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Superlattice effects induced by atomic ordering on Ggn;_,P Raman modes
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A polarized Raman scattering study is undertaken in order to investigate the atomic orde(@@)in
oriented GgsqIng.4d layers lattice matched to GaAs and preliminarily characterized by photoluminescence.
The superlattice structure of trigonal symmetry which results from ordering manifests itself through phonon
mode modifications. Several new modes are detected and their frequency and intensity behaviors are properly
analyzed. In addition to the folded longitudinal-acoustic mode on Raman spectra, we observed the folded
transverse-acoustic mode. Both folded acoustic modes display narrow(fiigs cni ) superposed to the
disorder-induced acoustic bands DALA and DATA of the alloy. In the “optical mode” frequency range one
clearly observes a doubling of the longitudinal GaP-type and InP-type modes, never reported before to our
knowledge. The magnitude of the splitting between the two components of the LO doublet is measured
precisely in the case of GaP-type modes and is an increasing function of the atomic ordering degree. So it is
with intensities of the TO modes which become Raman active due to the trigonal symmetry. Finally the
“valley depth” which had been empirically assigned as a significant parameter of the atomic ordering degree,
is now precisely interpreted in the light of the whole Raman sti89163-182¢06)07528-3

[. INTRODUCTION creases because of the multiplication of the unit t&Ms to
ordered Galnpalloys, the only superlattice feature observed

Atomic ordering in an alloy results in the spontaneousin the Raman spectra, so far, is the appearance of a small
formation of a short-period superlattice along a particulafeak around 200 cit. This peak was attributed to the LA
crystallographic directioh? This phenomenon has been ob- mode at theL point of the Brillouin zone, which becomes
served in nearly all alloys systems under certain condition&aman active as a consequence of the unit cell doubling.
of growth. It is indeed a topic of increasing interest for fun- this study, in addition to this mode which is now fully char-
damental studies and its control is crucial for electronic andicterized, we point out several other modes in the Raman
photonic devices. Atomic ordering is predicted and experi-SpeCtr? due to the su_perlattlce effect and the trlgo_nal symme-
mentally observed to induce a reduction in the band-gap erfy Which are unambiguously related to the atomic ordering
ergy of I11-V alloys, notably Ggs,in, . (hereafter referred e}nd are ch:aracterlstlc ofnlts Qegree. A satisfactory interpreta-
to as Galnp) lattice matched tq00D-oriented GaAs sub- UoNn of the “valley depth,” which remained so far a phenom-
strates. enological parameter, assigried the ordering, is here given

In a disordered GalnPcrystal of symmetryF4_3m the Interm of the order and symmetry transformations.
cations are randomly positioned on the group-Ill sublattice
of the zinc-_blende structure. If order is assumed, a new trigo- Il SAMPLE PREPARATION AND PRELIMINARY
nal crystal is created, along one of the four threefold rotation ORDERING CHARACTERIZATION
axes [111] of the subgroupR3m (CuPt-type structupe
Atomic ordering gives rise to a superlattice of alternating In the present paper sevef@l01) GalnR, samples lattice
Ga-rich (Ga,, 51n;_sP,) and In-rich(Ga_;sIn; . sP,) alloy  matched to GaAs are investigated. All samples, though cor-
monolayers perpendicular to this axis. The parameler responding to nearly the same nominal compositi5h%
(0<6<1) characterizes the degree of atomic ordering. and 49% for Ga and In, respectivghactually differ by the

Raman scattering is a useful and nondestructive tool tatomic ordering degreeS. The GaAs substrate has been
characterize crystals and microstructures. A great deal of inmisoriented by~2° in the[110] direction in order to allow
vestigation has been devoted to IlI-V artificial superlatticesthe growth of single variaftGalnR, with atomic ordering
(particularly the GaAs/G&l;_,As system and IV-IV su-  along[111].
perlattices(as Si/GeSi In these structures, superlatice ef-  Ordered crystals display a reductiark, of the electronic
fects have been evidenced on the “folding” of the acousticband gapE, corresponding to the zinc-blende structure and
branches as well as on the optical modes whose number isimultaneously a splittingE, of the valence band occufs.
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: lll. RAMAN INVESTIGATION OF THE ATOMIC
(a) ORDERING

1 The experiments are performed at 80 K and 300 K mainly

with the argon-ion laser line 5145 A. The Raman signal is

] detected by a U1000 double monochromator from Jobin-
Yvon, the same one which has been used for the preliminary
PL characterization of the samples.

As Raman experiments are performed on d001)
samples in the backscattering geometry, the phonons in-
1 volved exclusively propagate alormythe [001] axis of the

. . : L : ' zinc-blende structure, and light is always polarized inxke
1780 1800 1820 1840 1860 1880 1900 1920 .

plane. The real structure of the crystal being trigonal along
[111]; (Z axis), only two kinds of Raman modes can be
observed: the unidimensionah;(Z) and bidimensional
1 E(X,Y) modes?*3which obviously correspond to the longi-
tudinal and transverse modes, respectively.
i For modes under 220 cm (acoustic branch rangehe
experiments have been performed under vacuum to avoid
spurious light from air Raman lines. It is worthwhile point-
ing out that all samples whatever their atomic ordering de-
gree exhibit the same kind of feature in this range. Actually
. in the geometries corresponding to parallel polarizations of
the incident and diffracted light, one can clearly observe the
disorder-induced acoustic longitudinal bafBALA) and

E (meV) disorder-induced acoustic transverse BAK®ATA) corre-
sponding to the same alloy GalnPrhese Raman bands cor-

FIG. 1. Polarized PL emission at room temperature on our mostespond to the zone edge of the LA and TA branches, respec-
ordered sample. Following Ref. E; is the polarization of the in-  tively, where the density of phonon states is high, and peak
cident light direction which can be alorjdg10] (a) or along[110] around 80 and 200 crt. In addition to the DALA and
(b); Il'andL correspond to the emitted photoluminescence polarizapATA, one can observe in “ordered” samples the superpo-
tion direction with respect t&; . SE, the valence-band splitting.  gition of rather narrow lines at 68 and 208 chwhich we
This kiqd of experiment allows to gscrimin_e_lte b_etween the tWOassign to the folded transverse acoustic mOEEA) and
b e e oo ns e S g3 longiucinal acousio modFLA) a a conseaence
axis[l_ll] 9 perp Y0f the doubling qf the unit cell in thgl11] direction [Fig.

' 2(a)]. By subtracting the spectra corresponding to an ordered

and disorder sample one can clearly evidence these two

The lattice mismatch between the GajnRyers and the modes whose linewidth at half maximum is about 10 ¢m
GaAs substrate was measured by means of high-resolutidirig. 2(b)]. We identify the FLA as a\; mode and the FTA
x-ray diffractometry at room temperature, and was found beas anE mode. Both modes are allowed. The FLA is observed
low 6x10 % We could therefore neglect the influence of only for parallel polarizations of the incident and scattered
compositional fluctuations and the resulting strain, on thdight. It cancels for orthogonal polarizations. Its intensity in-
band gap and the band edges. Samples grown by differeateases for increasing values &, (see Fig. 3 As to the
epitaxial techniquesliquid-phase epitaxyLPE),® chemical ~ FTA, it is seen for all geometries but its intensity is clearly
beam epitaxy(CBE),° and metalorganic chemical vapor smaller.
deposition® (MOCVD)], were available for the purpose of In the disordered alloy GalgP display a
this study. They displayed various degrees of ordering.  two-mode-behavidf with LO, (GaP-typé and LO, (InP-

Both the shrinkag& E and the splitting’E,, can be pre-  type). Besides the longitudinal modes the transverse, TO
cisely measured through photoluminesceri®d) experi- (InP-type is observed as a small mode, even (00
ments. The larger thAE, and 5E, values, the highest the samples, in spite of the fact that it is not allowed. As to the
atomic ordering in the crystal. In the ordering range of ourTO; (GaP-type it is hidden by LQ since it is at the same
samples we found approximatelyE,~55E, in good agree-  time Raman inactive iG100) crystal and at a frequency very
ment with Ref. 11. In the following, we will actually take close to LQ (just above #t').

SE, as the characteristic ordering parameter since its mea- _In the trigonal system whose ax&sY,Z are parallel to
surement is straightforward from polarized PL in the particu{112], [110], and[111], respectively, the only nonzero ele-
lar geometries of Fig. 1. Besides, PL allows us to discrimi-ments of the Raman tensor correspondingAgZ) are
nate between the two nonequivalent akes0] and[110] in ~ AT*=AYY=c andA%?=d. Yet, the most suitable reference
the ordered trigonal structure alofgjl1]. Accordingly, PL  system for the Raman scattering experiments is the zinc
is here used as a suitable tool for both preliminary orderindgplende onex,y,z. Following the textbook of Poulet and
characterization and crystal orientation of the samples, beMathieu one finds for the intensities of the, modes, after
fore our proper Raman study. a few tensor manipulations:
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FIG. 2. (a) Comparison between the most disordefddshed
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50 i a function of the atomic ordering degree.
25 - equal to 39Cc?, thoughl, is equal to zero for alb values.
Such intensity behavior is indeed observed in the case of the
0 b1 N T ufl Sy PR EREP S S FLA mode. For a disordered alloy=—2c (Raman selec-
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tion rules of the LO in a cubic 3@m crysta).

In the most disordered sample, obtained by LPE one ob-
serves the spectruffower curve of Fig. 4 in the geometry
z(y'y’)z [in this notation, the symbols withirjoutside

line) and the most orderedull line) among the samples; FTA and

FLA lines are superposed to the disordered activated modes DALA
and DATA of the alloy GalnP. (b) The result obtained after sub-
traction of the two spectra d¢&). The FTA and FLA are two well- 3
defined peaks of-10 cm ! width at half maximum. All spectra are
obtained at 80 K in order to reduce the second-order Raman lines.

In Egs. (1) and (2), # is the angle of the incident light
polarization with thex axis in thexy plane, the intensitiek, . . . . .
andl, correspond to scattered light polarizations parallel or
perpendicular to the incident one, respectively, &ds a

constant.

I, (6=ml4)#1,(0=37/4); i.e., x andy axes are equivalent
contrary to the directionsx’ and y’ with x’lI[110] and

y'lI[110] corresponding then t@==/4 and 37/4, respec-
tively. These results can be directly deduced by symmetry,

considerations. It is worthwhile pointing out also tlhéty' is
null for all A; modes. Forc=d, one findsl; constant and

I,=C[(2c+d)+ (c—d)sin26]?,

|, =C(c—d)%cos26.

Clearly 1,(6=0)=I,(6=m/2),
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though FIG. 4. Comparison between the two extreme samffes =1
meV for the lower spectrum anéE,=9.7 meV for the upper one
One can notice, for the sample correspondingEg=9.7 meV:(a)
The splitting of the L@ and LO, modes(respectively, GaP-type
nd InP-typginto LO; LO; and LG, LO; doublets(b) the increase
of the TO, mode,(c) the reduction of the valley deptita ratio due
to the TQ Raman activity and the doubling of the LO
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ing to the completely random alloy of the cubic zinc blende.

387 L As a matter of fact, they mostly cancels for parallel polariza-
36| W O(LO) ] tions xx or yy, though the lowest-frequency mode is clearly
- 5| @ ®(LOY dominant in_these scattering geome_tries and its peak position
£ ! | can be precisely measured, accordingly. We have plotted the
f_—" 384 | 1 freque_ncy variations of LQand LJ as a function ofSE,
L oesl CBE 1 (see Fig. b. .
% LPE Thus we found the ratio/d=—1/2 for both LQ and LO,
> 382 (zinc-blende-type modés Concerning the most ordered
<§E 381 ' ] sample (65E,=9.7 me\} we measurecc/d=3 and c/d=
= g —0.17 for LO, and LO, (ordering modes respectively.
o 380 . These ratios remain constant as a function of temperature. As
379 T R S S S Wt to LO; we observe a large increase of its intensity as the
0 1 2 3 4 5 6 7 8 9 10 temperature is lowered. Actually, for this mode botandd
OE (meV) undergo an enlargement of a factor 5 between room tempera-

ture and 80 K, as can be noticed on Fig. 6. This resonance
FIG. 5. Room-temperature Raman shifts of the GaP-type doubehavior which affects only LDhas not yet found a satis-
blet components LELO; as a function of the valence-band split- factory explanation.
ting 6E, in five samples grown by different techniques. The,LO  |n ordered samples we observe an increase of theah@
mode has a zinc-blende-structure-type mode, i.e., it cancels for inTo2 modes, of the GaP-type and InP-type, respectively. This

cident and scattered light polarizations parallektaxis (or y). behavior is striking for TQwhile TO; is detected as a high-
- - L frequency shoulder of LEfor the ordered sample of Fig. 4.
the parameters indicate the radiation polarizativave vec- We can now simply interpret the “valley depth” param-

tors)]. In the case of “atomic ordering,” there is a splitting gter h/a which has been empirically correlated to the gap
of the optical modes, due to the superlattice effect. For inyeqyction of the GalnPsample, i.e., to the ordering. Obvi-
stance, one can séapper spectrum of Fig.)dn the same g}y hoth the doubling of the LOmode and the Raman
z(y'y’)z, a doubling of the LO of the GaP and InP types. 4ctivation of TQ which occur for ordered crystals contribute
Additional Ay modes appear at lower frequencies with differ-, the reduction of the valley depth ratio; thus one measures
ent Raman tensor elemergsandd. Now, we observe L 4 reduction from 0.49 to 0.24 between the most disorder and
and LQ| for the GaP-type and L{and LG, of the InP-type.  the most ordered sampléBig. 4). Similarly, the broadening
These frequency splittings L@ O; and LO,LO; increase  of the GaP-like and the InP-like LO modes observed by
with the orderingd. According to our investigations the Kondow et al!® is an effect of the splitting of these modes
highest frequency modes L,@nd LO, (contrary to L4 and  into two components which are unresolved in their experi-
LO;) have selection rules very similar to those correspondments.
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FIG. 6. Raman scattering in a GalnBample with atomic orderingSE,=9.7 meV) at 300 and 77 K for the scattering configurations
X(Xy)z andz(xx)z. One can notice that LOcompletely disappears fafxx)z (same selection rules as in a random alloy of the zinc-blende
structurg and that LQ intensity strongly increases at low temperatures.
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IV. DISCUSSION AND CONCLUSION transition and their intensities increase with increasing values

Until only a few years ago, it was generally admitted that® 2=

the atomic arrangement in 1ll-V alloy semiconductors is ran- Even the so-called "valley depth” parametbfa can be
g i y sen " . interpreted now in the light of this thorough Raman study
dom on each sublattice. The recent discovery of “atomic

. : . ._which can be extended to many other materials since the
ordering” has completely renewed this old conception. It is

now believed that an effective control of this peculiar ar_phenomenon of atomic ordering has been observed in nearly
P all 11I-V and 1I-VI systems. So far, TEM experiments have

rangement which strongly depends on the epitaxial g.rOWﬂBeen preferentially used to characterize atomic ordering in
conditions(growth rates, substrate temperature and orienta:

tion, and ratio of Ill-V elements would have the potential alloys. It is worthwhile pointing out that the Raman scatter-

for providing materials for improved devices for microelec- ing, in comparison, offers the clear advantage of a nonde-
P 9 . prov : structive, quantitativédeven the degree of ordering can be
tronic and optoelectronic applications. We have shown in thé

. ) . . évaluated from the splitting of optical modesnd versatile
gﬁ;?aggeﬁzaég%hagl_ﬂgi ::/ZT'CS;?(?Z”%’ Wg;g :ssmggﬁ‘irc]: method, related to both electronic and phonon properties of
. y y p'€, app . e ordered superstructure under investigation. Indeed, Ra-
tions of the lattice phonon modes which we evidenced b

means of Raman scattering. The mode at 208'chas been man investigations can be easily coupled to complementary

now unambiguously assigned to the FLA mode as its inten!DL measurement* or Brillouin scattering experiments,
9 y 9 using the same experimental setup.

sity increases with increasing ordering. Additional Raman Today’s better understanding of the ordering process al-

modes haye been also clearlylobserved whose frequenq?cﬁNs the growth of both more ordered and more disordered
and selection rules can be predicted by elemental theoret'cf’};\yers by proper selection of the epitaxy parameters. Actu-
considerations particularly concerning the symmetry. A FTAaIIy E, values of our samples ranged between 1.92 aﬁd 1.85
mode ofE symmetry appears in the low-frequency part of ;% oo, temperature. Since recent publicaﬁ%ﬁ%claim .

the ordered samples. Superlattice effects also manifest thengfmaximum band-gap réduction of 470 meV in GalioRe
selves through the doubling of the longitudinal-optical GaP'can expect the availability of new superlattice structures in

type and InP-type modes. All these modes correspond to tht%e future with a much higher compositional modulation, to
trigonal A; symmetry.

The frequency shift between the two components of eacﬁXtend the range of the present investigations.

(GaP-type and InP-typealoublet is an increasing function of
the atomic ordering degree in good agreement with our first
investigations from simple lattice dynamics models. As to
the TQ and TG modes(of GaP-type and InP-typethey It is a pleasure to thank G. Leroux for preliminary x-ray
become Raman-activE modes due to the cubic-trigonal characterizations.
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