preclude the possibility of resonant Raman scattering. There-
ordered sample. Also, we found signals near 24 meV and 2fbre, we consider that inelastic phonon scattering in the en-
meV in the PL and Raman scattering spectra of the orderedrgy relaxation of excited carriers causes the observed reso-
sample. These structures can be attributed to LA-phononant phenomena in PL. Since spatial localization of excited
modes caused by zone-folding effects, i.e., zone-folded LAcarriers in ordered domains suppresses carrier-carrier scatter-
(ZFLA), in the long-range atomic ordering, and to aing, and the localized density of states drastically restricts
disorder-activated LA-phonofDALA ) band®!®'2The low-  phonon scattering, it is considered that localization in the
frequency Raman scattering of the weakly ordered sample iuctuating potential enhances such inelastic phonon scatter-
weak. Similarly, the Raman signal near 10 meV in the or-ing processes.
dered sample is due to ZFTA and DATA phonons, not ob- Figure 4 shows excitation-density-dependent PL spectra
served in the PL measurements. These bands represent thie the ordered sample. The spectra are normalized and
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FIG. 3. Excitation energy dependence of the resonant PL inten- TIME DELAY (ps)
sities of LA (29 meV) (a), InP- and GaP-like LQb), and AlP-like
LO (c) resonances. The vertical lines represent resonant peaks. FIG. 5. PL decay profiles measured at various detection energies

excited at 440 nm with an initial carrier density ok20™ cm™2.

shifted in they direction for clarity. The excitation power of electron microscopy, however, did not confirm that the

the CV/V nA?\r ionhla_ser wasd chan_ge_d from 0.3 T]W?C'm ddominant domain size is indeed sufficiently small to give the
0.3 Wienf. With increased excitation power, the groun required discrete energy level structure. On the other hand,

state PL near 2.18 eV shows a blueshift. This indicates @cenario(Z) originating from theX states is an important

band filling effect in the fluctuating band lineup of the Or- candidate. In a previous papewe observedX band lumi-

dered sample. At 0.3 m\éVT/tc?rronly ground state PL iS eVi- hagcence near 2.25 eV in a weakly ordered sample. This
dent, and above 6 mW/cnthe spectral shape saturates, re-gnarqy nosition is close to the emission band observed in
vealing an emission band froexcitedstates about 70 meV g 47 contrast to th& level, theX level energy is not so

above the ground state transitions. Let us consider two sc&gnsitive to ordering® Even in the weakly ordered sample
narios for the origin of the excited stategl) a low- o ohserved a strong zero-phonon PL band offtreciton
dimensional sy;tem giving the required discretg energy Ieveéonsisting of theX electron and™ heavy hol€. Also, a lo-
and(2) pseudodirec states resulting froi-X mixing. The - 5ji7ation of the exciton causes coupling between the exciton
domain size in ordered (f5a ,)o5lNo sP can vary ffom  onq the phonon at thE point. Therefore, the observed ex-
micrometers to nanometers, depending on growth conditiongjiey state is considered to be a pseudodirect type of transi-

and substrate orientation. Thus, sufficiently small domains 'Rion of the X states with a finite oscillator strength resulting

the inhomogeneous domain ensemble, which may behave, ., the -x mixing in the conduction band. Scattering ef-

like a Iow-dimensional_ system giving the required disc_ret_efects at domain boundaries play an important role inlthé
energy level, can contribute to such resonance. Transm|sslqﬂixing 15

We performed time-resolved PL measurements to inves-
tigate the dynamic process of energy relaxation. Decay pro-
files detected at various detection energies are summarized in
Fig. 5. Solid lines plot least-squares fits of the PL data. Each
PL decay curve obeys a double-exponential profile consist-
ing of fast and slow components. The PL decay profile at
2.250 eV corresponds to the excited state PL. A slow rise
profile was found at this energy. This phenomenon also pre-
cludes the possibility of scenarid) above. The estimated
rise time constant is about 40 ps. On the other hand, PL
profiles at 2.234 eV and 2.222 eV show a steep rise of less
than 10 ps and a fast decay of about 35 ps. The fast decay
time is almost independent of the detection energy. This cor-
responds to the well-known cooling process of excitons near
I' states"* Below 2.210 eV, a slow increase of the PL inten-
sity appears after the excitation. The rise time constant of
these profiles is about 50 ps, which indicates the relaxation

FIG. 4. Excitation-density-dependent PL spectra for the ordere@process of excitons in the fluctuating band gap. The esti-
sample. The spectra are normalized and shifted ity thieection for ~ mated slow decay times at 2.250, 2.234, 2.222, 2.210, 2.198,
clarity. and 2.187 eV are about 300, 350, 350, 400, 600, and 850 ps,
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respectively. The slower decay at lower detection energy in- In summary, we have investigated carrier relaxation and
dicates localization effects of the exciton. The PL spectraecombination in ordered (ALGa, ), sy sP by selectively
indicate that the distributell states in the ordered domain excited PL spectroscopy. In the selectively excited PL spec-
structure overlap in energy with thé states. This indicates tra, we observed LA-phonon resonances as well as LO-
the presence of lower-ordered domains with ®ground  phonon resonances. The LA-phonon resonances are phonon
level. Therefore, thé" and X states are confined in different modes caused by zone-folding effects and alloy disordering
domains; i.e., the respective wave functions are spatiallgffects in the ordered alloy. High dense excitation reveals
separated. We consider that the real spaee transfer be-  excited states near thelevel. This indicates mixing of elec-
tween the_m causes the slow rise profile observed at 2.25Q,, wave functions in th& andX bands. The energy relax-
eV. The rise time of about 40 ps corresponds to the scattelyion of excited carriers from the pseudodirécstate to the

ing time. In the case of GaAs/AlAs short-period - groyng state causes such resonances. Time-resolved spec-
superlattices® it was reported that thX—1I" electron scat- troscopy was employed to study the carrier relaxation
tering time is about 30 ps, that is, larger than thesX  achanism.

scattering time(subpicoseconds The estimated scattering

time (about 40 psof our sample is of the same order as this

X—T scattering time. In spite of the excited states du¥.to The authors would like to thank S. Minagawa of Hitachi
the observed decay time of about 300 ps is very fast. Elecktd. for sample preparation. This work was supported by the
trons in theX state neal -X resonances can escape into theVenture-Business Laboratory Project of the Graduate School
I' state, and therefore the lifetime of the excited state Plof Science and Technology at Kobe University and in part by
decreases drasticafly'® Further investigations of, for in- the Scientific Research Grant-in-Aid for Scientific Research
stance, the temperature dependence of the dynamics aN®s. 11750016 and 12450014 from the Ministry of Educa-
needed to investigate the scattering process in detail. tion, Science, and Culture, Japan.
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