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Discrete and continuous disorder in superlattices
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We have derived a general diffraction relation for crystalline-crystalline superlattices including
discrete fIuctuations on the number of atoms in a layer and continuous fluctuations on the interface
distance, both of a Gaussian type. We show that discrete fluctuations can markedly increase the
linewidth of high-angle (large-q) diffraction peaks in lattice-mismatched systems. Moreover, we

show that this line broadening increases strongly with increasing lattice mismatch and prove that
these fluctuations on lattice-matched systems such as semiconductor superlattices are difficuit to
detect by high-angle diffraction techniques. These results have serious implications for the classical
interpretation of x-ray diffraction from superlattices regarding the determination of e1astic strains
and the reconstruction of composition profiles.

The effect of layering on the structural properties of
metallic and semiconductor superlattices has received
considerable attention in recent years. ' It was shown
that it is possible to achieve superlattice growth of ma-
terials with a large lattice mismatch and different crystal
symmetry. Several structural models have been
developed taking into account various degrees of
structural imperfections, which can influence seriously
the electrical, magnetic, or mechanical properties of lay-
ered structures.

X-ray diffraction (0-20) has been commonly used to
verify and characterize the compositional and strain
modulation in superlattices. ' The linewidth of the
high-angle rejections in metallic superlattices is much
larger than predicted by simple one-dimensional models,
such as the "step" and the "strain" models. ' The
structural coherence length g~ in metallic superlattices
rarely exceeds a few times the modulation wavelength A,
indicating that a mechanism reducing the long-range or-
der is effective. In recent works, we showed that con-
tinuous fluctuations on the interface distance (i.e. , the dis-
tance at the interface between the atoms of material A
and B) can explain the loss of long-range order. The de-
rived amount of disorder was of the order of the lattice
mismatch (i.e., =0.3 A in Nb/Cu, A=30 A, lattice
mismatch =0.25 A) but is not compatible with the pres-
ence of only a few low-angle peaks.

A small amount of disorder as derived from x-ray spec-
tra, may drastically affect the transport properties of mul-
tilayers. For instance, in lattice-matched Nb/Ta super-
lattices with a structure which is claimed to be perfect,
the electronic mean free path l is claimed to be much
longer than A. However, a small amount of interfacial
disorder (—=0.3 A) as found in Nb/Cu superlattices, is
sufficient to severely limit I to the layer thickness. These
facts indicate that a small structural disorder has a much
more pronounced effect on the electric properties than on
the x-ray spectra.

Different mechanisms can cause disorder: (i) imperfec-
tions in the deposition process, (ii) geometric constraints
at the interfaces due to the differences in lattice parame-
ter and symmetry, (iii) variations in growth mode and
wetting, and (iv) interdiffusion and alloying. In practice,
all these conditions limit the control over the thickness of
the individual layers to approximately a few percent. As
a result, the number of atoms in a crystalline layer will
fluctuate from layer to layer as well as in the plane of the
layer, following roughly a Gaussian distribution of a
discrete type. Furthermore, depending on the nucleation
process, large deviations from the layer-by-layer growth
can occur. On the other hand, the geometric constraints
can be accommodated by distorting the layers or the in-
terfaces if the lattice mismatch is sufficiently small so
that, energetically, such distortions are allowed.

Structural imperfections can be modeled as Gaussian
type of fIuctuations, on the modulation wavelength, '

number of atoms in a layer, ' interface distance, ' layer
thickness, ' ' parallel, ' and perpendicular to the inter-
faces. We must distinguish between continuous Auctua-
tions, originating from an amorphous interface, for in-
stance, and discrete fIuctuations, resulting from crystal-
line interfaces. It was shown' that the former distribu-
tion with width c =2 A, on the thickness of the amor-
phous layer, explains the total loss of high-angle superlat-
tice peaks in crystalline-amorphous systems. At high-
angle (large q), it was reported that the latter distribution
of width c ' equal to an atomic distance (in crystalline-
amorphous systems) gives rise to a slight reduction in
diffraction-peak intensity and a disappearance of the
secondary fringes. '

In this paper, we derive a kinematical diffraction rela-
tion for crystalline-crystalline superlattices including in-
terfacial disorder (induced by the lattice mismatch), as
well as disorder due to discrete fIuctuations in the number
of atoms composing a given layer. This relation is first
applied to Nb/Cu superlattices, and used to calculate
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low-angle as well as high-angle di6raction spectra. The
Nb/Cu system is expected to form superlattices with
sharp interfaces because the constituents do not form any
alloys in their thermodynamic phase diagram. Coheren-
cy strains were not reported for this system, justifying the
use of bulk lattice spacings. In the second part we study
the inhuence of the lattice mismatch on the line broaden-
ing induced by discrete fluctuations. These results may
have important implications for structural studies of
lattice-matched semiconducting (for instance, GaAs/
GaA1As) and metallic (for instance, Nb/Ta) superlattices.

As in our previous work, ' we assume that the dis-

tance at the interface between atoms of the difFerent can-
stituerits is not constant throughout the multilayer, but
fluctuates around an average value a following a continu-
ous, Gaussian distribution of width co . The lattice
mismatch can be the origin of this fluctuation. Further-
more, we suppose that the number of atoms in a layer of
material A is not constant but fluctuates around an aver-
age X, following a discrete Gaussian distribution, with
width cN . For material 8 we use similar assumptions
(M, cM ). Figure 1 gives a pictorial representation of this
model.

The structure factor F(q) can be written as

N —1
1

F(q) = g f, exp(iqnd, )+fb exp I iq[(N, —1)d, +a, ]j
n=0

M —1
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with N„,M„ the respective number of atoms in the con-
sidered nth plane, and a„ the value of nth interfacial dis-
tance. I' is the number of crystalline blocks of material A

(lattice spacing d„scattering power f„average number
of planes N) and material 8 (lattice spacing db, scattering
power fb, average number of planes M).

We calculate F(q)F (q) and make the average by in-

tegrating over all real interface distances and summing
over all integer values. In this relation we use the follow-
ing symbols for expressions where only the average value
of our parameters are involved:

S)v = sin(qd, N/2),

Cz = cos(qd, N/2),

S, = sin(qd, /2),

S~= sin(qdbM/2),

C)v = cos(qdbM/2),

S~ = sin(qdb/2), (2)

A Ni A=(N 1)d, +(M —l)d—b+2a,

A

Ni+1

Mi+1[

Ni+2

Mi+2E

& aj

Qj+ )

GJ+2
BJ+3

C(2k ) )A)2
= cos[q (2k —1 )A/2],

CkA= cos(qkA),

S(2k —1)A/2»n[q(2k —1 )A/2]

A Ni+3 S&A= sin(qkA) .

FIG. 1. Model of the superlattice used in the simulations.

Additional symbols are used for functions which are
averaged over the discrete distributions:
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For co =c&'=C~'=0, E . 2 r
—1 —1 q. ( ) reduces to the step

mo e, while for c~ ' = ~ and '= '= i
reduces to the scattering of two inde

an c& =c =0 it
g p

an without any trace of su erstruct
Thi f 1 1 ob df
multilayers by t'

o e use or crystalline-a
equa ing b to zero.

y -amorphous

Using Eq. (2), the hi h-an le x-'g -ang e x-ray difFraction pattern
a u multilayer is calculated for a continuous dis-

qua o zero, and for different values
o t e discrete distributions (c =c ' h

n is ca culation a11 correction factors (atomic densi-
ties, polarization, absor tion ai

' ', p ion, atomic scattering, I.orentz,
an e ye-Wailer factors) are included. A d

e pea intensities and an increase f th
inc width is observed with increasing
cr sy talline-amorphous systems, where this t

g c~ =c~ . Foi

iscrete fluctuation only reduces sli htl hig y t e main peak
'

y an wipes out the secondary multilayer

15
I

12 i

9—
q q q

~ k4 be~

II P y
~o

36

FLUCT UATION AHPLITUO

15

E (Al

0
0

Fyo. 2. Evvolution of calculated high-an le Nb/Cu-ang e u spectra
b =208 A, X=M=24, a =(d

b }/2, as a function of c ' =c
le

=c~ . or a large fluctuation am-

p etude only peaks corresponding to q, and are vi
'

1 hamp i u es t e qA peaks emerge.



l3 34$39 S DISORDER IN SUPERLATTICESDISCRETTE AND CONTINUOUS DISO

e
' ' '

understand our results using a sim-y
n the 6nite-size uc

1 er. '
la ers wit i eh dff "nt th"ka, y

ri u iffracted intensity.con ri u
A will only shg y

the
thickness of layer

=2m/d„but cann drastically shift e
eaks

p o vg=
nd minima.6 't -size maxima anni e-

main eaks from ma terial B, increasiniere e wit t e p
p

f I k
icallf 't""l B "'d"'tt. The peaks o ma e

'

ssta s
constant even or re ati

variations. Nov
' ' . te that thic ness

in tod t broaden diffraction peterial tend to roa
the other material.

ntinuous distributionPreviously we sh owed that a con in
h der of the lattic

'
e

'
tance of t e oron ethe interfacial dist

ex lain the observe d high-angle linemismatch can exp ain
r the occurrrence of only a ewb dening. Howeve,roa

le s ectra o mf ost crystalhne-ks in the low-ang e p
unted for using the

lar er
rystalline mult y

s distribution. e
lain

s t)' ddtous or discre e
~ ~

t ation (contmuouuc u
we showed t at ah discrete distribu-1'h 1 bd

d' d i htbf h
'

teratomic is ancfew times t e in

of1 d.
th

N M ~ 0
ation. Clear y, a a

~

1

b th th' d'""t' 'nd
This indicates t a i

theto obtain a, rough eo, estimate for o
1 . From the low-ang-nletinuous distributi ions separate y.

d can be estimated.spec, f discrete disor er cspectra, the amount o

C/l 12

~10

&- 8

K
m 4
C3

8 10
3

28(kg) ~

15

Q

alculated low-angle spectra using theIG. 4. Evolution of calcu ateF
same pparameters as in ig.

4

en be fed back into the calculation of
, ....d;.„;b.„..le s ectra, with the con in

of the lattice mismatch on
b h d d d

values (lattice mismaa s aol
-matched system e

e

gg
11 1

hi h-h f hoves that t e pr
ed

s ru
k th' n"'1 't

ofcase is not in con ra
gis

serious imp ica
1of x-ray diffraction painterpretation o x-

v) 24

20=
JD

16=
12=

QJ 8t-z 4

9
"'Uc»~TIOg p~p„,„,

46
Q4'

42
0

1.6

. 1.4—
C3

C—1.2 =

~ 1.0:
~ 0.8-z

0.6—

0.4:
0.2—
0.0

0.1
0.3 0 4
'~»t« ~~SypTC„(,

52

usin thelculated high-angle spectra, u
'

g-'=0 N h h
FIG.

same parameters as in ig.
in one of the super al ttice constituents is o

d' h hbroadent e i rh d'ffraction peaks correspon
'

r P=20,calculated high-angle spectra for
'ff l

d values. e reTh suits are plotted as a unction
mismatch, d =d~ —db.



13 342 J.-P. LOCQUET et al. 39

tices. We consider three topics in particular. Lattice-
matched semiconductor superlattices grown by molec-
ular-beam epitaxy generally exhibit very narrow high-
angle diffraction peaks. ' Considerable caution should
be taken when interpreting these data. As shown above,
a narrow line width in lattice-matched systems does not
necessarily rule out the presence of substantial, discrete,
interfacial roughness. Proper intensity calculations are a
must. Second, high-angle diffraction spectra have been
used to determine the elastic strain in superlattices. The
main effect of strain is to change the relative peak intensi-
ties of the superlattice satellites. ' However, if the
growth conditions (layer-by-layer growth) or the evapora-
tion conditions (fluctuations on the deposition rate) are
dissimilar for both materials, the discrete distribution will
also give rise to a change in the relative peak intensities.

Finally, the intensities of the low-angle spectra have
often been used to reconstruct the composition profile us-
ing the Fourier series. ' ' The ideal composition profile
expected for superlattices with no interdiffusion and in
the absence of solid solutions is a step function. Howev-
er, the calculated profile can be largely different and may
even have a sinusoidal shape. The interdiffusion length
between the layers is then determined from the distance
between the maximum and the minimum in the profile.

Our results indicate that the absence of higher-order
low-angle peaks is not necessarily an indication for
interdiffusion, but could be due to roughness.

In summary, we have derived a new diffraction relation
for crystalline-crystalline superlattices which includes
continuous, as well as discrete, Auctuations. We found
that like continuous distributions a discrete distribution
can seriously inhuence the long-range order at high angle
in superlattices. Using low-angle diffraction one can in-
dependently estimate the amount of discrete fluctuations.
These results imply that x-ray linewidths are more sensi-
tive to discrete disorder in lattice-mismatched systems
than in lattice-matched systems.
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