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Direct optical transitions in indirect-gap (Al ysGags) ¢ 51N ¢4 by atomic ordering

Kenichi Yamashita, Takashi Kita,Hiroshi Nakayama, and Taneo Nishino
Division of Electrical and Electronics Engineering, The Graduate School of Science and Technology,
Department of Electrical and Electronics Engineering, Kobe University, Rokkodai 1-1, Nada, Kobe 657, Japan
(Received 25 September 1995

(Al Gay,_,) yIn,_,P alloys naturally constitute monolayer superlattices on G0% substrates by atomic
ordering when they are grown by organometallic vapor-phase epitaxy. The spontaneous long-range ordering
causes the band-gap reduction and band splitting at the valence-band maximum. When the Al composition in
a (Al,Ga;_,) o.slng sP-random alloy is larger than 0.4, the optical transition is indirect, and the conduction-
band minimum is aXg.. From electroreflectance and photoluminescence measurements, we have found for
long-range ordere@Al ; sGay 5) 951N 0.4 that thel'g, valley crosses th&g. by the band-gap reduction. The
emission from the strongly ordered alloy is optically direct. The temperature dependence of photoluminescence
intensity shows that statistical potential fluctuations and localized states in the low-energy part of the exciton
resonance play an important role in the direct luminescence of the long-range ofdkyg@a, 5)g 51Ng 4gP-
[S0163-182696)08024-1

[. INTRODUCTION growth. A new type of direct transition is expected in indi-
rect materials by utilizing the zone-folding and interactions
In alloy semiconductors, it is well known that atomic or- between thd” band and the folded band. The band interac-
dering during epitaxial growth generates superlattice struction repels the two bands to the opposite sides. If the reduced
tures such as layered trigonal, layered tetragonal, luzonitd;-band energy crosses an indirect valley, the band structure
chalcopyrite, and famatinite A band folding is caused by of the spontaneous superlattice becomes optically direct.
such periodic stacking of atomic planes. The new electronic (Al,Ga;_,) yIn1_,P alloys, especially GglnosP and
band lineup shows a change of the band gap and a crystakj, yn, P, are widely known to have atomically ordered
field splitting>~® These properties can be continuously variedphases when they are grown by organometallic vapor-phase
by controlling the long-range order parameter, which opens pitaxy'~%17-2The long-range ordered structure is equiva-
new field of band-structure engineering. On the other hanqgt 1 4 monolayer superlattice alternati#d ,Ga; _)- and

there has been a strong interest in indirect-gap semiconducg- . . o
tors for their application to light emitting devices. However, Ene-gf:ea;?rc:fg?rlzzgz ilr(zir;?i;ge@ﬁ] gra[lll)l] Ii';eciogéggi
X —XJy -y

an extremely low efficiency of light emission prevents the led by th h diti h h
indirect-gap semiconductors from application to their opto-controlled by the growth conditions, such as growth tempera-

electronic devices. Three methods have been proposed fre: the gas-flow ra_lgl%gfscolumn-v_and -Ill sources, and
improve the efficiency of light emission from indirect-gap Substrate orientatiofr.**"~**The doubling periodicity along
materials:(a) An isoelectronic trap in a host semiconductor the [111] or [111] direction causes a band folding of the
relaxes the momentum conservation in the electron-hole reRoint to thel” point. Here, the folded. band is labeled as
combination process. The isoelectronic trap realizes a strong(L). There are many reports about the electronic structures
green emission from GaP:Ib) A confinement of excited or of long-range orderedAl,Ga _,),In;_,P, especially for
injected carriers is a useful method to improve the emissiof& singsP > ~#242%and Aly&ing sP>?* "2 In long-range
intensity. Recently, it has been observed that the luminessrdered GgslngsP, the energy of th&(Lg:) band is higher
cence intensities of SiGe/$Ref. 10 and GaAsP,_,/GaP than that of thd'g. band. The interaction between these two
(Ref. 11 quantum-well structures are enhanced by the carbands leads to a band-gap reductiBGR). Furthermore, an
rier confinement. However, the oscillator strength is notanisotropy in optical transitions appears, because of the
changed in this methodc) Band-folding phenomena in su- valence-band splittingBS).1~° The degree of ordering con-
perlattices can modify the oscillator strength of indirect-gaptinuously changes the energies of the BGR and VBS. In
semiconductors. Some experiments have been reported éong-range ordered Alsiny 5P, on the other hand, the energy
short-period superlattices of Si/GRef. 12, GaP/AIP(Refs.  of I'(Lg) is lower than that of thd', point. TheI'(Lg)

13 and 14, and GaAs/AlAS(Refs. 15 and 1p6oriented to the band shifts to the lower-energy side. A new transition related
[001] direction. The new artificial periodicity folds th¥  toI'(Lg.) has been observed in electroreflecta(ie®) mea-
point to T'. In this system, a direct transition between thesurement with a new photoluminescence findowever, the
new foldedI'(X) and the valence-band maximuiMBM) is  luminescence intensity is weak, because the conduction-band
expected. However, it was reported that the momentum corminimum (CBM) in this alloy is still at theX valley.
servation by interface scattering plays an important role irfFigure Xa) shows theoretical transition energies of
the indirect recombination proce¥sln this study, we focus (Al,Ga _,)osNgsP random alloy obtained from the tight-
our attention on the band-structure engineering using mondinding method. Matrix elements used here are taken from
layer superlattices spontaneously constituted during epitaxidhe sp’s* parametrization including the spin-orbit interac-
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(a) ganometallic vapor-phase epitaxy. Source gases are tri-
I — methylaluminium, triethylgallium, trimethylindium, and
2.6 (AlyGajx)0.5Ing.5P 3 phosphine. The growth temperature and the gas pressure

were 670°C and 30 Torr, respectively. The input gas-flow
ratio of f(V)/f(l11) was 122. The relative composition of
Al/Ga was precisely controlled by tuning the gas flows of
trimethylaluminium and triethylgallium. The ratio of Al/Ga
was confirmed by measuring an optical band gap of a
Zn-doped random alloy on Gaf301). The film thickness
was 1.8 um. From double-crystal x-ray diffraction, the
films are horizontally lattice matched to the GaAs
substrates within Aa/a=0.1%, where Aa=|a(GaAs)
—a[ (AlGa _,)yIn; _yP] anda=a(GaAs. a is the horizon-
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0.0 02 0.4 06 0.8 Lo tal lattice constant. The orientation of the substrate changes
Al COMPOSITION the degree of ordering. In GalngsP, the band-gap energy
depends on misorientation angles of the GaAs substtate.
(b) The misorientation towar@l111]JA shows a monotonous in-
crease of the band-gap energy, i.e., a suppression of atomic
Random Alloy Ordered Alloy ordering. From the transmission-electron diffracti@rED)
I'(Le) observation, the(Al sGag ) 951N .4dP/GaA%001) shows
Lo (Zone-Folded Band) super-reflection spots of the CuPt-type appearing142,
1/2,1/2) and (1/21/2,1/2. On the other hand, the epitaxial
X Lo — film on GaA$115A does not clearly show such superlattice
Te diffraction. Since long-range ordering is manifested by the
oy g £y £3.2 appearance of removal of the valence-band degeneracy and
7 x,y x5y, altered polarization in optical spectroscopy with the appear-
Tavsv ance of superlattice diffraction spots in the TED pattern, we
Toe - - Tev did a sensitive check of the presence of ordered phases by
T observing the optical anisotropy.
e Te A semitransparent AQAl ;sGagg) 951N gad Schottky-
(Spin-Orbit Split Band) barrier diode was used for a modulation of the surface-

electric field in the ER measurements. The modulating volt-
FIG. 1. (a Theoretical transition energies of age and frequency wer2l.0 V and 1 kHz, respectively. A
(Al Gay_y)odngsP random alloy calculated by the tight-binding monochromatic light passed through a single monochro-
method. (b) Schematic depiction of band structures for mator irradiates th€001) surface within an incident angle of
(Al sGay 5)0.5INo.5P- 10°. The reflectance signal was detected by a silicon photo-
diode. The extinction coefficient of the linear polarization is

tion. Lattice distortions are incorporated locally in each_ "¢ . .
nearest-neighbor matrix element through tte? scaling 107°. The 488-nm line of an AT laser was used for exci-

law28 whered is the bond length. We used bond Iengthstation i_n the PL measurements. The dete_ctor was a photo-
predicted by using a valence-force fi@YdTheFGC-ng tran- multiplier for all PL _me_asurements. For tlme?resolved PL
sition energies ofAl ,Ga; _,) o.dnoP random alloys are in Mmeasurements, excitation pulses were obtained from the
the range of 2.08-2.59 eV at the Al-mole fraction of Same line of the AT laser by using an acoustic-optic modu-
x=0-1. When the Al-mole fraction is larger than0.4, lator. The pulse width and repetition frequency were 30 ns
(Al,Ga, _,)o.PIny 5 is optically indirect, and the CBM is at and 2.5 kHz, respectively. The exciting power wa850
the X point. The Al-mole fraction used in this experiment is nJ/cn? (~8.6x 10" photons/cnd). This extremely low
0.5. In this case, as shown in Fighl, one can expect that a pulse power is enough to suppress an increase of effective
band-gap tuning by long-range ordering produces an opti’semperaturé-?3 L
cally direct semiconductor. In this paper, we show results of In the ER and PL measurementgl10]- and [110]-
ER and photoluminescend®L) measurements on ordered polarization spectra were observed to confirm the selection
(Al 5Gay 5)o.511N0.49P- From these results, it is found that the ryle for electronic-dipole transitions relating to the VBS.
emission from the strongly ordered alloy i; optically Qirect.]n Fig. 1(b), x, y, andz allowed in thel'g.-T'g, transition
The temperature. d_ependence_ of photolumlnescence '”t?ns't%rrespond to the directions of the unit vectorsFaf3m of
shows_ that statistical potential fluctu_atlons and localizedne zinc-blende structure. The transition of a random alloy is
states in the Iov_v-energy part of t_he exciton resonance play ajjen isotropic. On the other hand! (x"), y’ (y"), and
important role in the direct luminescence of the long-range, (2') correspond to the directions of the unit vectors
ordered(Al o sGag5) 051N 0.4- of the rhombohedral symmetryR3m of ordered
(AlGa _y),In; P alloys for the[111] ([111]) ordering.
x"y" (x",y") andx’, y', andz’ (X", y", andz") are al-
Epitaxial films of (Al ¢:Gags) gsilngadf alloys were lowed for thel'g.-I'4,,I's, and'g-I'g, transitions, respec-
grown onn*-GaAg001) and -GaA$115A substrates by or- tively.

Il. EXPERIMENT
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FIG. 2. ER and PL spectra dfAl ,sGays) o511Ng4df ON (&)
GaAq115A and (b) GaAq001) at 15 K. Solid and dashed lines

indicate the ER and PL spectra, respectively. FIG. 3. ER polarization spectra 6Al 5Ga) 051N oad 0N (@

GaAq115A and(b) GaAg001) at 15 K. The spectra labeled 0° and

90° correspond to thgl10] and[110] polarizations, respectively.
I1l. RESULTS AND DISCUSSION

A. Electronic structure by atomic ordering S0{Alg 5G& 5)0.511N0.49Py is low rather than that of the in-
Figue 2 shows ER and PL spectra of direct Xg-I'4, ,I's, luminescence. This result shows that the

(AlgGa o siNosP ON GaAgl15HA and GaAgd0l) sub- |r_1d|rect (Al 0_.5Ga0,5) 0.,51In 0.4dP alloy becomes a direct mate-
strates at 15 K. Solid and dashed lines show the ER and Piial by atomic ordering. ,
spectra, respectively. In the ER spectrum of the alloy on  Both ER spectra show weak ER signals above 2.4 eV.
GaAg115A shown in Fig. 2a), the signal~2.30 eV is the These signals corresponq to a transmpn from the 4.)
T transition. Here, we define that the band-gap energy i§and folded from thé. point to thel" point. The observed
between thdg, and thel',, ,I's,, and that the VBS is be- €nergies related to thé&'(Lg.) bands of the wo- and
tween thel',, ,I's, and thel'g, . Since thd .-['g, energy in ~ SO{Alo.sG&.5)0.49lN0 40Py are 2.44 and 2.48 eV, respec-
Fig. 1(a) for a random alloy is 2.33 eV, the BGR is about 30 tively. Then, the_ increase of the degree of ordering enhances
meV. On the other hand, the ER signal appears around 2.16€ level repulsion betweels. andT'(Lec).
eV for the ordered alloy on GaA801). The BGR is about Figures %a) and 3b) show ER-polarization spectra of
170 meV. The ER spectra in Figsi@@ and 2b) are split by ~WO- and SofAl 5Gag 5)o 51N 0.49Py, respectively. The
VBS as shown in Fig. (b). The split signals are due to the Measurement temperature was 15 K. The spectra 3@}
I'ec-T4, .I's, andTge-Tg, transitions. The VBS energies are correspond to th¢110] ([110]) polarization. Interference
about 30 meV and 50 meV for the two ordered samplesoscillations observed at the lower-energy sides ofhsig-
respectively. The relation between the measured BGR an@@l are caused by the presence of below-gap states, which
VBS of the two samples shows the similar trends as to a casghow a cancellation of the phase at 45 °, i.e., [th@&0] po-
of Gaysn,PL? From the above results, both alloys on larization. The polarization spectra of both samples are an-
GaAq115A and GaA$001) are ordered. The degree of or- isotropic. This anisotropy is especially strong for the
dering of the alloy on GaA801) is stronger than that on SO{Alq sG& 5)0.51N0.49P, @s shown in Fig. @). Since the
GaAg115A. In this paper, we call stronglyweakly I'sc-T'4,,I's, transition allows thex’ andy’ (x” andy”),
ordered (Al o §Gag 8) 051N 0.4 SOFAIl ¢ 5Gag 5)0 511N 0.adPy this transition leads to a change of the ER intensity and does
[wo-(Al g 5Gay 5)0.511N0.adPy]- not relate to the ER shape. T_HQ;C_-FE,U transition, on the
The PL spectrum of weAl o 5Gag.5)0.51N0.40Py ON other hand, has allowed polarizations along they’, and
GaAg115A shows two peaks at 2.26 eV and 2.30 eV. Thez' (X",y", andz"). A dielectric anisotropy causes a strong
peak at 2.30 eV corresponds to the ER signal due to thehange of the ER-line shape. Similar phenomena have been
eI, ,I's, transition. The peak at 2.26 eV corresponds toobserved in long-ranged ordered g o 5P’
an indirect transition from th& valley to the VBM. The
energy position of this luminescence is almost the same as
the energy difference between tig. and thel'g, of a ran-
dom alloy[Fig. 1(a)]. Detailed PL properties about the indi-  Figure 4 is a PL spectrum of W@l sGag 5)0.51In
rect luminescence are discussed in the next subsection. ThesoP, on GaAg119A. The vertical axis is a logarithm of
PL spectrum of sdAl ; 5Gag 5)0.51IN0.49Py ON GaA$001),  the PL intensity. A peak at 2.30 eV is due to thg.-I's,
on the other hand, shows a single peak at 2.16 eV. The singigansition. Two satellite peaks are observed with a no-
PL signal appears at theg.-I'4, ,I's, transition energy ob- phonon(NP) line of the Xg.-I'4, ,I's, luminescence at 2.26
tained from an analysis of the ER spectrum in Figh)2 eV. The energies at thE point of the longitudinal-optical
Because of the large BGR, the observed PL energy of th€.O) [the transverse-opticdTO)] phonons are 4338), 50

B. Photoluminescence of orderedAl 3 sGag 5)o.51IN 0.49Py
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FIG. 4. PL spectrum ofAl Gag ) g51iNg 4P ON GaAg§lly (l) ' i ' 2l ' 3
A. The vertical axis is a logarithm of the PL intensity. DELAY TIME (us)

(45), and 63(55) meV for InP, GaP, and AIP, respectively.  FIG. 5. PL-decay profiles of (Al4sGags) osiNosd ©ON
The energies of the LOTO) phonons at th& point are 38  GaAs115A at 15 K. The inset shows the spectrum of
(34) and 45(44) meV for InP and GaP, respectively. (AlosGCasosiNoad® on GaAgl1HA. Arrows indicate detection
Though the LO and TO phonon energies at ¥i@oint of  €nergies.

AIP have not been reported, it is expected that the phonon . . .
energies at th& point are smaller than those at thepoint. may be created by the potential fluctuations in the

I - ] - Wo-(Alg 5Gay 5)0.51IN 4gPy.>® I S0{Al 4 5Gag 5)0 51N
gﬁgnl)onnsgggnfégcztrjlzt|cg_ﬁ)13gtr;r;s\>/efr§f |?1T30L;sr:§-ré;]p 0.49Py , the time constant of the PL decay was faster than the

respectively® The phonon energies of GaP- and AlP-like resolution. Ultrashort pulse measurements are necessary for

LO modes in the alloy become small rather than those 0¥heF(ijEJ?e”SGd&'I;;VaenSéIgg;I)O;S]O?II ttr(]e?nptrgteucreelyde endences of
each binary alloy223From the phonon energies, the PL side _ ' 9 P P

band at 2.24 eV can be assigned as due to the replicas of the- Spectra of wo- and S@Al ¢ 5Gag 5)o.511N0 agPy, respec-
LA phonons at theX point. The structure at 2.20 eV is the tvely. The _SOI'_d and dashed lines !nd|cate Hei0- and
AlP-like LO phonon replica at th& point. A relaxation of ~L110]-polarization spectra, respectively. The PL spectra
momentum conservation, i.e., the coupling between the e>8f both samples show an anisotropic character reﬂec_t-
citons at 15 K and the AlP-like LO phonons at thepoint is ing the degree of ordering such as the ER spectra in
caused by a localization of the excitons.

PL decay profiles at 15 K of w@Al 3 sGag 5)g.511N . 49P

are shown in Fig. 5. The inset shows the PL spectrum
plotted by linear scale. The arrows indicate detection ener-
gies of 2.25, 2.26, and 2.30 eV. The PL decay can be ex-
plained by a double exponential given by
[(t)=Aiexp(—t/m)+ Asexp(—t/7y), wherer(7s) is a decay-
time constant of the fagslow) component in the PL decay.
The estimated; and 75 are about 0.40 and 1.56s, respec-
tively. The fast component becomes weak at the lower de-
tection energy. We consider that the fast component origi-
nates from relaxation processes of exciton localization. Then,
the slow component, which almost dominates all the decay
shapes, corresponds to the intrinsic PL decay. A faster com-
ponent, which is apparently observed at 2.30 e\K8) ns.
This component shows the luminescence due tolthe
I'4,,I's, transition. The time constant of this component is 50K 50K
faster than our time resolution in this experiment. Though T , T
the direct transition dominates the time-integrated PL inten- 1.8 2.0 2.2 24 1.8 2.0 2.2 24
sity at 2.30 eV(see Fig. 4, it is observed that the slow ENERGY (eV) ENERGY (eV)
component dominates the decay profile. This result shows
thermal coupling between tHé;, and Xg. bands. Since the FIG. 6. Temperature dependence of PL spectra for
energy difference between the (AlgsGay ) silngaf on(a) GaAg119A and(b) GaAg001). Solid
I' and X[NP] is about 40 meV, the thermal coupling at and dashed lines indicaf¢10] and[110] polarization spectra, re-
15 K shows the appearance of the localized states thapectively.

’ 15K 15K

jl\zoK

30K

20K

30K

PL INTENSITY (arb.units)

40K 40K
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IV. CONCLUSIONS

10%F 3 We carried out ER and PL spectroscopic studies for or-
g ] dered(Al o Gagg) o51N 4P ON GaAg001) and GaAgl15)

4 A. When the Al composition i0Al ,Ga; _y) o.5lNg.sP random

] alloy is larger than~0.4, the optical transition is indirect,

T T e ] and the conduction-band minimum is)@§§. . The ER and PL

spectra show that the alloys on Gd881) and GaA$115

A are strongly and weakly ordered, respectively. Because

of the band-gap reduction by long-range ordering, the

LI Ige-T'y, ,I's, energy of the strongly ordered

1 (AlsGay 5)g.511Ng.4P is low rather tharXge-I'y, ,I's, . Then,

4 6 ] the (Al  <Gag 2 051N 04P 0N GaA§d0]) is optically direct.

100/T (1/K) ] A strong anisotropy of the ER-polarization spectra appeared

N in the strongly orderedAl sGag ) 951N g4d. The anisot-
ropy relates to the selection rule for electronic-dipole transi-
tions between the CBM and the split VBM. The PL decay of

FIG. 7. Temperature dependencel gfl (T)— 1, wherel is the  the (Al gsGagg) osilNoad 0N GaAsll9A includes two
integrated PL intensity ofAl o £Gay <) o 5N ON GaAg0D) and ~ COMponents related to the indirect transition. The fast and

I, the extrapolated intensity at O K. The inset shows the plot ofSIOW components correspond to the relaxation processes of
Inl as a function of 10Q7. exciton localization and the intrinsic PL decay, respectively.

Furthermore, phonon replicas for LA and AlP-like LO ap-
Fig. 3. PL intensity at the[110] polarization of the Peared in the PL spectrum of thél o sGaps) 051N o.4d> ON
the[110] polarization. This anisotropy is consistent with the Phonons at thd" point is caused by the localization of the
result from the selection rule as shown in Figb)l With e_XC|t0ns. When sample temperature increases, the PL inten-
increased sample temperature, the PL intensity of th&lty Of the (AlosGags) osinoad on GaAgll9A shows a
Wo-(Alo sGay £)o 511N 4P, rapidly decreases in contrast to rapid decrease. The relative PL intensity of the strongly or-
that of the Sb(-Afo 5Géo 5)y0 511N 4oP, . Though the PL in- dered alloy to the weakly ordered one reaches 100 at 50 K.
tensity at 15 K oo s'coAI'o 5Géo 5)3 51N0.49Py is almost The temperature dependencgl efl (T)—.1 for the strong!y
the same as that of the v@d o 5Ga5 Do 5'1|n0 4Py, the ordered(Al 3 sGag 5) o.51Ng.4P IS proportional to the relative
relative PL intensity of the SGA‘lo.SGaO'S)O.Slan ;19P yto the probabilities for nonradiative and radiative recombinations
WO-(Al 4 5Gao.6)0 510 4¢Py rapidly increases and reaches given by exp{/Ty). The obtainedr, is 6.9 K. Aboye 70 K,
about 100 at 50 K. Figure 7 shows the measured temperatufB€ temperature dependence shows an Arrhenius-type trend
dependence of,/I(T)—1 for S0{Aly :Ga <)o 51No 4Py ; yvlth an activation energy of 47 meV._ This activation energy
wherel , is the PL intensity 80 K extrépola'ted' by the mea- indicates a magnitude of the potential fluctuations in long-

sured data. When the temperature dependence of the PL iffnge ordered epitaxial ﬁlm: .
tensity is dominated by localized statég/l — 1 is propor- The direct optical transition was observed in long-range

tional to the relative probabilities for nonradiative and ordered (Al g5Gagg) osiNoad. This result suggests that

radiative recombinations given by es{,).%° The observed f%‘tomic ordering in _aIon s_emiconduc_torg will open a new
linear relation at<70 K shows the presence of localized field of optoelectronic applications of indirect-gap materials.
states that may be caused by the potential fluctuations in
ordered epitaxial filnf? According to the above analysis,
Ty is 6.9 K. In the recent report about long-range ordered Ga
0sNosP, Ty is 7.5 K2* Those two values for ordere@l The authors would like to thank Dr. S. Minagawa of Hi-
0.5G.5)0.511N¢.49Py and Ggln,_,P are almost the same. tachi, Ltd. for sample preparation. This work was supported
The inset shows a plot of Inas a function of 1007. The in part by lketani Science and Technology Foundation
solid line is a least-squares fit to a linear function, yielding(T.K.). This work was partly supported by the Photonics Ma-
an activation energy of 47 meV at70 K. This activation terials Laboratory Project of the Graduate School of Science
energy shows a magnitude of the potential fluctuations.  and Technology at Kobe University.
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