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X-ray diffraction from CuPt-ordered IlI-V ternary semiconductor alloy films
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A model has been developed to describe x-ray scattering from CuPt-type ordered IlI-V ternary semiconduc-
tor alloys. The model takes into account the size distribution of the two different laminae-shaped variants, the
random distribution of antiphase domain boundaries in each variant, and the atomic displacements due to the
bond-length difference between the two constitutive binary materials. A synchrotron x-ray source was em-
ployed to measure the weak-ordering reflections from CuPt-ordergdrigaP and A} singAs samples. By
comparing the experimental results and the model calculations, structure information, including the average
number of atomic layers in the laminae of each variant, the average antiphase domain size, and the average
order parameter in each variant, were obtained. Results from single-variant films and poorly ordered films are
also discussed.
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[. INTRODUCTION ticularly when two ordering variants coexist. In this paper,
we show, by using intense synchrotron x rays and develop-
l11-V semiconductor ternary alloy#\B;_,C grown on ing a proper structural model that considers both the coexist-
(001-oriented substrates are known to exhibit CuPt-B-typeence of two ordering variants and their complex interplay
ordering with one or two ordering variants, i.e., thel1] with randomly distributed antiphase domain boundaries,

) — _ _ many interesting diffraction phenenmona can be understood
variant and the[111] variant, depending on the growth g »niitatively. Effects ofA-C and B-C bond-length differ-

conditions:™ The properties of CuPt-ordered IIl-V alloys gnces on the diffraction profiles are also considered in our
have been extensively studied in the past decade. Many iMhodel, which, as will be demonstrated in the paper, has a
teresting phenomena, such as band-gap reduttiaience-  sirong impact on the determination of the order parameter.
band splitting’ optical anisotropy,conductivity anisotropy, This paper is organized as follows. After the introduction,
second-harmonic generati§netc., have been explored by results of TED and TEM on the CuPt-orderagB; _,C ma-
many investigators. It is also known that two-variant orderedterials will be briefly reviewed in Sec. Il. Experimental pro-
films have very different electronic and optical propertiescedures are given in Sec. lll. In Sec. 1V, a structural model
from those of one-variant ordered filfis! These studies and a kinematical x-ray-diffraction theory are described. The
have revealed that the physical properties of the orderedffects of atomic displacements due to the bond-length dif-
films depend strongly on the structural details of the mateference betweeA-C andB-C bonds on the diffraction data
rial. Extensive transmission electron diffracti6hED) and  are discussed in Sec. V. Results of the synchrotron x-ray
microscopy(TEM) studies have successfully depicted mostdiffraction from our Galnk and AllnAs, films and their in-
of the intrinsic features of the ordered phase, as well as thterpretations, are presented in Sec. VI. In Sec. VII, we dis-
complex morphologies within the ordered film over a largecuss the problems in determining the order parameter from
range of length scalé$.However, most of these results re- the ordering reflections. Conclusions of this study are given
main qualitative or, even, inferential. Extended x-ray-in Sec. VIII.
absorption fine-structure analyses give quantitative informa-
tion about the local atomic structutg* These results
indicate that, except for nearest neighbors, which are subject
to a microscopic strain, the virtual-crystal approximation can A typical TED pattern from an ordered,B;_,C film
be applied to the alloy crystals. Recently, attempts were pubyith double variants is shown in Fig. 1. The ordering reflec-
lished to model the electron-diffraction data on a miCTO-tions are e|ongated a|ong directiors10° away from the
scopic scale by employing rather simplified model structures{oo1] direction, forming a characteristiwavy pattern. The
the results, while informative from a qualitative point of cause of this unusual diffraction phenomenon is believed to
view, are, nontheless, unsatisfactory quantitativefp. be the complex structure of the ordered film, which allows
X-ray diffraction has long been used for a quantitativethe two variants to interlock with the antiphase domain
study of ordering in bulk alloys’ However, it has not really boundaries to form platelike domains slightly inclined with
been applied to compound semiconductor films except forespect to th€001] direction!?2%2Y|n Fig. 2, atomic images
the recent work of Forrest and co-workéfs® This is taken from a single-phase, double-variant domain and a
mainly because the ordering reflections from the film aresingle-phase, single-variant domain are shown. In the case of
weak, and the actual ordered structures are complicated, pateuble variants, a laminar structure with alternating variants

II. RESULTS FROM TED AND TEM STUDIES
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FIG. 3. Schematic diagram showing the diffractometer setup for
X-ray measurements.

FIG. 1. Atypical[110]-zone TED pattern taken from a CuPt-B- dicular to the sample surfacewas introduced in our
type ordered Ill-V semiconductor alloy. In addition to the funda- experiments by using thg angle on a standard four-circle

mental reflection spots, tilted and streaky ordering reflection Spmﬁiffractometer so that the reflections. such a_il()l and
are also seen ah(2k/2/2) positions. — T ' i )
(3/2 3/2 3/2), which are usually not accessible in a conven-

along the[001] direction is clearly observed. A detailed de- tional coplanar diffraction geometry, can be reached. This
scription of the laminar structure of the two variants and_norjcoplan_ar geometry Is schematically shown in Fig. 3. The
their interlock with the antiphase domain boundaries can béncident slits, 0.1(n plang x 0.5 mnf (out of plang, and

found in Ref. 12, and references therein. the receiving slits, 0.5in plan® X 0.5 mn?f (out of plane,
give a resolution of the diffractometer of about 0.006 in di-
Il SAMPLE PREPARATION AND X-RAY DIFFRACTION mensionless reciprocal-lattice units. A post-measurement in-

tensity correction, considering the effective size of the foot-

Samples studied in this work are nominally {ga,sP  print of the incident x-ray beam on the sample surface, is
grown on GaA&01) substrates and fkingsAs grown on  necessary if the scan range is large.
InP(001) substrates by metal-organic chemical vapor deposi-
tion. The substrates are tilted by about 6° toward either thgy STRUCTURAL MODEL AND DIFERACTION THEORY
{11ZA or {111B direction. X-ray diffraction was per-
formed on beamline X14A of the National Synchrotron The two possible CuPt ordering variants are schematically
Light Source at the Brookhaven National Laboratory, withshown in Figs. &) and 4b), respectively. In the text of the
an energy of 8.0478 keV. A ®&ill) monocromator set paper, we will call the (11) and (11) variants variants |
slightly away from the Bragg position, and a pulse heightand Il, respectively. In the diagram of variant |, an antiphase
analyzer, were used to remove the higher-order harmonics
(Ap=\/n). This consideration is particularly important for
our experiments because the second-order harmonic would
appear exactly at the positions where the ordering reflection
would occur[although, in principle, there is no @22 re-
flection, a weak one can be actually measured due to a loss in
inversion symmetry of the binding electrdn# proportional
counter was used to record the diffracted x rays. A nonco-
planar diffraction geometryi.e., the plane of diffraction de-
fined by the incident and the diffracted beams is not perpen-

(b)
[001]
[TIO] FIG. 4. Schematic diagrams showing the CuPt-ordered struc-
ture. (@) Variant | with an antiphase domain boundafly) Variant
P ; Il. (c) and(d) are laminar structures with alternating variants. The
40A h lamina of variant Il has an evefodd number of group-IIl atomic
- o layers in(c) and(d), respectively. Consequently, the adjoining lami-
FIG. 2. High-resolution images taken frof@ a double-variant nae of variant | are in phase and out of phasé&jrand(d), respec-
domain andb) a single-variant ordered domain, by TEM. tively. The dashed rectangle marks the unit cell used in our model.

155310-2



X-RAY DIFFRACTION FROM CuPt-ORDERED llI-V . .. PHYSICAL REVIEW B53 155310

(117 LHLHLILIILLIL, SIALILL, SLLALILIL IS III] SIS IIL ) — ami(—01+0a3)
>\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\;\\\\\\\\\\\\\\\\\\\\‘ B—e . (2)
W > Let us assume a vertical sequencdgfairs of laminae of
[001] 2200000 - R variants I_and Il. Thgth pair of Iammae_ conS|_sts ofs; and
AN NS X ng; atomic layers of group-Ill atoms in variants | and II,
N variant]  zzzzzza variant I1 respectively. These numbers are random. If we denote the

[110] structure factors of infinite layers in variants | and Il as
Foag(Q), the structure factor of the whole stack of laminae
FIG. 5. Structural model of a double-variant film containing is then given by
randomly distributed antiphase domain boundaries and a random
number of atomic layers in each lamina. The thick bars represent N aAi—1 Bei—1
the antiphase domain boundaries. Shaded and unshaded laminae &f(Q)= 2 Foa(Q) ——— +Fop(Q)Ba™i t——-
the same variant are out of phase. =1 a1 -1
ji—1
domain boundary perpendicular to fHELO] direction is also X(aB) "] ataxignek1, (3
shown. Such boundaries will inevitably exist in the film, be- k=1
cause the initial occupation of a group-Iil lattice site by atom,o x-ray intensity scattered by such a structure can thus be
A or B is equally possible, and the growth actually occurs,, itten in the form
simultaneously everywhere over the substrate surface. In

Figs. 4c) and 4d), two examples of a laminar structure with N aMAi— 1
alternating variants are shown. The difference between Figs. 1(Q)«=(|F(Q)|?)= E < Foa(Q)

4(c) and 4d) lies in the thickness of the variant-1l lamina, j=1 a-1
and the effect this has on the relationship between the neigh- ngj_ 12
boring variant-l laminae. When the two variant | laminae are +Fop(Q)Baai~t >
separated by a lamina of variant Il containinge@rennum- -1

ber of group-Ill atomic layergas in Fig. 4c)], the variant-|

N j-1 N
laminae are in phase with each other. Conversely, if the in- ) RE{E > (alg)j—r< FOA(Q)a Mol
tervening variant Il lamina is awdd number of group-lli j=2r=1 a—1
atomic layers in thicknes§(e.g., Fig. 4d)], the variant-I . n
laminae will then be out of phase. In a real case, the number nA-fl'8 Bj_l)( L_l

. : . : : +Fos(Q)Ba 0a(Q)

of group-Ill atomic layers in a lamina of either variant may B—1 a—1
be random. Ngr_ 1| *

Based on these considerations, a realistic structural model +Fop(Q)Baart )
must consist of statistically distributed lateral antiphase do- B—1
mains and a varying phase relationship in the growth direc- j-1
tion, as shown in Fig. 5, where the antiphase domains in the % H (anAk—lﬂan—1)> _ (4)
two variants are considered to be independent from each K=r

other. The number of atomic layers in each lamina is ran- - I
dom. Here( ) indicates an average over all possibilitiesngf and

To describe the diffraction theory in steps, let us firstggi\}v\r/i\{teege;;’t@(a:<anAj>’ andyz=(p") and Eq.(4) can
neglect the antiphase domain boundaries in[thE0J] direc- '

tion, the atomic layers in thEaTlO] direction are assumed to 1-R 1-R
P . . . 2 an) 2 dXB)
be infinite. The basic structural units that constitute the or4(Q)«2N;{ |Foa(Q)| —2+|FOB(Q)| —_—
dered phase are a layer of group-lll atoms and a layer of 11—« |18
group-V atoms. In order to obtain a structure of variant |, we * "
have to shift the next group-lll atomic layer with respect to “Rd Foa(Q)F%,(Q) 1-xa 1= Xp
the previous one by a vector-(a/2,0a/2) in the crystallo- oA BT a* 1-8
graphic coordinate system. The phase shift in the structure

2
factor of this layer caused by such an operation is 1=Xa
d g b +2 Ref F0A<Q>|2axﬁ( 1_a)
a=e™ (01" d3) )
1— 2
where @1,0,,03) are the coordinates of the scattering vector + FOB(Q)|2,BX,1< 1—),(85) +[FSa(Q)Foa(Q)Bxaxp
Q:
1—Xa 1—)(3} XaXp
2m +F Fée(Qa
Q=" (41, 02.0). N QFe( Dl T=y T=5 1= xoxs
imi - 1= (xaXp)" !
Similarly, the phase shift between the structure factors of x| N=1— a—ﬁ)} (5)
neighboring atomic layers in variant Il is 1=xauxp
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If we assume that the numbeng; andng; follow a Pois- |F.s(Q)2
son distribution with mean valuegn,;)=n, and (ng;) ([Fos(Q)?)=2—"T—— - (M[l Re(x|)]
=ng, we obtain |p?*—1|?

2
x,=e "N y=a,p. (6) —Re{ 2, 17X

Let us now take into account the lateral antiphase do- (pxpM1-1
mains in each lamina. In this case, each lamina contains al- X|M—-1 ” )H 11
ternating segments out of phase with respect to each other. éx -1
For the sake of simplicity, we assume that the lateral sewhere
guence of these segments is statistically not correlated to the
vertical sequence of the two variants. Then the existence of x)=(¢™) (12

the lateral antiphase domains affects only the term

¥s the averaged phase shift over all random numbgyf

|Foa(Q)% [Foa(Q)|% andFoa(Q)F5s(Q) in Eq. (8). Now 0 it cells in a segment. In a similar way, we obtain
these terms must be replaced by their averages, taking into

account a sequence of randomly distributed lateral segments. 1-y _(¢X”)M
If we further assume that the lateral structures of different (Fos(Q))=F.«Q) 2 1 , S=A,B. (13
laminae are not correlated, then we simply need to make the 1-¢ PX

following replacements in Eq5):

The averaged phase shjft can be calculated readily if we
assume that the random numbersngf follow a Poisson

|FOA(Q)|2_’<|FOA(Q)|2>- |FOB(Q)|2_><|FOB(Q)|2>- distribution with an average'np>zm:

FOA(Q)FSB(Q)_’<FOA(Q)><FOB(Q)>* :

(7) xj=e "4, (14

The structure factor of thpth lateral segment of a layer is Different configurations of antiphase domain boundaries can
shifted by a phase factap with respect to the segmept  now be achieved by different combinations of the parameters

-1, N, Ng, andm.

p=em ("t d)=g=2may V. EFFECT OF THE ATOMIC DISPLACEMENTS
if we assumeq,=g, in the [110] scattering plane. The _ Bulk semiconductor alloy#,B, _,C are known to obey
structure factor of such a sequence of segments is Vegard's law quite accurately: thmverall lattice constant is

M

Fos(Q) =2, FR¢P~t, S=A,B,

where

-1
¢2mp_ 1 p
S

is the structure factor of thpth segment of variant-I or -l
lamina containingm,, unit cells, M is the number of seg-
ments in one lamina, anB.g is the structure factor of one
unit cell as defined in Fig. 4. We therefore have

(IFos(QI%)=[Fcs(QI?

(1

-1

2 k=1

2my_ * p—1
(¢¢>2 ) Lo

M p-1 2m
d“Mr—1
+2Rs(2 > ¢ k< 71

)}

After some manipulation, we obtain

IT ¢*™ s=AB
k=1

the average of the bullkAC and BC lattice constants,
weighted by mole fraction. If we imagine the alloy to be a

(8)  virtual crystal (VC), in that each atom sits on geometrically
precise zinc-blende lattice sites, then its lattice constant can
be expressed as

aagc=Xaact (1—X)agc.

(9) Indeed, measurements* show that the second-nearest-
neighbor distances between group-lll atorfts between
group-V atoms in the lattice are very nearly those
—appc/\2— expected for such a VC approximation.

In contrast, however, first-nearest-neighbor distances be-
tween group-lll and -V atoms deviate significantly from
J3aagd/4, expected from the VC approximation. It is always
that theA-C (or B-C) bond length is shortgor longe) than
the VC bonds. Therefore, one can imagine that, instead of
occupying the VC lattice sites, the atoms will sit in positions
slightly deviated from the VC sites, resulting inraicro-
scopic strainin the alloy. Such deviations or microscopic
strain have been treated in great detail in the past 20 years,
employing mainly what are known as valence-force-field
models?>~?*in which the energies of individual bonds and
S=A,B. bond angles are considered to be independent of each other.

By minimizing the total energy of the typical tetrahedral
(10) bond structure in diamond-type semiconductors, the actual

bond lengths, or the first-nearest-neighbor distances, and the

displacements of the atoms from their VC sites, can be de-
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termined. For most of the common semiconductor alloys, Now Eq. (15 can be rewritten as
values of the actual bond lengths in diffLerzr;tlzy ordered struc-
tures can be widely found in the literatufe®>° _ 27 Q- (rj+(5}))
; . Fes= fi(r; . 1
Now let us discuss the effect of such atomic displace- cs Z (fi(r))e A 17
ments on the x-ray-diffraction intensity. For an ordered crys-I Iso b . i the f
tal, the structure factor & of a unit cell can be written in a t can also be written In the form
general form o o .
Fes=20 {Ti(f(r) +2miQ(8)[fi +(f(r))]}e?me
Fes=2 fi(r)e?m (o), (19
[ =Fy+Fs+Fy, (18

where where

fi(rp)="fi+f(ry) Fo= > T2, (19
is composed of two components, the mean atomic form fac- !
tor f; of a disordered crystal at lattice sitein the VC ap- .
proximation, and the deviation of the atomic form factor Fszz (f(ry))e?mern, (20
from f; at r; due to the atomic orderingd,(r;). &, is the '
displacement of the atom gt. The summation in Eq15) is . _
over all the atomic sites; in the unit cell. The exponential Fa=271 >, Q-(8)[f;+(f(r))]e?m i (21)
term in Eqg.(15) can be expanded to :
2miQ T, ) are the contributions to the total structure factor from a per-
€ (1+2mQ- ), fect VC, from atomic ordering and from atomic displace-
assuming tha®,; is much smaller than the VC bond length. Ments, respectively. The x-ray intensity is calculated by
To obtain the x-ray intensity, we have to calculate the aver- 5 Kk L %
age of|F.4? over all possiblities of atom arrangements due [Fesl®=(Fo+FstFa)(Fo+FS+Fq)

to ordering, and all the possibilites of the atomic displace- =FoF§ +FFs +2 RgFoF%) +2 REF4FF)
ments. If we assume that the atomic form factors for the
atoms at different lattice sites and the displacements of the +2 REF4FE) +F4Fy . (22

atoms at these sites are not correlated, and further assu ' . . .
n}%e first term in Eq(22) gives the fundamental reflections.

that f;(r;) and §; at the same site are independent variablesl_ : . . :
; . . he second term is caused by the atomic ordering. The third
(note that the displacement of an atonr atiepends mainly term is zero becausg;f(r;)=0. The fourth and fifth terms

on its first-nearest neighbors, and is rather an intrinsic prop-

erty of theABC,-type semiconductor alloys than a result of result in diffuse intensities around the fundamental and or-
atomic ordering, then we have dering reflections, respectively. The last term, though much

weaker than the other terms, represents the contribution
. A purely due to the atomic displacements. In our case, because
<|ch|2>=<2_ > fi(r)fF(rj) e (it 2= 2mQ (1% 2)) the displacements are also ordered, as we will show in the
o following discussion, the atomic displacements bring in an
_ additional modulation to the ordering reflections. Therefore,
:< > > fi(r)ff(rpemmm(1+27iQ- ) the intensity of an ordering reflection from a single variant
P

domain is
X(l_ZWiQ'éj)> |0rderoc|Fs|2+2RquF:)+|Fd|2- (23
In addition to the bond-length-difference-induced permanent
ZE 2 <f_(r_)><f_(r_)>*e2,ﬂQ,(ri,,j) atom displacements, the thermal vibration of the atoms
i VAR causes a random displacement. The effect of this thermal
vibration on the x-ray structure factor is considered via
X(1+27iQ-(81))(1-2mQ-(5))) Debye-Waller factors. In this paper, the Debye-Waller fac-
tors were calculated from the estimated Debye
= (1) temperature$®?” using the Debye model, resulting in B
P =0.2799, B;,p=0.3001,B,,4s=0.206, and R 5s=0.283.
X<fj(r]_)>*ezmQ(ri+<5i>)efz‘mQ(r1+<5j>)' (16) Before calculating the average atomic form factor and the

average atom displacements, let us introduce the well-
Therefore, the effect of the ordering and atomic displaceaccepted Bragg-Williams long-range order parameférlf
ments on the x-ray scattering can be taken into account bye definey,(yg) and wa(wg) as the fraction ofA sites B
replacing the atomic form factors and the atom displacesiteg occupied by the right and wrong atoms, respectively,
ments in Eq{15) by their averages. we then have
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FIG. 6. (@) Schematic diagrams of the ordered1() lattice
planes considering the atomic displacements due to the bond-length
difference betweerA-C and B-C in an AysBy<C alloy. TheC
lattice planes have been sorted into two tyiies,andC2, based on FIG. 7. The reciprocal-space area within which most of the ex-
their displacements due to the bond-length difference betwe€n  perimental measurements were made in this work.
andB-C. (b) The tetrahedron bonding in a diamond-type structure.

Distributions of A and B atoms on the four bonding positions de- 1+s.\4 [1-s.\%
T T
—| —=— |di+
( 2 ) ( 2 ) '
2
S=yat v~ 1=7a— wg=7p— wa. (29) _(1_57)

1+s, 2

2

1-s,
2

1+s,
2

pend on the ordering of the alloy. |8 =
2

ds, (26)

For simplicity, here we will discuss only the case in which where r=1 and 2, corresponding to the variants | and I,

g‘e moIeIIra(;]nons oh andB atg?ma n tTe 3llc()jytar?hequal. respectively,d;, and dg are parameters determined from a
ur resft: SE’A OWOEI:\/Ber,tcan eﬁSIy d(.':‘ffex e? € | Of et'gener'g\ parate VFF model calculation. For different materials, they

case whereh and b aloms have different mole 1ractions. ,.e gitferent values. The direction of the average displace-

Bearing this in mind, the possibilities of finding the right and ments are perpendicular to the ordeféd ! latice planes. In

wrong atoms at group-lll lattice Sitef are,=v,/(v,  sec. vI, we will show how this displacement influences the
+w,) and 1-P,, respectively, where;=A,B. Therefore, diffraction profiles.

the average atomic form factors frandB sites are
VI. RESULTS AND DISCUSSION

f(A)= %(fA+fB)+ ;(fA_fB)a In this section, we present and discuss the experimental
results and theoretical fitting results for several, &gy 5P
and Al sing sAs films, which are quite representative of the
o 1 S CuPt-type ordered IlI-V semiconductor alloys. Samples
f(B)=§(fA+fB)+ E(fB—fA). (25  MA776 and MA912 are Gging P films grown on GaAs
(00D-6°A substrates. Sample K782 is a {gmgsP film
grown on an InF00)-6°B substrate. Sample R286 is an
The calculation of the average atomic displacements i\l glhgsAs film grown on an exactly oriented [9801) sub-
more complicated. In aA,B;_,C alloy, VFF model calcu- strate. Growth conditions of the @dngsP films and the
lation indicates that mainly the group-V atoms have beerAl,:IngsAs film can be found in Refs. 11 and 18, respec-
displaced to accommodate the bond-length difference. In &vely. Figure 7 is a schematic diagram of th&l0J-zone
disordered phase, the group-Ill ato@ndB are randomly  reciprocal-lattice plane within which most of the scans in this
distributed, so that the average atom displacement for eacliork were made. It is well known that a film grown on a
lattice site is zero. IA andB atoms form CuPt-type ordering, substrates miscut toward tti#11)-B direction would result
however, they will prefer to reside on alternatingl@) or  in single variant in the film~®1n such a case, only one set of
(1Tl) lattice planes. Consequently, the displacements of thEhe orderlng reflections were observe_d by TE.D' No wavy or
atomsC form a periodic pattern, they move closer to eithertllted ordering peaks were obser\_/ed in such .fllms. Our x-ray
the A-rich lattice plane or th@-rich lattice plane depending megsurements on samp!e K782 indeed confirm that only one
on which of theA-C and B-C bonds is shorter, as shown variant appears in this film grown on aIB_°substrate. The
schematically in Fig. @. In this way, we can sort the atoms m_easured reciprocal area map of this sample around
C into two types, type 1 and type 2, as indicated in Figa).6  (3/2,3/2,5/2) ordering reflection is shown in Figla8 The
For each tetrahedral structure with an at@nsitting in the  intensities of the fundamental reflections and their tails in the
center, there are 16 possibilities to displace this atom demeasured area have been subtracted from the map in order to
pending on the occupation of the four atogndB bond-  highlight the rather weak ordering peak. This procedure has
ing directly to it[Fig. 6(b)]. Considering all these 16 differ- Pbeen performed on all the data discussed below. The peak in
ent atom arrangements and their possibilities, we finallyFig. 8@ does indeed look close to a circle as already noticed
obtain the magnitude of the average displacements of typey TED observations. Figure ( is the calculated
and -2 latticeC planes as (3/2,3/2,5/2) reflection. Figure(8) shows the cross section
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FIG. 8. X-ray reciprocal-space area maps taken from a single- V
variant film: (a) experimental(b) calculated, andc) cross-sectional 1.0 15 20 25 30
line scans aQ[001]=2.5. 200 r . r ©
c
atQ)[001]=2.5. The best agreement between the calculated —_
. ) T w 1500
and measured data was achieved by using a domain size of 2
about 500 crystallographic unit cells. Here it is worth point- 3
ing out that the intensities of the ordering reflections have E 1000¢
been modulated by the effect of atomic displacements as >
discussed in Sec. V. As an example, Fig. 9 shows the calcu- T g0l
lated x-ray radial scans from reciprocal lattice pointd 1L E L J
to (333) for a perfectly ordered large single-variant domain. ok i i \
The central peak in each panel is the fundament&2f2 (_111"1)) 15 20 25 (3:'§33)
reflection. Figure @) is the result without taking into ac- -H (r.l.u.)

count the atomic displacements. Naturall& th_é2(3/2,3/2)
reflection is stronger than the higher-orderq5/2,5/2) re-

FIG. 9. Calculated x-ray line scans from reciprocal-space lattice
points (111) to (333). (a) Without taking into account the atomic

flection, as the atomic form factor decreases with increasingjsplacements(b) Modulation caused by atomic displacemercs.
scattering vector. In Fig.(B), scattering due to the atomic Results of(a)+(b).

displacements is shown, which gives a modulation to the
above profile. In Fig. &), the total intensity profile consid-
ering the atom displacements is shown. Theé2(%/2,5/2)
reflection here is considerably stronger than th (32,3/2)
reflection.

Figure 1Qa) is an experimental x-ray area scan in recip-
rocal space taken from sample MA776 around the ordering
reflections (72,7/2,5/2) and (12,7/2,7/2). It is clear that
both ordering peaks are inclined away from {0@1] direc-
tion by an angle of about 10°. This feature is quite similar to
the typical TED data shown in Fig. 1. It is easy to recognize
that the (72,7/2,7/2) and (12,7/2,5/2) reflections are contri-
butions of the ordering variants | and IlI, respectively. We
also note that the reflection {Z,7/2,7/2) is much stronger
than the reflection (/2,7/2,5/2). However, we must not con-
clude from this feature that the fraction of the variant | in this
sample is larger than that of the variant Il. Figuréd@ives
the calculated intensity distribution by using E&). The

3.5

3.0

QI[oo1]

2.5

1°

@ : -

(a)

3.5

3.0

2.5

(b)

0|
32 34 36 38

Q|-110]

32 34 36 38

Q|[-110]

FIG. 10. X-ray reciprocal space area scans of sample MA776:

parameters used for the calculation are listed in Table I. Botfi) experiment;(b) calculation. The peaks centered alq;712,7/2)
maps agree qualitatively quite well but for a detailed com-and (72,7/2,5/2) are attributed to variants | and Il, respectively.
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TABLE I. The parameters used to fit the measured data of (-113) (-335)
samples MA776, MA912, and R286n,), (ng), and(m) are the " " T
average number of group-lll atomic layers in the laminae of vari- 800
ants | and Il, and the average antiphase domain é&ée.and(s,) .
are the average order parameters of variants | and I, respectively. % 600k

=

Sample  (n,) (ng (M) (s1) (S2) % 400
MA776 7 8 60 0.35:0.05 0.45-0.05 g
MA912 12 12 140 0.56-0.05 0.50+0.05 S 00k .
R286 4 4 ~ 0.30'+0.05 0.36=0.05 =
3 or ordered domains only. . 5 S5 e 30

parison of the calculation and the experiment, area maps are

not suitable. In Figs. (&) and 11b), two cross sections at FIG. 12. X-ray line scans from reciprocal-lattice points
Qi[001]=2.5 and 3.5 are shown. We see that the theory113)—(335). The solid dots and the line are measured and calcu-
yields a quite good fit to the experimental data. In Fig. 12, dated results, respectively.

fit, using the same parameters, to a line scan from reciprocal

lattice point (113) to (335) is shown, and the agreement is films'? (the TED pattern in Fig. 1 is an example of such a
also good increasing our confidence in the model. case. It is also clear that when the antiphase domains are
Figure 13a) shows the experimental area map takingvery large, the ordering reflections become very narrow and
from sample MA912. Figure 1B) is the calculated one us- lie almost parallel to th€001] direction. This latter finding is
ing Eg. (5). The structural parameters used for this calculafurther confirmed by Fig. 1@), which represents an area
tion are listed in Table I. To view quantitatively the fitting scan for a two-variant structure without lateral antiphase do-
results, several line scans along eithet1] or [111] direc- ~ Mains but with statistically distributed laminae thicknesses.
tions are shown in Fig. 14, namely, scans from the reciprocdh this case, the ordering reflection is elogated simply along
lattice point (]11) to (333), (002 to (220), (113) to (331), the [001] direction, but is no longer tilted to form the wavy

and (002 to (224) Good agreement has been obtained bepattern Therefore, dense antiphase domain boundaries are

w " : tal and lated responsible for the tilted reflection peaks.
een the several experimental and simulated curves. Not all of the films, however, are well ordered, by which
From the calculations, we note that the widths of the or-

we mean that the two ordered variants are complementary in
dering reflections are determined by the combination of lat;

the film. Some films grown under certain conditions may not
eral antiphase domain size and the laminar thicknesses, i.gy, e/l ordered, in which ordered domains are embedded in
the overall configuration of the antiphase domain boundarie

%he disordered matrlk5 2|n this case, TEM study has shown
This is also true for the tilt angle of the ordering reflections. that the ordered domains have a finite lateral size, but, in the
To show Fh|s point more glearly, a series of calculated are"[’OOl] direction, the ordering develops quite well. Overall,
saans u5|r'1:g a (E@Inoi’lfgmBas the modhel structure ﬁrek these ordered domains are characterized by a columnar
shown in Figs. 15 an y varying the average thic s[tructure15 Based on the theory first developed by Greenholz
nesses of the laminae of the two variants and the latera

domain size, we are able to obtain quite different diffraction

patterns. From Fig. 15, we notice that when the antiphase 288 ,1?" (é)-
domains are very small in size, each ordering reflection has _ 24 i
split into two. The smaller the antiphase domains, the greater 3 & @
the separation of the two split maxima are located. In fact, T 2
such splittings of ordering reflections and shifts of intensity 2.2} )
maxima have been observed by TED on poorly ordered 72 14 16 18 20 22 24 26 2.8
Q-110]
1600+ (a) ' ' ' (b) | ) 28 (b')-
0
T 1200 = 26 @
L.%, 800 é 2.4}
=2 (7/2,7/2,5/2) =4
2 2.2
@ 400
E 12 14 16 1.8 20 22 24 26 2.8
g.OO 325 350 375 40800 325 350 375 4.00 Qli=110]
H -H

FIG. 13. X-ray reciprocal-space area scans of sample MA912:

FIG. 11. Cross-sectional line scans through the peak maxima ifé) experiment(b) calculation. The peaks centered alZ5/2,5/2)
Fig. 10 at(a) Q)[001]=2.5 and(b) Q[001]=3.5. and (32,3/2,5/2) are attributed to variants | and I, respectively.
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(-111) -333) @) (b)
— 1500
Z a5 ) | 24| I
g 1000 = =
8 é 2.0 é 2.0
2 500 = =
@ (<4 (<}
2 15 ‘0 I 15 " .'
2 o
1.0 2.0 75 3.0
(002) _224) 15 20 25 15 20 25
) 2000] Q|I[-110] Q||[-110]
g 1500 ]
% 1000 J () (d)
£ 0 | 25 Q 0 25 6 @
E 0 ; : " . - ; - ranlilit =3 g
00 02 04 06 08 10 12 14 16 18 20 829 829
_(-113) (-331) 5 g
,g 1500 ] 1.5] @ Q 1.5 @ @
E 10004 1 1.5 2.0 25 15 2.0 2.5
%‘ 500 ﬁ ] QI[-110] Q|[-110]
£, @) i}
19 72 17 16 18 20 22 24 26 28 30 24 @ @ N, e ‘
(002) (-220) ' :
% 6000 g 2.0 g 2.0
= = =
£ 4000 g (=
% . 15 @ @ 15 ﬂ g
£ 0 15 20 25 15 20 25
= 00 02 04 06 08 10 12 14 18 1.8 20 Q||[-110] Q[-110]

-H
FIG. 15. A series of calculated area scans for an ordered
FIG. 14. X-ray line scans from one reciprocal-lattice point to Gaygno &P model structure with the parametérs,)=(n)=8 and
another.(a) From (]_’Ll) to (3’33) (b) From (002 to (224) (c (a (m) 5, (b) (my=10, (c) (m)=20; (d) (m)=40, (e) (m)=60,
From (]_’L3) to (331) (d) From (002 to (220) Solid dots and lines  and (f) {(m)=200.
are measured and calculated data, respectively.

and Kidron?® in which the interference between the scatter- @ o

ing from different ordered domains is neglected, we can cal- 258§ § 25§ 0
culate the x-ray scattering intensity from a columnar struc-
ture by keeping the same vertical structural model, as we
used above for the well ordered materials. Figuréllis a
reciprocal-space area scan taken from sample R286. This ~ . y Y T y
sample was shown to exhibit short-range order from our ear-
lier work.*® The general feature of this figure, particularly the

= 15 2.0 25 1.5 2.0 2.5
inclination of the streaks passing through the2(k/2,1/2) Q[-110] Q[-110]
positions, is quite similar to that of the well-ordered materi-
als. The elongated streaks are clear indications of small or- ©) @
dering domains in the film. An interesting feature here is the 25 @ @ 25 ﬂ 8

presence of streaks parallel to th@01] direction, running

between the ordering reflectiorfT.he ridge of intensity be- g 20 §2-0

tween (31) and (1L3) is due to the high density of planer g g

stacking faults. See Ref. 18 for detajl§igure 17b) is the 9 @ @ 19 @ G
calculated area map using the columnar structure model and

the parameters listed in Table I. It fits qualitatively quite well 15 20 25 15 20 25

to Fig. 11a), considering the shape and tilt of the ordering Qi-1101 Q-410]

reflections, as well as thgD01] streaks between them. In g, 16. Calculated area scans for an orderegl{Bg P model
fact, the quantative fit is also good if we show cross-sectionatructure with the structural parametefs))=20 and (a) (n,)
line scans running through the ordering peéksg. 18. We =(ng)=12,(b) (n,)=(ng)=8, and(c) (n,)=(nz)=4. (d) is cal-
see from Fig. 18 that both the line shape and intensity of themated by usingn,)=(nz)=8, and assuming that the film is free
calculated curves are in good agreement with their experief lateral anti-phase-domain boundaries.
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(-333) (-444) (-335) (-444)
25 gy/\/ ) 25 400) 1600 (b)
2 300 : 1200 :
= 5 : 3 -
g 20 GO 20 ° £ 200 : 3 800 :
S ° 2 g 400
15 .5 é é 100 E
; 0 0
7z X D LL =5 L 30 32 34 Hs.e 38 4.0 30 32 34 Hs.s 38 4.0
(a) Ql|[-110] () Q|[-110]

FIG. 19. Theoretical simulations of two line scans of sample
| MA776 from reciprocal-lattice points (&) to (444) and (35) to
(444) across the ordering reflections of variants | and Il, respec-

mental counterparts. Note that no antiphase domain boundively. The best fit_s were obtained by using an order parameter of
aries were considered in the columnar model. This implieQ-35+0.05 for variant I and an order parameter of 04505 for
that antiphase domain boundaries are not necessary to ca@&iant Il

the wavy diffraction pattern for the poorly ordered films. The domains in the ordered phase leads to an additional phase
same conclusion was also reached by Yahgl.in arecent factor in the structure factor calculation, which may again
work!® The stronger (B,5/2,5/2) reflection in comparison have significant impact on the intensity of the ordering re-
with the (32,3/2,3/2) reflection is again due to the atomic flections. In order to determine the order parameter correctly,

; all these factors need to be considered. The best way to do

displacements. 1 ; . . ; .

this, therefore, is to fit the experimental x-ray profiles using a

model which takes into account all these factors. Figure 19

VIl. ON THE DETERMINATION OF THE shows, as an example, detailed theoretical fittings to the mea-
ORDER PARAMETER sured x-ray intensity profiles for sample MA776. The calcu-

Conventionally, the order parameter is determined byIated curves here are normalized with respect to the intensity

! . - . ?f the corresponding ordering peak. It is seen that the best fit
comparing the intensities of the ordering and fundamentaWas obtained with the average order parameters of 0.35
reflections weighted by their structure factdfs*® Even

ith ideri h | details of th dered +0.05 for variant | and 0.450.05 for variant Il. We also
without considering the structural details of the ordered Magpge that the calculated and measured curves deviate consid-

terial, this method has already encountered several difficuls a1y at the tails of the fundamental reflections. We believe
ties when applied to the CuPt-type ordered thin films. Folnjs is caused by the fact that the actual structure of the film
example, a precise determination of the intensity of a fundis more complicated than our model, which permits us to
mental reflection is often difficult. This is because the film iSindude static disp|acement diffuse Scattering near the funda-
usually lattice matched to the substrate material, and the rénental peak$Huang scattering In addition, the actual film
flections from the substrate and film overlap one anothermay contain defects such as diffuse antiphase domain
However, many researchers, including us, have used thisoundaries? stacking faults? alloy clustering®*? etc. The
method in earlier studie€:®! There is no doubt that this interface of the neighboring laminae of the two variants may
method will produce correct values for good single crystalsalso not be as abrupt as we considered in our model. It is
of a pure variant if the intensity of the fundamental reflec-worth pointing out that the order parameter of sample
tions can be determined correctly. MA776, determined from a direct comparison of the intensi-
However, as we have discussed in previous sections, thgs of the (_12,1/2,3/2) ordering reflection and th@04)
intensity of the ordering reflection is not only a function of fundamental reflection using the methods discussed in Ref.
the order parameter, but is also modulated by the atomigo, is about 0.06 for both variants, taking the volume frac-
displacements. The almost inevitable presence of antiphasgns of the two variants determined in Sec. VI.

Finally, we note that the precise determination of the or-

FIG. 17. X-ray reciprocal-space area scans of sample R286.
Experimental(b) Calculated by using a columnar structural mode

eooot L (spspsm) der parameter for the complex ordered film by diffraction
‘@ 5000 I ] methods is still a challenge. Our model assumes that the
'§ 4000l 312.3232) laminar structure runs ur_1|form_ly across the wafer, and the
g A number of atomic layers in a single lamina follows a certain
< 3000 distribution. Such assumptions may not be always true. Elec-
'E; 2000 1t 1 tron diffraction may indeed be better in determing the local
2 1000 1 ] order parameter if one can focus the electron beam onto a
T e . single-phase, single-variant domain, and use kinematic

10 12 14 H1.6 18 20 22 24 H2.6 28 3.0 theory(always a problem with TED

VIII. NCLUSION
FIG. 18. Cross-sectional line scans through the reciprocal-lattice CONCLUSIONS

points (32,3/2,3/2) and (&,5/2,5/2) in Fig. 17. Solid dots and ~ On the basis of a theory of kinematic diffraction and a
lines are measured and calculated data, respectively. structure model of CuPt-type ordering in IlI-V compound
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semiconductors, considering the laminae structure of two almean domain size, the mean thickness of the laminae of both
ternating variants and the random distribution of antiphaseariants, and the average order parameter have been deter-
domain boundaries in each variant, we have calculated theined.
reciprocal-space distribution of the x-ray intensities scattered

from CuPt-type ordered’,B,_,C materials. Atomic dis-
placements due to the bond-length difference betwaen

and B-C were also considered in our model. We find that, This work was supported by the NSF, Grant No. DMR-
since atomic displacements are associated with atomic orde®729297 and the Texas Center for Superconductivity at the
ing, the average atomic displacements of alternating 111 latJniversity of HoustonTcSUH). NREL is a national labora-
tice planes are also ordered. This gives an additional moduery operated by Midwest Research Institute, Battelle, and
lation to the intensity of the ordering reflections. SeveralBechtel, for the U.S. Dept. of Energy under Contract No.
samples of GgglngsP and A} gingsAs have been studied DE-AC36-99G010337. V. H. acknowledges the travel sup-
experimentally employing synchrotron x-ray radiation. By port granted by the University of Houston. We thank D. J.
comparing the experimental and calculated x-ray reciprocafriedman and J. M. OlserfNREL) for preparing the
area maps, the structural parameters of the films, such as tsamples.
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