<RNEL

‘t Kobe University Repository : Kernel

PDF issue: 2025-12-05

Photoluminescence from metastable states in
long-range ordered (Alo. sGao.s)o.s1Ino. aoP

Yamashita, Kenichi
Kita, Takashi
Nakayama, Hiroshi
Nishino, Taneo

(Citation)
Physical Review B, 55(7):4411-4416

(Issue Date)
1997-02-15

(Resource Type)
journal article

(Version)
Version of Record

(URL)
https://hdL. handle. net/20.500. 14094/90000113

KOBE

\j].\]\'l:lihl'[ Y
J

%)



PHYSICAL REVIEW B VOLUME 55, NUMBER 7 15 FEBRUARY 1997-I

Photoluminescence from metastable states in long-range orderdd\l o sGag 5) 511N g 4P

Kenichi Yamashita, Takashi Kita, Hiroshi Nakayama, and Taneo Nishino
Division of Science of Materials, The Graduate School of Science and Technology, and Department of Electrical and Electronics
Engineering, Faculty of Engineering, Kobe University, Rokkodai 1-1,
Nada, Kobe 657, Japan
(Received 9 July 1996; revised manuscript received 4 October)1996

We have investigated photoluminescence of long-range ord@iedGay 5)g 511Ng 4 grown by metalor-
ganic vapor-phase epitaxy on GaB81) and GaAg§l15A. Photoluminescence spectra were measured as
functions of temperature and delay time. The fundamental edge luminescencéMipEBa, 5)o.511Ng 4 ON
GaAg001) shifts to the lower-energy side about 120 meV at 11 K due to the long-range ordering, relative to
the luminescence from thé& conduction-band valley in the disordered alloy. Theluminescence of
(Alg sGay 5)0 510 4 appears at lower energy than the indirect luminescence from tlaley. These obser-
vations give clear evidence that the ordering causes the band gap to change from indirect to direct. In the
temperature dependence of the photoluminescéficepeak energy, there are three regions divided by a local
minimum and a local maximum. Below the temperature showing the local minimum, the temperature depen-
dence of the PL intensity is characteristic of the localization of photoexcited carriers. The origin of the
localization is the band-gap fluctuation. The temperature dependence of the PL intensity shows thermal acti-
vation between the temperatures showing the local minimum and the local maximum in the PL energy. The
activation energy is proportional to the energy shift at the local minimum. In time-resolved PL measurements
at low temperatures, we observed a delayed emission due to the electrons trapped at metastable states. The
delayed component was only observed below 15 K and the delay time varies with temperature.
[S0163-18297)12107-3

[. INTRODUCTION ordered alloys are comprised of many domains with varying
values of the order paramefér.2°A distribution of the order
Many alloy semiconductors spontaneously form superlatparameter in the epitaxial film causes a fluctuation of the
tice structures when grown epitaxiafiyln particular, the band-gap energy in real space. In recent reports, photolumi-
electronic band structures in long-range orderedthescencédPL) properties related to this band-gap fluctuation
(Al,Ga,_,)yIn; P alloys have been investigated by optical were observed in long-range ordered,@a ,P2°-%6 The
measurements and theoretical calculatibis. CuPt-type PL-peak energy shifts to higher energy, when the excitation
long-range ordering appears i#hl,Ga ,)yIn, (P alloys intensity is increasetf. This is caused by band-filling effects
grown on GaA#&01) substrates by metalorganic vapor-phasewithin the fluctuating band structure. It was found in time-
epitaxy (MOVPE). The ordered structure is equivalent to aresolved PL measurements that a long lifetime component
monolayer superlattice alternatin@\l,Ga ,)- and In-rich  (~8 ys) appears even in direct-gap Gin, sP because of the
atomic planes along thd 11] or [111] direction. The degree recombination between spatially separated ceritets.low
of ordering depends on growth conditions, such as growttiemperature§<30 K), the temperature dependence of the
temperature, gas-flow ratio of column V and Il sources, andPL-peak energy shows a local minim#fbecause the pho-
substrate orientation. In the ordered superlattice, théoexcited carriers are localized at metastable states caused by
conduction-band minimuniCBM) at theL point is folded the fluctuating band structure. Grossmaatral. clearly ob-
into the I'_point, because of the doubling periodicity served a fluctuating band structure in partially ordered
along the[111] or [111] direction. A coupling between tHé ~ GaysJdngs by using picosecond four-wave mixing
and the folded bandl'(L), reduces the band-gap energy. experiment$® The magnitude of the fluctuation depends on
The magnitude of the band-gap reductidBGR) is a the order parameter and is maximum at an order parameter of
function of order parametery that is defined as 0.52* For example, a fluctuation of order parameter was es-
(ALGay )0 51 2IN0 5 2 PAALGS )05 42lNo s ,2P. For  timated to be about=0.05 in Gggng sP with order param-
n=1, the completely ordered case, the structure ister of 0.58°
(Al,Ga _,)P/InP, the cation sublattice is composed of alter- In this study, we investigated localization effects of pho-
nating (Al,Ga, _,) and(In) planes. Fory=0, the completely toexcited carriers due to fluctuating band structures of or-
random case, each plane of the cation sublattice has the comlered (Aly:Ga 5)gs51ngsP alloys on GaA®01) and
position (Al,Ga, _,)o5iNg s The energy of thd’(L) band in  GaAq4115A by PL and time-resolved PL spectroscopies.
ordered(Al,Ga, _,)y5ing sP alloys withx<0.6 is higher than The temperature dependence of the PL intensity reveals lo-
that of thel' band>~1° By utilizing the BGR in ordered al- calized states caused by the fluctuating band structure. The
loys, we can produce a new direct g&fd,Ga, _,)oslngsP,  magnitude of the fluctuation depends on the order parameter.
when the energy of the reduc&cand crosses thé band!®  From the temperature dependence of PL intensity, we found
On the other hand, it is well known that epitaxially grown that long-range ordering enhances quantum efficiency of
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transitions from localized states. From time-resolved PL
measurements, we found a delayed emission relating to elec-
trons trapped at metastable states corresponding to the
Fec-T'4, 5, PL peak. The delay time increases with decreas-
ing temperature below 15 K.

Il. EXPERIMENT

Epitaxial thin films of (Al sG& 5)o.511N0.4f Were grown

on n'-type GaA$001) and GaA$l15A substrates by
MOVPE. Source gases for the group-Ill elements were trim-
ethylaluminum, trietylgallium, and trimetylindium. The
source gas for P was phosphine. The growth temperature and
the total gas pressure were 670 °C and 30 Torr, respectively.
The V/III ratio of the source gases was 122. The Al/Ga com-
position ratio of the films was determined by tuning the gas-
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flow ratio of trimethylaluminum and trietylgallium. Since
films on GaA$001) and on GaA&L15A were grown simul-
taneously in each deposition, the Al/Ga ratio in the films wa
the same in both samplé$The Al/Ga ratio was verified by

measuring the optical band gap of a Zn-doped random alloy

on GaAg001). The film thickness was 1.8m. From analy-
ses of double crystal x-ray diffraction, the horizontally lattice
mismatch was withinAa/a=0.1%, whereAa and a are
la(GaAs-a[(AlGa ) In; Pl anda(GaAs, respectively.

FIG. 1. PL spectra ofAl sGa 5)g 511Ng.adP ON(a) GaAg115A
nd (b) GaA4001). Measurement temperature is 11 K. The arrow
abeled byX or I' shows the PL component due to tkeor I
conduction band, respectively.

ER energy matches the peak at 2.31%8¥he 2.31-eV signal
corresponds td'g.-I'y, 5, luminescence. The PL peak at
2.28 eV corresponds to a zero-phonon line of Xge-I',, 5,
luminescence. For the &, Ga, 5)g 51N 4P, the PL en-

a is the horizontal lattice constant. The degree of atomlcergy at 2.19 eV labeled by in Fig. 1(b) matches the ER

ordering was controlled by the orientation of the substrate. |
ordered Ggslng sP, it was confirmed that the degree of or-
dering depends on the substrate tilt angle from (9@l
plane by measurements of the PL peak enerfidhe PL
peak energy monotonically increases when the tilt angle i
increased from thg001) to the [111]A direction. From
transmission-electron  diffraction (TED) observation,
(Al sGay 5)p 51NgaP GaAg001) shows super-reflection
spots at(—3, 3, 3) and(3, —3, 3). These spots correspond to

the CuPt-type ordered structure. On the other hand, in th

TED observation ofAl §Gay ) 51N0 4P/GaA$115A, such

super-reflection spots do not appear, though the electrore-
flectance (ER) spectrum does show a valence-band

splitting® In this paper, we call théAl,Gay 5o s1Ng.adP
alloys on GaA§01) and GaA§115A strongly orderedso
(AlgsGay5)psilngad and  weakly  ordered (wo)

(Al 5G&y 5o 51N0. 4, respectively.

We measured time-resolved PL spectra and PL intensitie,

with a gated photon-counting system. The gate width was 3

ns. The measurement temperature was 11 to 300 K. Th

excitation light source was the 488 nm line of an*Aaser.

In the time-resolved PL measurements, an acousto-opt
modulator was used to generate pulse excitation. The pul
width and repetition frequency were 30 ns and 2.5 kHz, re
spectively. The exciting energy per pulse of the" Aaser
was ~350 nJ/cr (8.6x10' photons/crf). This energy is
low enough to avoid heating the specinfén.

Ill. RESULTS AND DISCUSSION
A. Temperature dependence of PL spectra

Figure 1 shows PL spectra of wo- and
S0{AlyGay 5)p51IN0 4P alloys at 11 K. The PL from the
Wo-(Al sG&y 5o 51Npad” IN Fig. Aa@) shows two peaks at
2.28 and 2.31 eV labeled by andT’, respectively. Since the

'beak!® The Fec-T'4, 5, transition energy is reduced about

120 meV by long-range ordering in the so alloy. These re-
sults show that théAl, Ga, 5)g 511Ng 4P changes to a direct-

ap material because of the ordering-induced BGR afi'the
%oint. The full widths at half maximum of th&g.-I'4, 5,
luminescence are about 24 and 55 meV for wo- and
S0{Al sGay 5)g.511N0 4o, respectively. The width is larger for
S04{Al sGa 5)g 51Ng 4P- The width increases with increasing
ordering, which is also observed in (b& _,P. The increase
fh the width is caused by band-gap fluctuations in the or-
dered filmg2%.24.26
Figure 2 shows the temperature dependencies of the PL-
peak energies corresponding to the transition fignto the
valence-band maximurfyBM). Closed and open circles de-
note the data for wo- and 9&d :Ga, 5)g 511Ng 4P, respec-
tively. Each dependence shows a local minimum and a local
maximum. These trends are the same as the case in ordered

a.dNo P 22?+?° However, the magnitude of the energy
hift at the local minimum in Fig. 2 is large even for the wo
§Iloy. For both samples, there are three regions divided by
the local minimum and maximum. The regions are shown in
Iféig. 2. The local minimum for wdAl sGa, 5)g.511Ng 4P IS at

K. On the other hand, the minimum for

S0{Al g G 5)o.51N0 4P is at 60 K. As discussed below, the
PL in region | shows behavior of characteristic luminescence
from localized states caused by a spatial band-gap fluctua-
tion. In the temperature range from the local minimum to 50
K for wo-(AlysGaygosilngadf [0 120 K  for
S0{Al sGay 5)g 51N 4P (region 1), the localized carriers
populate higher-energy states. The PL peak energy follows
the well-known temperature dependence of the band gap
above 50 and 120 K for wo- and $8d,:G& 5)g 511N0 4P,
respectively(region Ill). The solid and dashed lines in Fig. 2
are the band-gap energies estimated for wo- and
S04{Al sGay 5o 51Ng 4P by nNonlinear least-squares fitting of
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FIG. 2. Temperature dependences of PL-peak energies for 100 A .
(AlgsGaysgsingaf on GaA$llHA (closed circle and 4 ]
GaAg001) (open circlg. Solid and dashed lines are calculated by 107 L 500300
least-squares approximations Bfo—aT?/(b+T).
TEMPERATURE (K)
our data by the functiorEg(T)=Ego—aTZ/(bJrT). Here, FIG. 3. Temperature dependencd gfl (T) —1, wherel (T) and

E4o the band-gap energy at O i, andb are fitting param- 1, are the measured intensity and the intensity at the low-
eters. The band-gap fluctuation causes the PL peak energy t@mperature limit, respectively. Closed and open circles correspond
deviate from theEgo—aTZ/(b+T) function form. The red- to (AlgsGa slos1Noadf 0N GaAsllHA and GaAg00l), respec-

shift energy, which is defined as the difference between thévely. Solid and dashed lines are calculated by least-squares ap-
observed PL peak anBly,—aT?/(b+T) at the local mini-  Proximations oflo/I (T) —1.

mum, is 48(75) meV for wo(so) -(Al 5 s§G& 5)g.511Ng.4dP- This

result shows that the band-gap fluctuation increases with inacteristic temperature reflecting a temperature dependence of
creasing order parameter. guantum efficiency of transitions from localized statéd.)

We believe that the magnitude of the redshift at the locais the PL intensity at a temperatufeand| is the intensity
minimum of the PL in region | is mainly determined by the at the low-temperature limft In this plot, a linear relation-
band-gap fluctuation. However, other effects such aship betweerl and Ifl,/1(T)—1} denotes the localization
valence-band splitting and the spatial fluctuation of theof photoexcited carriers. Figure 3 pldgl(T)—1 as a func-
Al/Ga mole fraction can also contribute to the redshift. Ation of T for wo- and sofAlysGa s)osidngad. The
periodic crystal field in the ordered superlattice splits thel o/I(T)—1 curves for both wo- and s@l ; sG& 5)g.511N0.4P
fourfold degeneraté’g, at the VBM into two doubly degen- follow exp(T/Ty) in the region I. The PL in this region
erate bands represented By, -, andl'g,. Therefore, the PL  comes from localized states caused by the fluctuating poten-
peak energy depends on the population of photogeneratdil. T, for wo- and sofAl, :G&, 5)p.511Ng 4P €Stimated from
holes at thd’,, 5, andI'g, points. In our recent study of the Fig. 3is 1.6 and 3.6 K, respectively. This result indicates that
valence-band splittingVBS) of (Al sGay5)0511Ng 4P USiNg  radiative recombination is enhanced by the long-range order-
ER measurements, the VBS energies of wo- andng. For ordered GalngsP, it was reported thdiy/I(T)—1
S0{AlysGayg)osilngadf are about 30 and 50 meV, is proportional to exfl/Tg) below 30 K, and thal is 7.5
respectivelyt? Though the VBS energies are larger than ther-K.%? SinceT,, relates to degree of ordering, the changd gf
mal energies in these experiments, the potential fluctuatiois caused by the different localized states in the wo and so
may produce a contribution of the valence-band splitting taalloys. The reason whyf, of ordered GgslnysP is larger
the redshift. Thd's, energy is more sensitive to the relative than that of(Al sG&, 5)p 511N 4 alloys is that thd” (direct-
mole fraction of Al/Ga than th&g, energy'® If the spatial gap conduction-band minimum is much lower than tke
fluctuation of the mole fraction were large, then the spectralindirect-gap conduction-band minimum in GangsP,
line width of thel's. luminescence would be larger than that while the energies ol and X minima are similar in the
of the X¢. luminescence. However, the experimental resultdAl, sGa; 5)g 51Ng 4P alloys. Therefore,X-band lumines-
shown in Fig. 1a) do not show an increased linewidth for cence is significant in théAl,:Ga, 5o 51ng 4P alloys but
the ', peak. Therefore, the fluctuation of the Al/Ga mole negligible in GaglngsP. The X-band Iluminescence is

fraction does not appear to contribute to the redshift. guenched by nonradiative recombination at lower tempera-
To investigate the temperature dependence of the PL irture (smaller value ofT ) than is thel-band luminescence.
tensity in region |, we used ahy/I(T)—1 versusT plot, Figure 4 shows Arrhenius plots of the PL intensities.

wherely/I1(T)—1 corresponds to the relative probability of Closed and open circles indicate data for wo- and
nonradiative to radiative recombination and can be fittedso{Al, sG&, 5).51N0 4, respectively. The plots are propor-
within some temperature range to €XpT).2¢ T, is a char-  tional to 17T in region Il. An activation energy in this plot
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trons at thd" point relax rapidly to theX point. Therefore, in
general we would not expect to observe theo-valence-
band luminescence in the indirect-gap semiconductors. How-

CirCTéS.C‘cl)}rgrgiglujj :llotsé of S)PLIr']nte;s'g(nes'egfgi%zngngpenever, if there is mixing between théandX electronic states,
P 052%.5051N0.4 then carriers will be excited and/or scattered from e

GaAq001), respectively. Solid and dashed lines are calculated by - . . .
Ieasts-(squ;res gpproxi%ations of eBpKT) ypomt to thel” point. In this casel-to-valence-band lumines-

cence will be produced by carriers transferred from ¥he
corresponds to the magnitude of potential fluctuation. Fitteé)and’ and theT_‘-Iu_mmescencg Ilfet|me will be _almost the
Lot : same as the lifetime of the indire&-band luminescence.
activation energies for wo- and $84, sG&, 5)g 51Ng.4 are o .
: ; The observed long lifetime of thE (2.31 e\j luminescence
31.9+0.9 and 69.62.8 meV, respectively. We believe that hus reveals the resence  off-X  mixin in
the differences between the fitted activation energies fronIn P 9

Fig. 4, and the redshifts at the local minimum of the PL fromgoéﬁﬂﬁgf ?%S))Q'Sﬂnwga 'nggr\?ggcgl pﬁ%ﬁ%ﬁy rce)r(?iccgeg;‘al );he
Fig. 2, correspond to the effects of the valence-band splitl—On itudinal-o ggal honons at thEp oint at tﬂe lower-
ting. The temperature dependence of the intensity has agnegr side OF; the ZpZS—eV baﬁ?iThig indicates thaf-X
Arrhenius form only in region Il, not in regions | and Ill. In gy ' |

. . : . scattering occurs in w@Aly G In , because of
region |, the photoexcited carriers are localized at lower- 9 OAlo.sG2 o.s1No.ad

energy states in the fluctuated band as indicated by Fig. 2. ixing between theX, andI'e; bands.

region Il the photoexcited carriers completely escape fromob:ehr(\e/ed(flgr{le dbeerlgl\;c,v&loSn |'<n ;[hee ?;?Crzyigrno?li\,?]tefégtlhs\;\ggs
the localized states. y , 1.e, gion |,

trons are localized by the band-gap fluctuations. If we as-
. sume that the delayed component comes from metastable
B. Time-resolved PL spectra states, an escape probabilityP, is given by

Figure 5 shows time-resolved PL spectra(@fwo- and ~ Pe=1/7po=v ex(—Ep/KkT).? Here, , is the delay time as
(b) 504Al G 905N 4P at 11 K. We observed decays of indicated by the arrow in Fig.(8), v is the attempt-to-escape
the intensities of the PL components shown in Figs) and  frequency, andep is the mean energy separation between
1(b). The decays at 2.28 and 2.31 eV in Figa)scorrespond the metastable states. As shown in FigEg,and v obtained
to the X and T' PL peaks, respectively, i frolm a IeasF squares fit are 129.0_3 meV and 1.5210°
WO-(Al 4 Ga o 511No 4. Both decays in Fig.(8 showlong S respectively. These results |nd|cate. that electrons trans-
lifetime components corresponding to indirect transitionsfer from theXs. CBM to theI's, CBM via the metastable
Moreover, we found a delayed component aroundsn the states with the mean energy separation of 1.24 meV.
decay profile 2.31 eV, but not in the 2.28-eV decay profile.
The decay of sdAlysGay 5o s1ngad in Fig. 8b), on the
other hand, shows a fast lifetime which is smaller than the
instrumental time resolution of 30 ns in this experiment. The A systematic investigation of photoluminescence in long-
fast lifetime is evidence for the direct characters of the lumi-range ordered (Al sG& 5)g51Np 4 alloys grown by
nescence transition. The decays at 2.28 and 2.31 eV in FigddOVPE on GaA$001) and GaA§115A has been per-
5(a) can be fitted to a double-exponential function given byformed. PL spectra indicate th&l, sGa, 5)g 511N 4P alloys
A; exp(—t/ () + A exp(—t/ 752" except for the delayed on GaA$001) and GaA§l15A are strongly and weakly or-
component mentioned above. Herg,and 7, are the decay dered, respectively. The fundamental edge luminescence
lifetimes of the fast and slow components, respectively. from (Al sGa 5)g 51N 4 0N GaAg001) shows BGR about

IV. CONCLUSIONS
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T, for the weakly and strongly orderé@l , sG&, 5)o.511N0.4d°

are 1.6 and 3.6 K, respectively. This result indicates that the
guantum efficiency is enhanced by the long-range ordering.
The PL intensities show thermal activation between the tem-
peratures showing the local minimum and maximum of the
peak energies. In the thermally activated region, the activa-
tion energies for the weakly and strongly ordered
(Al sGay 5 51INg 4P are 31.40.9 and 69.6:2.8 meV, re-
spectively, similar to the energy shift of the PL-peak energy
at the local minimum.

In the time-resolved PL measurements for the weakly or-
dered (Al sGay 5)g 511Ng 4P, the decays at th¥ and " PL
peaks show long lifetime components corresponding to indi-
rect transitions. This result indicates that photoexcited elec-
rons at thel'g. band are populated from thé&;, band. Fur-
hermore, we observed a delayed emission which was not
pPbserved in ordered Gdn, 5P and is attributed to electrons
trapped at metastable states. The delayed component was
only observed below 15 K, and the delay time increases with
decreasing temperature. The temperature dependence of the
delay time suggests that electrons transfer fronXheCBM

120 meV at 11 K due to the long-range ordering. This lumi-t° thel“s.C CBM via the metastable states with a mean energy
eparation of 1.24 meV.

nescence appears at the lower energy than the indirect lunt:
nescence from th& valley. In the temperature dependence
of the PL-peak energy, there are three regions divided by a
local minimum and a local maximum. Below the temperature We would like to thank Dr. S. Minagawa of Hitachi Ltd.
showing the local minimumly/I(T)—1 is proportional to for preparation of samples. This work was supported in part
exp(T/Ty), wherel(T) is the luminescence intensity. This by the Photonics Materials Laboratory Project of the Gradu-
result is explained by the localization of photoexcited carri-ate School of Science and Technology at Kobe University.
ers. The origin of the localization is potential fluctuations in One of the authorgK.Y.) was financially supported by the
the epitaxial films due to the ordering. Estimated values oflapan Society for the Promotion of Scierit®. 4907.
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FIG. 6. Temperature dependence of escape probability OE
(AlgsGay s singaf on GaAsllHA. The vertical axis shows
logarithm of escape probability. The probabilities were estimate
by the delay time indicated by an arrow in Fig. 5. Dashed line is
calculated by a least-squares approximation Bf{=1/mp
=v exp(—Ep/KkT).
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