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situation is not satistactorly resolved for the coarse
modulaions. Henoc et al.', Glas et al.2, Treacy et al.* and
Norman and Booker® have argued that the both types of
resut rom phase On the ofhor
hand, Mahajon et ol.2 have suggested that the fine soale
stucture could evolve by phase separation, white the coerse
conirast modulations may be due to the accommodation of
straing associated with the fine scale micrestructe. In
addiion, the recent work of McDevitt et al. 1° indicates that
the sirains with the fire scak % two-

FGC units. One of the units is oocupled by group il atoms,
whereas atoms of group V reside on the second unit. An
obvious question Is the following: are atoms on the two sub-
{atices distributed at random? Th'-uuurhlncnwhlu
0", These show n
twoways: () phase separation and () long range afomic
order, Following the work of Henoc ot al., & number of
fivestigators?® have shown thet In, ,Ga, /AS,
inyGaAs P, and inGaP layers phase separste.
iy 0a,As, P, epitaxial layers, lattice-matched to (001) inP
have been o and exhiblt
wo types of contrast modutations. A fine scale specide
contrast is observed that is aligned along the <100>
directions lying In the (001) growth piane®®. The wavelength
of these modulations Is ~ 15 nm. In addition, the layers
show coarse contrast modulations whose perod is — 125
nm; these modutations are alse ordented along the <100>
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In nature and exist only slong the <100>
dirsctions lylng in the (001) plane.

Within the last fow years, several reports have
‘been published on the occurmence of long range order in a.
nnumber of temary and quatemary layers' 2%, An interesting
aspeoct of those studies is that they inciude matertals which
are completely miscible st the growth temperaiure and those
which show a misciblity gap. Several structures have baen
raported for the ordered phases. Al present & is not cleer
‘what tactora the of & particular

In the present paper, the following lssues
pertaining 10 phase separation and ordering have been

¢ ) the of phase nleyors
grown by different growth techniques, ) infuence of
on the of phase-

separaied microstructures, () thermal stabliity of phase-
separated microstructure, and (v} effects of growth raje on
the domain structure In ordered epltaxial layers. The results
of this shudy, taken together wih those of the previously
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published studies, advance our understanding of the

ture of the and
technologically relevant femary and quatemary compound
semiconductors,

2. PHASE SEPARATION IN LAYERS GROWN
BY DIFFERENT GROWTH TECHNIQUES

Reproduced In Figs. 1(a) —+ (c) are
plan In

InGaASP (emission wavelength - 1.33 pm), InGaAs (emission
wavelength - 1.67 um) and InGaAsP (emission wavelength =
1.33 pm) layers, grown on (001) InP substraies, by iquid
phase epitaxy (LPE), molecular beam epitaxy (MBE) and
organo-metallic vapor phase epitaxy (OMVPE), respectively.
The fine scale speckle contrast is fay well developed In
Figs. 1(a) end 1(c), whereas It I3 Just discernible In Fig. 1(b).
The coarse contrast modulations are weakly developed in
Fig. 1(a) and are absent In Figs. 1(b) and 1(c). Furthermore,
the wavelengths of the spacide microstructure in Figs. 1(a),
{b) and (c) are, respectively, ~ 10, 5 and 10 nm. % has aiso
boeon demonstrated that the strains associatsd with the fine
scale siructure exist only along the <100> directions lying in
the (001) plane.

Lattics-matched tayers of nAIASS and InGeAs
and InGaAsP'4, grown respectively by MBE and vapor
lovitation epitaxy on (001) InP gubstrates, are phase
soparated. Taken together, the proceding results show that,

in temary and n-v
phase sop will ocour of the
growth fechaique that ts used.

The absence of contrast modulations along the
growth direction impies that the phase separation
responsibie for the fine scale structure Is two-dimensional in
nature and occurs &f the surface during growth. N this were
nat trve, decomposttion in (001) layers should occur along the
three <100> directions, which are the soflest directions. In
fact, I the phase separation were to occur in the film following
growth, it should be dosminant along the [001] growth
direction, because transformation-induced strains can be
eeslly relaxed in this direction due to small thickness.

The resutts presented in Fig. 1 can be
rationalized in terms of the above discussion. 1t can be
argued that the wavelength of the fine scale structure would
depend on the surface diffusion length of the constituent
atoms. The diffusion lengttrs, In tum, will depend on the
substrate orientation, method of growth and growth

The in between LPE,

MBEWOMVPEIayers.MIsshownInqum! s thought

FIGURE 1
Typical microstructures observed In (a) InGaAsP (A=1.33
um), {b) inGaAs (A=1.67 um) and (c} InGaAsP (k=1.33 um)
grown on (001) InP substrates by LPE, MBE
and OMVPE. Al three mlaographswemtaksn in-dark field

s,
equaltvzem Marker represents 100nm.

fo be the resut of the last two factors. It is well known that
both the critical and the of

stabllity decrease with temperature®®, For the fims which are
grown at the higher temperatures, LPE and OMVPE, the




period of this modutation is expected to be large. For the
MBE fiims, grown et lower termperature, a smaller perod is
expected.

3. INFLUENCE OF SUBSTRATE ORIENTATION
ON PHASE SEPARATION

In order to fully understand the two-dimensional
decomposttion behavior of InGaAsP materfals, layers were
grown by LPE on {111),, (110) and (123} InP substrates.
The growth temperature in each case was 600° C. The
©emission wavelength of the layer depostied on the (111),
substrate was 1.54 um, whereas It was 1.33 ym for the other
two otlentations. These layers were subsequontly examined
by transmission eleciron microscopy (TEM).

Typical plan-view microstruclures observed for
the [111],, [110] and [123] orientations are shown,
respectively, In Figs. 2(a) — (c). Comparing Figs. 1(s) and
Figs. {2(a) — (c), &t s apparent that the microstructures
depend on the ofthe tying
substrate and these differences are highlighted as follows.
As Indicated earfier, phase separation within the (001) layers,
fig. 1(4), cocurs along the [100] and [010] directions and the
fino scale speckie contrast is taidy well developed. in the
(111)Ahyﬂ!.Flg.2(a),Mspoddeoamhdw.
but does not appeer to be aligned along spedific
crystaiographic directions. On the other hand, the (110)
tayers, Fig. 2{b). show contrast madkdations along the [001]
and [110] The offoctis p
deamatic In the case of the (123) layers, Fig. 2(c). These
mmwmmmmmm
diraction, whereas modulafions along the [30T) divection are
not that welt developed. For al spacimens shown in Figure 2,
crass sectional TEM has shown the decomposition to be two
dimensional. Theretore, the phase separation must occur by
surface processes durdng the growth of the film.

The wavelongths of the speciie contrast
observed in the above three cases are.the faliowing: (1) 4 nm
tonha(ﬂ!)Agtvwlh.(ﬂ)Sand-’:nmalongmelooﬂund
[170] directions for the (110) growth, and (i) 27 and 9 nm
mm[_oéqmmi]t«m(m)mmm.

The above obsarvations may be rationallzed by
of the elastic ofthe

crystal in the plane of growth. Since cublc crystals are
elastically isotropic in the (111) plane, well-defined, aligned
modulations should not occur. Figura 2(a) shows a specided
microstruciune and the absence ot crystallographic afignment.
The (110) surface Is highly anisotropic. kt contains the
elastically soft [001] direction, the [111] and [171] directions,

FIGURE 2

Dark-field ined from InGeAsP epitaxial
lsayefs mfg (@) ('11)” (6) (110}, and () (123) InP
SOO"bs“ca and ﬂ'moi he each case is

layers
are 1.55, lsaand!aaum ﬂ;eoperatngmﬂedbmh(a).
{b), and (c) are, respectively, 202, 222 and 242, 8-0. Marker
represents 108 nm.

which are hard, and the [170] which Is relatively soft but not
as soft as [001]. Indeed, the sample shown in Fig. 2{(b)
shows modutations along the [001] and [110] directions. The
findings on the (123) specimen shown In Fig. 2{c) are



with the other are found
to lie along the [032] and [301] directions which are the two
softest directions lying in the growth plane.

The inthe of
the specide contrast in the three cases are significant. These
varlations must reflect the diffarences in surtace mobliiies of
the constituent atoms as well as the elastic properties of the
plane of growth.

4. THERMAL STABILITY OF PHASE-
SEPARATED MICROSTRUCTURE

To assess the thermal stablilty of phase-
separated microstructures, inGaAsP epitaxial layers, emitting
at 1.33 am, were grown on (001) InP substrates by LPE.
These tayers were then encapsulated with SIO./SiyN,. The

P tayors were In the temp range
of 750° - 900" C. After snneaiing, the encapsulant was
remaved and the layers were examined in plan-view by TEM.

Shown in Fig. 3 are typical micrographs oblained
from the as-grown layer, Fig. 3{a), and the layer annealed at
850° G for 30 min., Fig. 3(b). Comparing these figures Ris
apparent that the fine scale structure is atif present after
annesling and coexists with wealdy-defined coarse contrast

Two can be drawn from
these abservations. First, the fine scale speckie
is stable at temp higher

than the growth temperature. in view of the fact that

FIGURE 3
the

Dark-field ap o
at 850° C for 30 mins. on the stabiity

homogenization involves bulk diffuston and the
evolves by surface spinodal decomposition, this result ks not
surprising. Second, the fine and the coarse contrast
appear to be This again can be
understood ¥ the coarse contrast modulations form to
the tv strains. d with
the fine scale structure®.

5. INFLUENGE OF GROWTH CONDITIONS ON
ORDERED DOMAINS

To study the Infiuence of growth conditions on
the size of ordered domains, (Ga, ABnP layers were grown on
{001) GaAs substrates by OMVPE. The layers were
depositod at 650° and 680° C and the respective growth rates
were 1.08 and 0.67 umviw. These layers were examined in
plan-view by TEM.

Typical micrographs obtained from the above
layers are reproduced as Fig. 4. Domains are extremely
small In the sample grown at the higher rate, Fig. 4(a),
‘whereas the average size is fairly large, - 0.5 pm, in layers
grown at the slow rate, Fig. 4(b). In addition, it was

of

of fine

(a) as-g layer, and (b} after annealing
for 30 mins. at 850° C. The operating reflection In each case
is 220, s=0. Marker represents 100 nm. .

occurred on the (T11) and (171) planes.

Suzuk et al.% have proposed a model to
rationalize the farmation of CuPt-type ordered structures in
temary HI-V compound senviconductors. They have argued
that dus to strain congiderations, the growih of Ing (G, gF
layers on the (001) GaAs substrates coutd involve altemate
rows of In and Ga atoms along the [110] direction.
Furthermore, they assume that the growth is Initiated at steps
present on the substrate surtace. Invoking the above model,
two distinet situations could arlse during growth: (i) the
ordered regions on either side of the step are commensurate
with each other, and (if) the ordered regions are separated
from each other by the tubes of disordered material. The
position of these tubes shift laterally during growth. ftis
proposed that these tubes are responsible for the domain
contrast observed In Fig. 4.



temperature and the growth rate. Larger domains
are observed in samples grown at higher
temperatures and low growth rales.
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