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Introduction

Semiconductor alloys have become in-
creasingly useful during the last four
decades because, through the use of al-
loys, the properties of semiconductors
can be tailored by varying the composi-
tion to precisely match the requirements
for specific electronic and photonic
devices. In addition the use of alloys al-
lows the production of special structures,
such as quantum wells, that require
rapid changes in bandgap energy during
growth. This has led to so-called "band-
gap engineering," in which device
designers and epitaxial growers are
working together to produce structures
having virtually atomic-scale dimensions.

Most compound semiconductors crys-
tallize in the zinc-blende structure, which
consists of two interpenetrating face-
centered-cubic (fee) sublattices, one for
the anions and one for the cations. Each
atomis surrounded by four neighbors, as
in the diamond cubic lattice, to facilitate
the largely covalent sp3bonding typical
of semiconductor materials. Compound
semiconductor alloys of the type A\Bi-,C
are often considered to consist of a ran-
dom arrangement of A and B atoms on
one fee sublattice. However real alloys
are nearly always nonrandom.

One type of deviation from random-
ness involves clustering of like atoms, a
familiar phenomenon in materials with
miscibilitv gaps. In an extreme case, this
leads to phase separation—that is, the
formation of distinct AC- and BC-rich
phases. The two physically distinct
phases formed are easily observed using,
for example, x-ray diffraction or micro-
scopic observation of the structure.

Another deviation from randomness is
order. In an ordered crystal, the solid
composition is modulated along a par-
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ticular crystallographic direction with a
period of several lattice spacings. This re-
sults in formation of natural, monolayer
superlattice structures in semiconductor
alloys, which has important conse-
quences for the optical and electrical
properties. In the extreme case of perfect

order, an alloy of the type A1B1-1C, with
mixing of A and B atoms on the cation
sublattice, might order to produce alter-
nating layers of pure AC and pure BC.
The alloy could also be of the type
AC,Di-v, with mixing on the anion sub-
lattice, where perfect ordering would
produce alternating AC and AD layers.
Both phase separation and ordering were
observed in metal systems many decades
ago and were more recently discovered
to occur spontaneously during growth
of semiconductor alloys.1-5

Three common types of order are ob-
served in 111-V alloys with a 11 ratio of
the two constituent binary compounds.
The most frequently observed form for
these alloys grown epitaxially on (001)
oriented substrates is the rhombohedral
CuPt structure, with ordering on one or
two of the set of four {111} planes. Order-
ing on the (111) and (111) planes (the B
variants) is referred to as CuPt-B, and
CuPt-A refers to ordering on the other
two {111} planes (the A variants). A sum-
mary of the particular ordered struc-
tures seen for various alloys appears in
Table I. The tetragonal CuAu structure,
with ordering on the set of {I00) planes,

Table I: Summary of Ordering Observed in Semiconductor Alloys
(After Stringfellow and Chen6).

Growth
Material Technique
AlGaAs OMVPE
&MBE
GaAsSh OMVPE
GalnAs MBE
GainAs MBE
GaAsSh OMVPE
GaAsSh MBE
GalnAsSbh OMVPE
AlGalnP OMVPE
AiinP OMVPE
AllnAs MBE
GaAsP OMVPE
GaAsSh MBE
GaAsSh MBE
GalnAs OMVPE
GalnAs VLE
GalnAsP VLE
GalnAsP OMVPE
GalnP OMVPE
GalnSbh OMVPE
InAsSh OMVPE
InAsSh MBE
InPSh OMVPE

Substrate Ordered

Orientation Structure
(110) CuAu
(110) CuAu
(110) CuAu
(110) CuAu
(001) CuAu+CH
(001) CH+ CuPt
(001) CuAu+CH
(001) CuPt-A+B
(001) CuPt
(001) CuPt
(001) CuPt-B.
(001) CuPt:B
(001) CuPt-B
(001) CuPt
(001) CuPt
(001) CuPt
(001) CuPt
(001) CuPt-B
(001) CuPt
(001) CuPt
(001) CuPt
(001) CuPt

OMVPE = organometallic vapor-phase epitaxy, MBE=moiecuiar-beam epitaxy, VLE = vapor

levitation epitaxy.
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has also been observed for several IlI-V
alloys, particularly for growth on {l10}
oriented substrates, as Table | shows.125
Ironically the rarest structure, the chal-
copyrite (CH) structure with ordering on
{210} planes, is also predicted to be the
most stable in the bulk alloys.&, This is
because the ordered structure formed is
the most thermodynamically stable at the
surfncc. It need not be the most thermo-
dynamically stable in the bulk, as will be
discussed in detail. Ordering in semi-
conductor alloys is not restricted to the
I11-V systems. The formation of similar
(111) ordered structures has been re-
ported for 11-VI alloysland for Si-Ge
alloys.

The simplest indicator of the occur-
rence of ordering is the observation of
extra spots in the transmission-electron-
diffraction (TED) pattern. For example,
for ordered structures with a spacing
twice the normal lattice spacing, extra
superspots are observed in the TED pat-
terns with spacings of precisely one-half
of those for the normal zinc-blende lat-
tice. An example appears in Figure 1,
The [001]-pole electron-diffraction pat-
tern in Figure la is for an (OOIl)-oriented,
disordered layer of GaAs,,.;; Sb,.5grown
by organometallic vapor-phase epitaxy
(OMVPE). It shows only the diffraction
spots observed in a binary compound,
such as GaAs, with the zinc-blende
structure. The [001]-pole eiectron-
diffraction pattern in Figure Ib is for
an (OOl)-oriented, ordered layer of
GaAsur, Shos, also grown by OMVPE but
using different conditions. It exhibits an
array of extra spots at positions halfway
between the spots due to the sets of {{00}
and {2101 lattice planes. Figures 1cand Id
are the [L10]-pole electron-diffraction
patterns for Gao.5Ino.5P layers, also
grown by OMVPE. Figure Ic shows a
disordered layer, and Figure Id is for an
ordered layer. The latter shows extra su-
perlattice spots at positions halfway from
the origin to the spots due to the {{11)
planes in the zinc-blende lattice. The
diffraction pattern in Figure Ib shows
the existence of two ordered structures,
the CuAu and CH structures, within the
area probed by the electron beam. The
diffraction pattern in Figure Id indicates
the existence of the B variants of the
CuPt structure in the Ga,,.5Inp5P layer.

The degree of order is typically signif-
icantly less than unity. For samples with
large domains, TED superspot-intensity
measurements yield values of degree of
order as large as 0.7.n Recent spin-echo
nuclear- magnetic-resonanee measure-
ments of 71Gal2 yield the best indepen-
dent value to date of 0.6 for a sample
grown to maximize the order parameter.

28

in I1I-V Semiconductor Alloys

Figure 1 Transmission-electron-diffraction (TED) patterns of semiconductor alloys.
1001]-pole TED patterns of disordered (a) and ordered (b) GaAsSb, and [110]-pote
TED patterns of disordered (c) and ordered (dj GalnP.

Onptical properties are often used to
estimate the degree of order. Most com-
monly this involves the use of low-
temperature photoluminescence to
determine the bandgap energy and the
use of theoretical calculations to extract
the degree of order. This type of analysis
leads to a value of 0.56 for the order pa-
rameter in highly ordered GalnP grown
by OMVPE.T A comparison of the values
of order parameter obtained from the
various techniques shows a high degree
of consistency, providing support for the
idea that the maximum degree of order
obtained is 0,5-0.6. The disorder may be

due to two factors: (1) regions of the ma-
terial that are not orderedfland 12) a
compositional modulation index of less
than unity —that is, the alternating
monolayers are not really the pure com-
pounds from which the alloy is formed.

The occurrence and mechanism of or-
dering are fascinating materials-science
problems that reveal much about the ther-
modynamics and structure-properties
relationships for semiconductor alloys.
They are also beginning to reveal im-
portant general features of the surface
processes occurring during vapor-phase-
epitaxial (VPE) growth. Ordering also
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has also been observed for several IlI-V
alloys, particularly for growth on (110}
oriented substrates, as Table | shows.1256
Ironically the rarest structure, the chal-
copyrite (CH) structure with ordering on
(210) planes, is also predicted to be the
most stable in the bulk alloys.89 This is
because the ordered structure formed is
the most thermodynamically stable at the
surface. It need not be the most thermo-
dynamically stable in the bulk, as will be
discussed in detail. Ordering in semi-
conductor alloys is not restricted to the
I11-V systems. The formation of similar
{{11}ordered structures has been re-
ported for II-VI alloys9and for Si-Ge
alloys.10

The simplest indicator of the occur-
rence of ordering is the observation of
extra spots in the transmission-electron-
diffraction (TED) pattern. For example,
for ordered structures with a spacing
twice the normal lattice spacing, extra
superspots are observed in the TED pat-
terns with spacings of precisely one-half
of those for the normal zinc-blende lat-
tice. An example appears in Figure 1.
The [001]-pole electron-diffraction pat-
tern in Figure la is for an (001)-oriented,
disordered layer of GaAsos Shtt5 grown
by organometallie vapor-phase epitaxy
(OMVPE). It shows only the diffraction
spots observed in a binary compound,
such as GaAs, with the zinc-blende
structure. The [001]-pole electron-
diffraction pattern in Figure Ib is for
an (OOI)-oriented, ordered layer of
GaAso.s Sh[,5 also grown by OMVPE but
using different conditions. It exhibits an
array of extra spots at positions halfway
between the spots due to the sets of {00}
and {210) lattice planes. Figures Ic and Id
are the [110]-pole electron-diffraction
patterns for Gao.5Ino.5P layers, also
grown by OMVPE. Figure Ic shows a
disordered layer, and Figure Id is for an
ordered layer. The latter shows extra su-
perlattice spots at positions halfway from
the origin to the spots due to the {11}
planes in the zinc-blende lattice. The
diffraction pattern in Figure Ib shows
the existence of two ordered structures,
the CuAu and CH structures, within the
area probed by the electron beam. The
diffraction pattern in Figure Id indicates
the existence of the B variants of the
CuPt structure in the Gao.5Ino.5P layer.

The degree of order is typically signif-
icantly less than unity. For samples with
large domains, TED superspot-intensity
measurements yield values of degree of
order as large as O.7.'l Recent spin-echo
nuclear-magnetic-resonance measure-
ments of 71Gal2 yield the best indepen-
dent value to date of 0.6 for a sample
grown to maximize the order parameter.
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Figure 1L Transmission-electron-diffraction (TED) patterns of semiconductor alloys.
[001]-pole TED patterns of disordered (a) and ordered (b) GaAsSb, and/110]-pole
TED patterns of disordered (c) and ordered (dj GalnP.

Onptical properties are often used to
estimate the degree of order. Most com-
monly this involves the use of low-
temperature photoluminescence to
determine the bandgap energy and the
use of theoretical calculations to extract
the degree of order. This type of analysis
leads to a value of 0.56 for the order pa-
rameter in highly ordered GalnP grown
by OMVPE.13A comparison of the values
of order parameter obtained from the
various techniques shows a high degree
of consistency, providing support for the
idea that the maximum degree of order
obtained is 0.5-0.6. The disorder may be

due to two factors: (1) regions of the ma-
terial that are not ordered4 and'{2) a*
compositional modulation index of less:
than unity—that is, the alternating:
monolayers are not really the pure com-
pounds from which the alloy is formed.
The occurrence and mechanism of or-:
dering are fascinating materials-science
problems that reveal much about the ther-
modynamics and structure-properties:
relationships for semiconductor alloys.
They are also beginning to reveal im-:
portant general features of the surface:
processes occurring during vapor-phase-;
epitaxial (VPE) growth. Ordering also
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has extremely important practical conse-
quences. The order-induced property
change eliciting the most interest by the
device community is the reduction of the
bandgap energy. More than 10 years be-
fore ordering was discovered, an un-
explained phenomenon caused the
bandgap energies of GalnP layers, all
grown lattice-matched to GaAs sub-
strates—that is, all with the same com-
position—to vary by more than 100 meV
from laboratory to laboratory.’5 The re-
duction of bandgap energy was later
found to be caused by CuPt ordering.’6
The first attempts to quantitatively deter-
mine the effect of order on the bandgap
energy were theoretical.7 The current
best theoretical estimate of the bandgap
reduction due to CuPt ordering in per-
fectly ordered GalnP, AEg, is 0.38 eV.I7
The reduction in bandgap energy has the
following dependence on the degree of
order S18

Es= Eg(S= 0) - AEgS2 )

Ernst et alBexamined the bandgap en-
ergy versus order parameter experimen-
tally over a range of bandgap energies,
yielding AESof 471 meV.

Bandgap narrowing due to CuPt or-
dering has also been experimentally ob-
served in GalnAs alloys lattice-matched
to InP(OQI) substrates. A maximum
bandgap reduction of 65 meV was ob-
served. Experimental determination of
the effect of CuPt order on the bandgap
of InAsSb alloys reveals a bandgap
shrinkage of approximately 45 meV.2L

The large bandgap shrinkage due to
order in GalnP is extremely important
for visible light-emitting diodes and in-
jection laser diodes. To produce the
shortest wavelength (most visible)
devices, ordering must be avoided. How-
ever in InAsSb alloys, the shrinkage of
bandgap energy is potentially beneficial
since it moves the wavelength further
into the infrared (IR) where an atmo-
spheric window exists between 8 and
12 pim.2L Thus ordered InAsSb has the
potential to be a useful material for IR
detectors if ordering can be precisely
controlled. An additional potential bene-
fit of ordering is the production of order/
disorder heterostructures with absolutely
no change in the solid composition.2

The ordering phenomenon in semi-
conductor alloys is reported virtually
only for alloys grown by VPE processes.
As will be discussed in more detail, this
is because the ordering process is driven
mainly by the surface thermodynamics.
The widely observed CuPt structure is
stable only for the surface reconstruc-
tion”) that form(s) [110] rows of [T10]

MRS BULLETIN/JULY 1997

Ili-V Semiconductor Alloys

group-V dimers on the (001) surface.
These group-V-dimer rows form to re-
duce the energy due to the large number
of dangling bonds at the surface.

This article will concentrate on (1) the
driving force for ordering and (2) the efr
fects of growth parameters on the order-
ing process. These topics are important
because they lead to a better understand-
ing of the mechanism leading to order-
ing and to the control of the ordering
process.

Thermodynamic Driving Force
for Ordering

The simplest model to describe the
thermodynamics of mixing in any alloy
system is the ideal solution model where
the distribution of constituents is ran-
dom and the enthalpy of mixing is zero.
For many materials systems, deviations
from ideal behavior are accounted for us-
ing the regular solution model.%5 In this
model, the entropy of mixing is consid-
ered to be equal to the ideal configura-
tional entropy of mixing, which always
favors the formation of random alloys.
The enthalpy of mixing is given by the
symmetrical function Affafx) = fi x(I - x)
where fl is the interaction parameter re-
lated in the regular solution model to the
relative energies of AB, AA, and BB
"bonds" in the alloy A,Bi-;-C. A positive
interaction parameter indicates that AB
bonds have a higher energy than the
average of AA and BB bonds. This is an
indicator that clustering and phase sepa-
ration may occur at low temperatures
where entropy is not the dominant term
in the total free energy. In the regular so-
lution model, a negative value of the in-
teraction parameter indicates that A and
B atoms are attracted to each other. This
gives rise to ordering.

The regular solution model does not
appear to be fundamentally suited to the
description of the thermodynamics of
mixing in compound semiconductor al-
loys since for example the Ga and Al do
not form bonds in AlGaAs alloys. An-
other general drawback to the regular
solution model is that it is not predictive.
The interaction parameters for the liquid
and the solid phases are adjustable con-
stants, typically obtained by fitting the
calculated solid/liquid phase diagram to
the experimental data.

An attempt to produce a model more
physically reasonable and more predic-
tive led to the delta-lattice-parameter
(DLP) mode.Z324 In this model, the en-
thalpy of mixing for a semiconductor al-
loy is related to the effect of composition
on the total energy of the bonding elec-
trons. This leads to an approximate rep-
resentation of the interaction parameter

in terms of only the lattice parameters of
the two binary constituents of the ter-
nary alloy,2

ii = 4.375 K(Aa)z/ais. )]

In this equation, Aa is the lattice-
parameter difference, and a is the aver-
age lattice parameter. The adjustable con-
stant is K, which is the same for all 11l-V
alloys. Thus once K has been established
for one or more alloys, this expression
can be used to predict the values of inter-
action parameter for other alloys. This
simple model gives values of interaction
parameter that are in remarkably good
agreement with experimental data. 25 It
is also more physical and predictive.

A major prediction of the DLP model
is that the values of fl are always greater
than or equal to zero. This means in the
regular-solution view that the solid I11-V
alloys may cluster and phase-separate,
but they will not order. The Aa2depen-
dence in Equation 2 suggests that the
main effect in the DLP model is the
strain energy associated with deforma-
tion of the bonds in the alloy. Thus the
valence-force-field (VFF) model, origi-
nally developed by Keating,% provides
an attractive alternative not containing
the adjustable constant K. In the VFF
model, the short-range energy due to
stretching and bending of the bonds
constitutes the enthalpy of mixing. This
approach has been successfully used to
calculate the enthalpy of mixing in 1I-V
alloys without the adjustable parameter
in the DLP model.27-3

As just mentioned, the DLP model
always gives positive interaction parame-
ters, which would suggest the occur-
rence of clustering and phase separation.
Such phenomena are widely observed for
11-V alloys.23However as mentioned in
the Introduction section, ordering is also
widely observed in semiconductor al-
loys. This apparent dilemma was antici-
pated in metal systems five decades ago
by Hume-Rothery.34 He recognized the
obvious: that coherent clustering and
phase separation—where the elastic en-
ergy at the boundary between regions
with differing compositions is not al-
lowed to relax via formation of defects
such as dislocations—in systems with a
large difference in atomic size gives rise
to large macroscopic strain energies. He
suggested that for such coherent systems
a large size difference would drive both
short- and long-range ordering rather
than clustering. Thus he anticipated the
observations in 111-V alloys that both or-
dering and clustering can occur. Much
more recent first-principle total-energy-
minimization calculations by Zunger
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and co-workers33 led to the same conclu-
sion. Ordering does reduce the total
energy of random alloys composed of
constituents that have a large lattice-
parameter difference without producing
a large macroscopic strain energy.

The first-principles calculations of
Zunger and co-workers can i>e used to
estimate the relative stabilities of the
various ordered structures in Ill-V al-
loys.3For the bulk alloys—that is, ignor-
ing surface effects—the CH ordered
structure is found to be the most stable,
followed closely by the CuAu structure.®
The CuPt structure is not found to be
Stable relative to the disordered alloy.
This was initially surprising since CuPt
is nearly the only ordered structure ob-
served experimentally. However this di-
lemma is resolved by considering the
stabilities of the various ordered struc-
tures at the reconstructed surface.3

For the most commonly observed
(2 X 4) reconstruction on group-V-
terminated (001) surfaces, recent VFF
calculations¥indicate that the B variants
of the CuPt structure are the most stable.
The [110] rows of [110]-oriented group-V
dimers lead to alternating [110] rows of
compressive and tensile strain in the third
buried layer. For alloys with mixing on
the group-Ill sublattice, such as GalnP,
this produces the [110] rows of alternat-
ing large and small atoms that comprise
the CuPt-B variants. These calculations
also predict that the surface structure of
alloys with mixing on the group-V sub-
lattice, such as GaAsP, will also produce
the CuPt-B variants, in agreement with
experimental observations.¥

Effect of Growth Parameters on
Ordering in GalnP

The correspondence between the pres-
ence of [110] P dimers and CuPt ordering
for GalnP layers grown by OMVPE has
recently been verified by using the sur-
face-photoabsorption (SPA) technique for
measurement of the nature of the chemi-
cal bonding at the surface.3* 4 Optical
techniques such as SPA are the only
methods yielding in situ information
about the surface reconstruction during
OMVPE growth.4 More direct tech-
niques, such as reflection high-energy
electron diffraction, are applicable only
in ultrahigh-vacuum (UHV) systems.
Optical techniques give information
about only the energy and symmetry of
electronic transitions involving surface
atoms. Thus it is impossible to obtain in-
formation about the long-range order
from such measurements. However SPA
results correlate closely with RHEED re-
sults in UHV systems,2 lending support
totheir use for determining indirectly the
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Figure 3. Degree of orderand 400-nm SPA signal due to [110] P dimers versus the
TBP partial pressure for growth at temperatures of 6S0°C (squares) and 670°C
(circles).37

MRS BULLETIN/JULY 1397



Orderand Surface Processes in

surface reconstruction during OMVPE
growth. For example, the only known
structures involving [110] group-V dimers
on the (001) surface of I11-V semiconduc-
tors are the (2 X 4)-type reconstructions.

The effects of temperature during
OMVPE growth on the degree of CuPt
order has been studied extensively for
GalnP. For example, a typical study using
the reactants trimethylgallium, tri-
methylindium, and PH 33 shows a clear
maximum in the degree of order at a
temperature near 620°C, with a continu-
ous decrease in order with increasing
temperature until at 720°C the material is
essentially disordered. Similarly a de-
crease in growth temperature to 520°C
produces material with only a small de-
gree of order. Nearly identical results
were obtained by Murata et al.Dfor the
OMVPE growth of GalnP using tertiary-
butylphosphine (TBP) rather than phos-
phine, as Figure 2 shows. _

Determining the concentration of [110]
F dimers on the surface using SPA re-
veals that the major cause for the effect
of temperature on ordering observed
in GalnP grown by OMVPE is loss of
the (2 x 4)-like surface reconstruction
providing the thermodynamic driving
for ordering at the surface during
growth. Figure 2 clearly demonstrates
this, showing that the SPA signal inten-
sity at 400 nm, due to the [110] P dimers,
decreases sharply as the temperature in-
creases from 620°C. At 7200C the signal
has nearly disappeared.

However the data presented in Fig-
ure 2 make it very clear that the loss of
order at low temperatures must be re-
lated to another factor. The SPA spectra
for samples grown at low temperatures
show a feature at approximately 480 nm
that is attributed to an "excess phospho-
rus" phase; a second layer of P accumu-
lates on the surface at low temperatures
and high P partial pressures.4 This may
be the reason for the loss of CuPt order at
low growth temperatures.

The flow rate of the group-V precursor
is also found to have a significant effect
on the ordering process. Again the de-
gree of order has been closely correlated
with the surface reconstruction.4In Fig-
ure 3, the degree of order is plotted ver-
sus the TBP partial pressure during
growth at 620 and 670°C. The SPA inten-
sity at 400 nm, due to the [110] P dimers,
is also plotted. Clearly the loss of CuPt
ordering at low V-III ratios correlates
closely with the loss of the (2 x 4)-like
reconstruction.

The data from the studies of changing
temperature and TBP partial pressure
are combined for the plot of the degree of
order versus the SPA signal in Figure 4.
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Figure 4. Degree of order versus SPA
signal due to [110] P dimers for
changing temperature (620-720°C)
and changing TBP partial pressure
(10-200 Pa).40

A one-to-one relationship between the
degree of order and the concentration
of [110] P dimers on the surface is ob-
served for changes in both temperature
(620-720°C) and TBP partial pressure
(<200 Pa).

Support for the thermodynamic de-
scription of ordering is obtained from
the results of annealing experiments.
Plano et al.46were able to destroy the or-
der produced in GalnP samples during
growth by annealing for 4 h at 825°C.
Similarly Gavrilovic et al 47 were able to
eliminate the ordered structure by an-
nealing at 700°C for 100 h. This is evi-
dence that the CuPt ordered structure is
not stable in the bulk.

A strong link has clearly been estab-
lished between the occurrence of CuPt
ordering and the surface structure dur-
ing growth. Both theoretical calculations
and the results of experimental investi-
gations strongly indicate that the CuPt
structure is not stable in bulk GalnP. It
forms at the surface during VPE growth
on (OOl)-oriented substrates that are
reconstructed to produce [110] rows of
[110] group-V dimers on the surface.

However other factors are also found
to affect ordering and are related to the
mechanism responsible for ordering. For
example, misorientation of the (001) sub-
strates by a few degrees to produce [110]
surface steps is found to enhance the for-
mation of the CuPt ordered structure
while [110] steps are found to retard the
ordering process. This suggests that sur-
face steps may play an important role in
the kinetic processes leading to the for-
mation of the CuPt ordered structure.

The results of growth-rate studies also

strongly suggest that other, kinetic fac-
tors may be significant in the ordering
process. Considering only thermody-
namic factors, the growth rate should not
affect the ordering in GalnP for OMVPE
growth at high V-III ratios. Changing the
partial pressures of the Ga and In pre-
cursors will change the growth rate but
will not affect the P partial pressure at
the interface. 5 Thus the P coverage of the
surface and the surface reconstruction
should be independent of growth rate. In
recent experiments at a temperature of
670°C, the group-IIl flow rates were
changed while the TBP partial pressure
remained constant at 1.5 Torr. Changing
the growth rate from 0.25 to 2 /xm/h was
found to have no detectable effect on the
degree of order.48 This clearly demon-
strates the lack of a kinetic factor in the
ordering process under these conditions.
However at higher growth rates, a kinetic
factor becomes clearly evident. Cao etal®
studied the effect of gro%vth rate on or-
dering in GalnP grown by OMVPE at
rates from 4 to 12 ftm/h at a temperature
of 680°C. They found a marked decrease
in the degree of order at the higher
growth rates. The ordering is virtually
eliminated at a growth rate of 12 ,u,m/h
(about 10 monolayers/s). The reduction in
order parameter with increasing growth
rate seen for rates above 4 /jin/h gives a
rough measure of the rate of the ordering
process occurring on the surface during
growth. The data indicate that the time
constant is approximately 0.25 s. Cao
et al. attributed this to surface diffusion.
This mechanism would be consistent
with a time constant of this magnitude.
Several authors have suggested a subsur-
face diffusion model to account for or-
dering. 103350 However it seems highly
unlikely that subsurface diffusion could
occur at a rate consistent with this time
constant. It would require a diffusion co-
efficient in the solid many orders of mag-
nitude higher than the bulk diffusion
coefficients measured in 11-V systems.

Summary

The phenomenon of atomic-scale or-
dering during the VPE growth pro'cess
to produce natural monolayer superlat-
tices was discovered in Il1-V alloys a
little over a decade ago. During the inter-
vening years, the CuPt ordered structure
with ordering on [L11) planes has been
found to occur in virtually all l111-V semi-
conductors for growth on the (001) plane.
Both theory and experimental results in-
dicate that the CuPt structure is not ther-
modynamically stable in the bulk alloys.
It is stabUized by the formation of [110]
rows of [110] dimers on the surface dur-
ing growth. The subsurface lattice sites
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are in compression directly below the
dimers and in tension between the
dimers. This leads to the arrangement of
the Ga and In atoms in GalnP, for ex-
ample, Into the alternating [110] rows
that comprise the B variants of the CuPt
structure with ordering on (111) and
(111) planes. A direct link between for-
mation of the CuPt structure and the
concentration of [110] P dimers, when
changing either the temperature or the
partial pressure of the P precursor, now
has been established using SPA to mea-
sure the dimer concentration. However
other factors also affect ordering. CuPt
order disappears for low growth temper-
atures. This is found to correlate with ap-
pearance of an excess P phase where a
second layer of P is formed on the sur-
face. Evidence of the role of surface steps
is the enhancement of ordering by [110]
steps and diminution of ordering when
[110] steps are introduced. This strongly
indicates that the step structure also
plays a role in the ordering process, as it
ultimately must since this is where all
adatoms are incorporated into the lattice.
Examination of the effect of growth rate
gives some idea of the kinetics of the or-
dering process. At rates above 4 /um/h,
the ordering weakens and almost disap-
pears at a growth rate of 12 /xm/h. This
indicates that the kinetics of the ordering
process are relatively rapid, probably too
rapid to be a subsurface diffusion pro-
cess occurring in the third layer below
the surface, as suggested by some mod-
els. At this time, we have no compelling
model to explain the effects of steps on
the ordering process.

One reason that ordering has received
so much attention is because the band-
gap energy is strongly dependent on the
CuPt order parameter. Theoretical and
experimental studies indicate that the
bandgap energy of completely ordered
GalnP will be 300-500 meV less than for
disordered material. For this reason, or-
der must be strictly controlled for mate-
rials used forboth electronic and photonic
devices. We are now beginning to ex-
plore the use of ordering to improve the
performance of devices.
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