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We present results of an x-ray-reflectivity measurement on a Au film, 1000-A thick, in situ epitaxially
grown on GaAs by molecular-beam epitaxy. Roughness of both air/Au and Au/GaAs interfaces was
obtained from the specular-reflectivity curve. Interfacial height fluctuations of the air/Au interface were
found to be correlated to those of the Au/GaAs interface. The correlation of the height fluctuations was
obtained quantitatively from the diffuse scattering profile. Satellite peaks in the rocking curves at small
incident angles were also observed and attributed to the correlated roughness and to the dynamic
scattering effects. Upon heating the sample to 400'C, the interface became rougher and the interfacial
correlation was lost. We speculate that the interfacial changes were caused by interdiffusion at elevated
temperatures.

I. INTRQDUCTIQN

Epitaxially grown Au films on semiconductor sub-
strates, especially on GaAs surfaces have a wide variety
of applications in the semiconductor industry. The inter-
facial structure of such systems is believed to play a ma-
jor role in determining electronic properties such as resis-
tivity and Schottky barrier height. ' It has been rather
difficult to apply modern electron microscopes such as
scanning tunneling microscopy and transmission electron
microscopy in studying the interfacial structure since the
interface is buried under an overlayer film. The objective
of this study is to demonstrate the capability of x-ray
scattering in studying the interface structure nondestruc-
tively using a model system, Au/GaAs.

The usefulness of x-ray reflectivity in studying surface
roughness has been demonstrated, and applied to vari-
ous systems. ' The behavior of the specular reflectivity,
where the exit and the incident angles of x rays with
respect to a surface are equal, is directly related to the
rms of the surface roughness. Meanwhile, surface height
fluctuations are manifested in the diffuse scattering
profile around the specular-reflectivity rod. The detailed
scattering cross section was well documented in a classic
paper by Sinha et al. Recently, there are also great
theoretical and experimental efforts to utilize the x-ray
reflectivity in studying interfaces of multilayer sys-
tems. With the unique penetrating power, x rays are
ideal probes to study the structure of interfaces buried
under overlayers. Although the scattering cross section
of buried interfaces can be quite complicated to be of any
use, it is now believed that one might obtain the rough-

ness of each interface and the correlation between the in-
terfaces from the reflectivity measurement.

The interfacial structure can be described by a height-
Auctuation function, GJ(r)=([h;(r) —hi(0)] ), where
h, (r) represents the height variation of the ith interface at
lateral position r in the film plane from the mean height.
Here the statistical average is to be considered as a
configurational average rather than a thermal average be-
cause the fluctuations in a multilayer film are usually
frozen. The rms roughness or the interface width of the
ith interface, o.; = +(h; (r) ) is related to the fluctuation
function by G;;( Oo ) =2o, At the origin, the fluctuation
function across interfaces attains a finite value
[lim„o G; (r)%0 (i' )], since interfaces are not usually
perfectly correlated. Many properties of a multilayer film
depend not only on the interface width a.;, but also on the
details of G;.(r). G,"(r) is a good measure of the propaga-
tion of interface height fluctuations due to defects such as
steps and islands through overlayer films. In an x-ray
diffraction experiment, we measure a Fourier transform
of G; (r) as will be clear in the following sections.

In this paper, we demonstrate the usefulness of the x-
ray reflectivity in analyzing the interfacial structure of an
Au film grown on GaAs by molecular-beam epitaxy
(MBE). The roughness of both interfaces, cr,
=Q ( h f (r ) ) (air/Au) and cr 2

=Q ( h 2
2( r ) ) (Au/GaAs)

was obtained from the x-ray-specular-reflectivity curve.
The height fluctuations of the air/Au interface were
correlated to those of the Au/GaAs interface as indicated
by the intensity oscillations in the diffuse scattering. The
correlation between the height fluctuations across the in-
terfaces, G,z(r)=([h2(r) —h, (0)] ) was obtained quanti-
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tatively by analyzing the diffuse scattering profile around
the specular rod. In addition, we found interesting satel-
lite peaks in the rocking curves at small q, (momentum
transfer along the surface normal) values. These peaks
were found to be a combined result of the rapid intensity
oscillations in the diffuse scattering due to the interfacial
correlation and of often ignored dynamic scattering
effects at small incident angles.

Upon heating the sample to 400'C, the interfacial
structure was modified greatly. As was obvious from the
specular reAectivity of the annealed sample, the
Au/GaAs interface was much less well defined than that
of the as-grown sample. The interfacial correlation was
also greatly reduced. We attribute the modification of
the reAectivity curve to the interdiffusion of Au and
GaAs atoms across the interface. The small modulation
in the reflectivity curve indicated that the thickness of
the interdiffused layer was about 60 A.

This paper is organized as follows. In Sec. II we de-
scribe the film preparation, x-ray measurement setup, and
a brief crystallographic information of the Au overlayer
film. In Sec. III, we discuss the specular-reAectivity mea-
surement. A brief review of the scattering cross section is
presented to aid in understanding the data. In Sec. IV,
we discuss the correlation between the height fluctuations
of the two interfaces. A scheme to obtain the quantita-
tive correlation function is elaborated. In Sec. V, we
present the satellite peaks in the rocking curves at small
incident angles. In Sec. VI, the changes in the interfacial
structure upon annealing are discussed. We summarize
our results in Sec. VII.

together by transfer modules with a pressure of 5 X 10
torr. Before depositing Au, we deposited 0.5 —1.0 pm of
GaAs buffer layers on a commercial GaAs (001) substrate
to make an As-stabilized GaAs surface using standard
growth parameters. The sample was then transferred to
the arsenic-free metal MBE chamber without being ex-
posed to air. Here, Au with a thickness of 1000 A was
evaporated from a effusion cell. The substrate tempera-
ture during the metal deposition was held to around
100'C to prevent any interdiffusion between the GaAs
and the Au.

B. Crystallographic information

Prior to the reQectivity measurement, we measured a
few Au Bragg peaks to obtain crystallographic informa-
tion of the Au film. Surprisingly, the Au film was grown
along the (110)A„direction rather than along the stable
(001)~„direction. In the film plane, the (110)~„direc-
tion was aligned to the (110)o,~, direction of the
GaAs substrate, while the ( 001 )A„was parallel to
the ( 110)o,A, . Although the GaAs substrate has a
fourfold symmetry in its structure, we observed only
domains with ( 110)~„~~ ( 110)o,~,. No domains with
( 110)~„~~ ( 110)o,~, were observed. These results are
rather surprising considering that the lattice mismatch
between the Au (lattice constant of 4.078 A) and the

(a)

II. EXPERIMENTAL DETAILS
K,

A. Experimental setup

The measurement was performed at Beamline X10B at
the National Scynchrotron Light Source. The incident x
rays were focused vertically by a focusing mirror. A hor-
izontally bent Si(111) crystal was used to monochroma-
tize x rays to 11 keV, and to focus them horizontally as
well. For the detector resolution, we used a Ge(111)
analyzer crystal to achieve a high-resolution
configuration in the plane of scattering. The longitudinal
resolution b,q, thus achieved was 8 X 10 A ' (HWHM
is the half width at the half maximum), and the trans-
verse resolution hq in the scattering plane was 5 X 10
A ' (HWHM) at q, =0.25 A . Out of the scattering
plane, in q„direction, the resolution was controlled by
two pairs of slits that were left wide open to achieve an
automatic integration of the scattering intensity in the
corresponding direction. A schematic illustration of the
scattering geometry used in this experiment is shown in
Fig. 1. During the x-ray measurement, the sample was
kept in a x-ray chamber that was evacuated to 1 X 10
torr to protect the sample surface from any contamina-
tion, especially when it was heated up.

The Au/GaAs sample was prepared in the multiple-
chamber system that included a solid-source GaAs-based
MBE and a metal MBE. ' The two chambers are linked

xLXXXXXXXXXXXXXXXXX%~XXXXXXXXXXXXXXXXXXXXX

(b)

Ge(111)
analyzer

detector

mirror
(vertical focusing)

sample chamber
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x-rays

FIG. 1. (a) The reciprocal-lattice coordinate system relative
to the sample normal, and the incident and exiting directions of
x rays. (b) Experimental geometry used in this experiment. The
vertical scattering geometry was used while the monochromator
rejected x rays horizontally.
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FIG. 2. (a) The crystalline axes direction of Au relative to
that of GaAs. (b) Scattering profile of the Au (200) Bragg peak
along the (110)~„direction, and (c) along the (001)~„direc-
tion. The solid lines are the best fits to a Gaussian profile.

CxaAs (lattice constant 5.653 A) could be minimized when
the Au grows along the (001)«direction keeping the
in-plane orientation matched; (110)«~~(100)o,&„
( 110)«~ ~

( 010 )o,~,. We suspect that the directional na-
ture of the covalent bonds of GaAs might have significant
effects on the crystalline direction of the Au overlayer.
Further study of the local electronic properties at the in-
terface is required to elucidate the observed crystalline
structure. In Fig. 2(a), the relative crystalline axes direc-
tion of the Au and the GaAs was illustrated.

To obtain the in-plane crystal domain size of the Au
film, we measured the line profile of the Au (200) Bragg
peak. As illustrated in Fig. 2(b), the peak width was an-
isotropic, 0.0048 A (HWHM) in the (110)«direc-
tion, and 0.0078 A (HWHM) in the (001)«direction.
This indicates that the in-plane crystal domain size, cal-
culated by -m/HWHM, was anisotropic; 400-A wide in
the (001)«direction, and about 650-A long in the
(110)«direction. We speculate that the anisotropic
domain size may be related to the anisotropic lattice
mismatch. The lattice mismatch along the ( 110)«
direction is about 27%%uo, while along the (001)«direc-
tion, the lattice mismatch is only 2.0%. The mosaic dis-
tribution of the film surface normal, (110)«axis, was

I

FIG. 3. Specular-re6ectivity curve that shows regular inten-
sity oscillations. The solid line is a result of fit to Eq. (2) as de-
scribed in the text. The broken line is the measured intensity of
the diffuse scattering along q, at q =0.0003 A, q~ =0 A
The intensity oscillations in the diffuse scattering showed that
the height fluctuations of the two interfaces were correlated.

less than 0.01' (HWHM), which was excellent for the
r effectivity measurement using the high-resolution
configuration involved in this experiment.

III. SCATTERING CROSS SECTION
AND THE SPECULAR REFLECTIVITY

As illustrated in Fig. 3, the specular reAectivity mea-
sured on the as-grown sample showed the characteristic
intensity oscillations from a finite-sized overlayer film.
The data were taken along the q, direction keeping the
in-plane momentum transfer fixed to zero, q =q„=O.
The regular intensity oscillations were originated from
the finite nature of the Au film thickness, and indicated
that the overlayer was quite uniform in thickness. From
the period of oscillations 5q„we estimate the film thick-
ness given by 2n. /5q, to be 960+5 A. This agrees well
with the measured thickness in the MBE growth process.
The decay of the overall intensity and the amplitude of
the oscillations in the specular-reAectivity curve provides
crucial information on the roughness of both the air/Au
and Au/GaAs interfaces.

To describe the reQectivity quantitatively, we extended
the scattering cross section derived in a kinematic ap-
proximation by Sinha et al. to include contributions
from both interfaces,

=1 2 q, /2)Gii ~r~ 2 (q, /2)G22(r) —(q /2)G&2(r) —
q 5 iq&rS(q)= Jdr[pte ' " +(pi —p2) e * ' +2pi(pi —p2)cos(q, d)e ' " e ' ]e

qz

where p, (pz) is the electron density of Au (GaAs), d is the average film thickness, 5 is the rms deposition error across
the illuminated area of the sample, the G,"(r) is the height-fiuctuation function. We used r to represent the lateral real-
space coordinate in the film plane, and qi to represent the momentum transfer in the film plane. Equation (1) can readi-
ly be decomposed into a specular and a diffuse part, '
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S, „(q)=

Sd;tr(q)

—
q (o. +o. +6 )

2 [p,e ' '+(p, —p2) e ' '+2p, (p, —p, )cos(q, d)e ' ' ' ]5(qi),
qz

— 2 2 2&2f droop&e
' '[exp(q, C&&(r))—I]+(p& —

p&) e ' '[exp(q, C2z(r)) —1]

(2)

—
q (o.2+a&+5 ) iq&r+2p, (p, —pz)cos(q, d)e ' ' ' [exp(q, C,2(r)) —1]]e

by rewriting the correlation function into two parts,

(3)

2 2

exp — G; (r) =exp — (o;+o ) +exp
q, q,

2

2
(o., +o2) [exp(q, C, (r)) —1], (4)

where C~(r)=(h;(0)h~(r)). One may notice that the
specular part is only sensitive to the rms values of the
surface roughness, while the diffuse scattering profile con-
tains information on the height Auctuations. The rough-
ness of each interface contributes to the overall decay of
the reAectivity independently, while the decay of the in-
tensity oscillations was controlled collectively.

To apply Eq. (2) to describe the measured specular-
reAectivity curve, the contribution from the diffuse part
of the scattering has to be carefully measured and sub-
tracted. We illustrated the measured diffuse scattering
profile in Fig. 3 (the broken line) that was numerically
added to Eq. (2) before fitting the specular reflectivity. In
the fit, we also made appropriate corrections for the il-
luminated area, for the conversion factors in the recipro-
cal to the solid angle space mapping, and for the x-ray
absorption in the Au film. The best fit of the specular-
reflectivity curve to Eq. (2) was obtained with o

&
=8.5+1

A, o2=5. 5+1 A, and 5=2.7+0.7 A (illustrated by a
solid line in Fig. 3). We attribute the roughness of the
Au/GaAs interface, o 2=5.5 A to the combined effect of
the atomic steps on the clean GaAs prior to the deposi-
tion, " and the interdiffusion of the Au and GaAs atoms
at the interface. We note that the intermixing was
minimal and confined to the first few contact monolayers.
The surprisingly low intermixing at the interface may be
a characteristic of a crystalline epitaxial Au film as op-
posed to polycrystalline films. Significant intermixing has
been reported on polycrystalline Au films on GaAs
through interfacial defects such as grain boundaries. '

The roughness of air/Au interface, cr, =8.5 A was some-
what larger than o.2. However, considering the fact that
the sample had been exposed to air for an extended
period of time, the air/Au surface was fairly smooth sug-
gesting that the Au surface was very stable in air. Al-
though o.

2 was only slightly smaller than o.
&, the overall

intensity in the reAectivity curve above qz & 0.2 A was
largely controlled by the roughness of the Au/GaAs in-
terface since the specular reAectivity decays exponentially
as the roughness increases. The overall figure error 5 was
also very small illustrating the effectiveness of the state of
the art MBE growth technique.

IV. CORRELATED ROUGHNESS
AND THE DIFFUSE SCATTERING

A surface of a thin (a few atomic layers thick) epitaxi-
ally grown film is generally expected to replicate the sur-

I

face of the underlying substrate. In other words, the
height fluctuations of the film surface are highly correlat-
ed to those of the film-substrate interface. As the thick-
ness of an overlayer film increases, the correlation de-
creases. The correlation, quantified by G,2(r)
=([h&(r) —h2(0)] ), is a good measure that indicates
how much defect structures on the substrate, such as
steps, islands, or some artificial structures propagate
through an overlayer film. In this section, we present a
scheme to obtain the correlated height fluctuations of the
air/Au/GaAs system quantitatively from the diffuse part
of the reflectivity curve.

The presence of the correlation between the interfacial
height Auctuations was directly shown by the intensity
oscillations in the longitudinal diffuse scattering, the
diffuse scattering profile along the specular rod. The lon-
gitudinal diffuse scattering (shown in Fig. 3 by a broken
line) was measured as a function of q, at q =3.3 X 10
A ', q =0 A ', slightly off the specular rod. The posi-
tion of measurement was close enough to the specular
rod to obtain the peak intensity of the diffuse profile that
has the transverse width of roughly Aq„=2X10 A
(HWHM), and was far enough to exclude the specular
part of scattering completely in this high-resolution
configuration. We note that the HWHM of the specular
part limited by the instrumental resolution was as sharp
as 5X10 A . The presence of the intensity oscilla-
tions in the diffuse scattering indicates that the interfer-
ence term in Eq. (3) is nonzero, and the height fluctua-
tions of the two interfaces are correlated, that is
C,2(r)%0. '

The quantitative information of the correlated height
fluctuations G&2(r)=([h, (r) —h2(0)] ) can be obtained
from a detailed analysis of the transverse profile of the
reflectivity. From Eq. (1), one may notice that a trans-
verse profile, a q~ scan at a fixed q„of a system with a
single surface is just a Fourier transform of the quantity,
exp[ —(q, /2)G(r)]. The height fluctuations of a single
surface system can be directly obtained by inverse-
Fourier transforming the transverse scattering profile. It
is, however, rather complicated to obtain the height Quc-
tuations of a system with multiple interfaces, since the
scattering profile has contributions from all interfaces
and from the interference terms among them, as indicat-
ed in Eq. (1).

We start the analysis by noting that the intensity oscil-
lations were much more rapid than any other variations
in q, . In a real-space picture, this means that the thick-
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0
ness of the overlayer, —1000 A was much larger than any
other length scales involved in the z direction such as the
surface roughness that was only a few A large. It is,
therefore, possible to separate out the oscillatory term in
Eq. (1) by taking the difference of the transverse profiles
measured at an adjacent crest and valley of an oscillation,

( q q
crest

) g( q q
valley

)

—(q /2) G
&2 (r) ~ q~-r

where F(q, ) is now only a function of q, . Conveniently,
the difference is just a two-dimensional Fourier transform
of exp[ —(q, /2)G, 2(r)]. The measured profile was even
simpler by the fact that the instrumental resolution was
wide in the out of plane direction, q to allow an au-
tomatic integration over q,

( q q
crest

) I (
valley

)

—( q /2 ) G t &
(X) t'q X

The difference of the measured intensity is a one-
dimensional Fourier transform of exp[ —(q, /2)G, 2(X)]
that can be readily inverse-Fourier transformed to yield
the correlated height fiuctuations, G,2(r).

To apply this scheme to obtain the Gt2(r), both the
specular and the diffuse components of the scattering
should be measured accurately with the instrumental
effects deconvoluted. Although the diffuse and specular
components might be measured simultaneously at low q„
the dynamic scattering effects at small incident angles
would complicate the scattering process, ' which makes
the analysis of the scattering profile in terms of the height
Auctuations nearly impossible. We, instead, measured
the transverse profile, q scan at q, =0.33 A ' (at crest)
and q, =0.334 A ' (at valley) that were illustrated in
Figs. 4(a) and 4(b). As illustrated in the figures, around
q, =0.33 A the specular part of the scattering was
dominated by the diffuse corn onent. Even with the
sharp resolution of 5X10 A (HWHM, including the
surface mosaicity), the weak and infinitely sharp com-
ponent was dificult to measure over the diffuse scatter-
ing, which was integrated over the entire resolution
volume. For the specular component, we instead used
the extrapolated value obtained from the fit of the specu-
lar reAectivity presented in the previous section. Since
the extrapolated value was also convoluted with the reso-
lution, a careful deconvolution of the instrumental effects
was performed to obtain the intrinsic 6-specular com-
ponent relative to the diffuse scattering. The intrinsic 6-
specular component was then represented by an asymp-
totic Gaussian with infinitesimally small width and added
to the empirical line shape best describing the difference
of the diffuse profile. The solid line in Fig. 4(c) represents
AI that was used in the inverse Fourier transform to ob-
tain exp[ —(q, /2)G, 2(r)] within a multiplication factor.
The constant multiplication factor was later determined
by taking the limiting value, Gi2(cc)=cr +oiz with o's
obtained from the specular reflectivity.

The correlated height fiuctuations Gt2(r) thus obtained
is illustrated in Fig. 4(e). The small value of
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FIG. 4. (a) The measured transverse, q scan at q, =0.33
oA, at a crest of the intensity oscillations. (b) The q scan at
q, =0.334 A, at a valley of the intensity oscillations. (c) The
difference of the intensity profiles at the crest and at the valley.
The solid line is the best fit to the difference profile with the ex-
trapolated 6-specular component added. (d) The sum of the in-
tensity profiles at the crest and at the valley. The solid line is
the best fit to the average profile with the extrapolated 6-
specular component added. The data and the fit are multiplied
by a factor of 0.5 for a clear illustration. (e) Square root of the
correlated height-fluctuation function, Gtz(r) = ([h;(r)—h, (0)] ) obtained by an inverse Fourier transform of the
difference profile. QGt2(0) =2 A was not zero, but small indi-
cating the interfaces were well correlated. (f) Square root of the
effective height-fluctuation function as defined in the text.

QG&2(0)=2.0 A suggests that the interfaces are fairly
well correlated consistent with the well-defined intensity
oscillations in the longitudinal diffuse scattering. We
note that perfectly correlated interfaces where
h t (r) =h2(r), would have 6t2(r) =G t t (r) =G2z(r), and
Gi2(0) =0, while completely uncorrelated interfaces
would have (hi(0)hz(r) )—:0 and Gii(r) =tr t+o 2 for all
r. The small value of G,2(r) at the origin indicated that
the interfacial correlation was quite good even though the
overlayer was as thick as 1000 A. This shows that the
surface-height profile of the substrate was well kept dur-
ing the process of growing the thick Au film. One may
also notice that the interface correlation persisted rather
long range in the lateral direction. Taking inverse of the
half-width of the difference of the diffuse profile, was ob-
tained the correlation length of about 1000 A.

Similarly, one might expect to obtain some insight on
the height fiuctuations, G»(r) and G22(r) by adding the
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diffraction profile at the peak and at the valley, and eliminating the oscillatory term in Eq. (1),

2—(q /2)G 2(r) PAu —(q /2)G &(r) iq& r
2 2

S(qz, q,'"'")+S(qj,q,
""")=H(q, ) J dr e ' " + e ' " e

Pi P2
(7)

Unfortunately, it is not straightforward to obtain G»(r)
or Gzz(r) separately by inverting this equation because
the integrand is a sum of the two independent terms.
Only when one of the interfaces is much rougher than the
other, it is possible to ignore the corresponding term, and
to obtain the height-fluctuation profile of the other term.
In Fig. 4(d), we represent the sum of the measured
scattering profile together with the best-fit solid line that
includes the specular component as well. By approximat-
ing the integrand in Eq. (7) as,

I

One may immediately notice that there are extra satellite
peaks in addition to the Yoneda wings. The Yoneda
wings were associated to the air/Au interface, and oc-
curred at 0.39 of incident (or exit) angle consistent with
the calculated critical angle. We note that the total
external refiection does not occur at the Au/GaAs inter-
face since the Au electron density is larger than the GaAs
electron density. As a consequence, there are no Yoneda
wings associated to the buried Au/GaAs interface.

—(q /2)G ~(r) —(q /2)G2~(r)
2

PAU (q, /2)G» (r) qx (A ')
-0.002 -0.001 0.000 0.001 0.002

10 . o ~ & t
5

(a)

and applying a similar algebra as for G,z(r), we obtained
the effective height fluctuations, G,fr( r) that are
represented in Fig. 4(f).

The procedure developed above may be applied to the
transverse scans taken at various values of q, to yield the
same results for G&z(r) and G,fr(r). Although this will
provide a valuable check for the validity of the pro-
cedure, it was not possible in this experiment. At q, s less

0
than 0.2 A ', the dynamic scattering effect was not negli-
gible as mentioned before, and at values larger than 0.4
A ' the scattering intensity above the background was
too small for any meaningful analysis. We believe that
one may apply the procedure at various q, 's on other sys-
tems.

V. SATELLITE PEAKS IN THE
ROCKING CURVES AT SMALL q,

0+
N

D

go

+~3 ~ . i
'

i . & . s
I ' I " I ' I ' I '

~ 1: ' I ' I

0.15-

0.14-

0.13-

I I I, I I . I ', I, I

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
a (degrees)

It is well known that the kinematic approximation
used in Eq. (1) breaks down at low incident angles due to
the dynamic scattering effects. ' One of the most well-
known effects is the Yoneda wing, four-fold enhancement
of scattering intensity at incident angle or exit angle at
the critical angle of an interface. ' For incident angles
less than the critical angle, the total external reflection
occurs. The value of the critical angle depends on both
the incident x-ray energy and the difference of the elec-
tron density across the interface. In this section, we dis-
cuss an observation of enhancement of the scattering in-
tensity in rocking curves (transverse scans) due to the dy-
namic scattering effects and the correlated roughness of
the interface.

In Fig. 5(a), a pair of rocking curves (at a crest,
q, =0.151 A ' and at a nearby valley, q, =0.154 A ') of
the specular reflectivity are illustrated. Each curve was
taken by rocking the sample at the detector angle, 0,
fixed to a specific value. They are plotted against both
the in-plane momentum transfer and the incident angle.

Air

FIG. 5. (a) Rocking curves measured at a crest, q, =0.15 A
(open circles) and at a nearby valley, q, =0.153 A (solid cir-
cles). The scattering profile at the valley was multiplied by a
factor of 0.5 for a clear illustration. One may easily notice the
extra satellite peaks as well as the Yoneda wings. The solid
lines are to illustrate the maxima of the interference factor
-cos(q, d) scaled by arbitrary factors. (b) The thick solid lines
represent the change of the q, component in the course of the
rocking curves. The positions of the maxima of -cos(q, d) are
indicated by the thin solid lines, while the minima of -cos(q, d)
are indicated by the thin broken lines. We also drew dotted
lines to indicate the satellite-peaks positions at the maxima of
-cos(q, d) through (a) and (b). (c) A schematic representation
of the path of x rays across the air/Au interface. The incident
and exit angles in Au are related to those in air by Eq. (9).
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To understand the origin of the additional satellite
peaks, we point out several features associated with them.
They are symmetrically located from the main specular
peak indicating that they occur when the incident or the
exit angle satisfies a common condition. It is clear that
they are not due to any simple critical-angle enhancement
at a fixed angle of incidence, since the incident angle at
the satellite peaks varies with q, . They are also not ori-
ginated from any periodic in-plane modulation as clearly
indicated by the difFerence in the peak position in q be-
tween the rocking curves at the crest from that at the val-
ley of q, . In the rocking curve at the valley, the satellite
peaks move in toward the specular rod. The large change
in the satellite-peak position as q, varies from the crest to
the valley suggests that they might be related to the in-
terference term in Eq. (1).

The incident (or exit) angle at the satellite peaks was
very small, less than 1 . At this small incident angle, the
path of x rays in Au deviates significantly from that in
the air as a consequence of the dynamic scattering effects.
A full treatment of the electromagnetic waves in a medi-
um or at least a distorted-wave Born approximation is re-
quired to explain the scattering profile quantitatively.
In this section, we try to investigate the physical origin
that describes the existence of the satellite peaks qualita-
tively.

In Fig. 5(c), we illustrated schematically the actual
path of the x rays in Au using Snell's law, '

1/2
4~p,„cos(a') =—cos(a), n = 1— (9)

n mco

q,"'=k (sina+sinP), q"'= k (cosa —cosP)
1/2

2
1/2

+ 1
cos p

n
q,'"=nk

coscx

n

cosp
n

with P=8 —a .

Obviously, the q, component of the momentum transfer
in Au changes substantially as the incident angle ap-
proaches to the critical angle, while it remains nearly
constant in air. Therefore, the rocking curve follows a
quite different path in the reciprocal space from a pure
transverse scan where the q, component of the momen-
tum transfer is fixed. The change of q, in the rocking
curves is illustrated in Fig. 5(b).

We believe that the origin of the satellite peaks is close-
ly related to the change of q, in the course of the rocking
curves, since the diffuse scattering as well as the specular
reflectivity oscillates as a function of q, due to the corre-

where n is the incident angle in air, e is the refracted an-
gle in Au, n is the index of refraction at the air/Au inter-
face, m is the electron mass, 6 is the angular frequency of
the radiation, and p,„ is the change density of the Au
film. Clearly, the momentum transfer calculated in air,
would be different from that in Au. Specifically for a
given scattering angle 8 (in the air) the momentum
transfer is given by,

VI. ANNEALING AND THE INTERDIFFUSION

Finally, we heat up the sample to 400'C extensively
() 5 h) to observe possible changes in the interfacial
structure. As summarized in Fig. 6, the specular
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FIG. 6. (a) The specular reflectivity (solid line) and the longi-
tudinal diffuse scattering (dotted line) after annealing the sample
to 400'C. (b) The rocking curves measured at a crest, q, =0.151
A (open circles) and at a nearby valley, q, =0.154 A (solid
circles) after annealing. Notice that no satellite peaks are
present.

lated height fluctuations of the interfaces. In a rocking
curve, since the q, component of momentum transfer in
Au changes as described above, the intensity profile
would be modulated by the interference term -cos(q, d)
in Eq. (1). In fact, Fig. 5(b) shows that the change in q, is
large enough that the interference term changes from the
maxima to the minima. Therefore, a satellite feature
occurs whenever the interference term in Eq. (1),
-cos(q, d) becomes a maximum. The interference term,
cos(q, d) with an appropriate scale factor is drawn in Fig.
5(a) to illustrate the positions of the maxima that are well
matched to the satellite-peak position. The good agree-
ment in both the rocking curves suggests that the satellite
peaks were originated from the actual path of the x rays
in Au and the correlated roughness of the interfaces that
induces the oscillations in the diffuse scattering.
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reflectivity and the diffuse scattering profile have changed
significantly after annealing. First, the intensity of the
specular reAectivity was significantly decreased indicating
the interfaces, especially the buried Au/GaAs interface
became rougher. Second, the intensity oscillations in the
longitudinal diffuse scattering represented by the dotted
line became very weak or disappeared. This suggests that
the correlation of the height Auctuations between the two
interfaces was lost. At the same time, as shown in Fig.
6(b), the satellite peaks in the rocking curves at small in-
cident angles disappeared as well. This is likely due to
the loss of the interfacial correlation that destroys the in-
tensity oscillations in the diffuse scattering profile. The
concurrent disappearance of the satellite peaks and the
interfacial correlation was consistent with the model for
the satellite peaks presented in the previous section.

We believe that the changes at the elevated tempera-
ture were due to the interdiffusion of atoms occurred at
the Au/GaAs interface. The small intensity modulation
on top of the rapid intensity oscillations [see Fig. 6(a)] in
the specular-reAectivity curve suggests that there is a lay-
er with density different from both Au and GaAs. From
the period of the modulation, we estimate that the thick-
ness of this layer is about 60 A. We attribute this layer to
the intermixing of the atoms across the Au/GaAs inter-
face. A systematic study of the interdiffusion across the
crystalline Au/GaAs interface at elevated temperatures
will be performed in the future.

VII. CONCLUDING REMARKS

In this paper, we demonstrated the capability of x-ray
reAectivity in studying the interfacial structures of a thin
Au crystalline film epitaxially grown on GaAs. The
specular-reAectivity curve was analyzed to obtain the
roughness of the buried Au/GaAs interface (5 A) and the
air/Au interface (8 A). The well-defined Au/GaAs inter-

face indicated that the interdiffusion was minimal at
room temperature. The regular intensity oscillations sug-
gested that the film thickness was uniform in atomic scale
across the whole illuminated area. The height Auctua-
tions of the interfaces were highly correlated as illustrat-
ed by the regular intensity oscillations in the longitudinal
diffuse profile. We obtained the correlated height fluctua-
tions, G,2(r)=([h, (r) —h2(0)] ) quantitatively by com-
paring the diffuse profile at the crest of an oscillation to
that at the valley. The correlated height fluctuations
were also manifested by the newly discovered satellite
peaks at low incident angles. The satellite peaks were
consistently explained by the dynamic scattering effects
and the intensity oscillations in the diffuse scattering due
to the correlated roughness.

The interfacial structure was drastically modified after
annealing the sample at 400'C for a few hours. The
specular-reAectivity intensity was sharply declined indi-
cating that the buried Au/GaAs interface became rough.
As the same time the interfacial correlation was dimin-
ished sharply as suggested by the disappearance of the in-
tensity oscillations in the diffuse scattering and the satel-
lite peaks. We believe that these changes were caused by
the intermixing of atoms at elevated temperatures.
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