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Abstract. Interface structures in &Gep1/Si heterostructures and superlattices grown on
vicinal Si(111) substrates are studied using x-ray reflectivity and diffuse scattering. A set of
diffuse scattering data collected from a heterostructure sample were simultaneously fitted to a
distorted-wave Born approximation calculation, giving a r.m.s. roughness in good agreement with
those from reflectivity data, except for the top oxide layer, with a large out-of-plane correlation
length of 460A. A modified correlation function was introduced to account for the differential
correlation between long- and short-wavelength roughnesses. Strong diffuse peaks are observed
in rocking scans on a ten-periodySGey 1/Si superlattice, revealing the structure of the miscut
substrate to be highly replicated through subsequent overlayer growth of the Si and SiGe layers.
The structure consists of surface terraces separated by bunched siiepigm The correlation

of successive layers is slightly misoriented from the surface normal, as is evident from the
splitting in the specular and diffuse scattering peaks.

1. Introduction

The roughnesses of Si.Ge,/Si multilayer structures, and the roughness correlations from
layer to layer have attracted much attention in the last decade. The system holds promise
as a direct-band-gap semiconductor fabricated with well-developed silicon technology, and
controlling the roughness at interfaces is crucial for device performance. The system shows
some unusual roughening behaviour: while the tops of the SiGe alloy layers are rough,
forming islands for high Ge content, some measurements find that this roughness is not
replicated in layers of Si grown on top of the alloy [1], but successive SiGe layers show
roughness that can be correlated with that of the underlying SiGe layers. Elastic theories
have recently been put forward which propose that elastic stress in the intervening Si layer
can ‘seed’ islands in subsequent SiGe layers [2].

X-ray scattering is a powerful technique for probing buried interface structures with
atomic resolution. The recent development of scattering theory for rough surfaces [3], and
its extension to multilayer interfaces [4, 5], allow correlated structures to be explored in
both the in-plane and out-of-plane directions.
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Much work has focused on SiGe/Si heterostructures grown on Si(001) substrates [6—11].
Recent studies have shown that the interfacial roughness correlations between interfaces in
a SiGe/Si multilayer on a vicinal Si(001) substrate can be strongly misaligned from the
surface normal [12-14].

In the present paper we investigate roughness structuregd®&ii1/Si grown on vicinal
Si(111) substrates using grazing-angle x-ray scattering techniques. We will propose a useful
modification to the correlation functions used to analyse low-angle diffuse scattering, as well
as showing the appropriate geometrical corrections, which to our knowledge have not been
previously made explicit.

Figure 1. A schematic diagram of the scattering set-up. Top: the incident wave-vikgtor
makes an anglé; with the sample surface. The outgoing wave-vedtprmakes an anglé,
with the same surface. The scattering angleds=26, + 6,. Bottom: the momentum transfer
is ¢ = k2 — k1, with components;, in the plane of the surface film, and perpendicular to
the surface. Requiring that the wavevectors lie above the surface limits the regjespaice
that can be probed to the area above the dotted line in which 0 andd, > 0. Three types
of scan are shown: (a) specular rod scans whgere 20/2, (b) rocking scans where&Qs held
constant whiled; varies, and (c) offset scans whee= 29/2 + A with A a constant.

2. Experiment

In this study three kinds of scan are made which trace different cuts in momentum-transfer
space. In terms of the angles defined in figure 1, these are: (a) specular rod scans along the
line 6 = 6,, (b) rocking scans where the scattering angle(26, + 6,) is held constant

while 6, varies, and (c) specular offset scans, nearly specular scan, but with a constant
offset A = 0; — 20/2. Measurements were made on two separate samples: sample A is a
multilayer with a few SiGe and Si layers; sample B is a short-period superlattice (‘short’ is
relative to the layer spacing of sample A).

The multllayer sample, A, consists of tWOOSGebl layers, nominally 60A thick,
separated by 20@\ of Si, and capped with 25@\ of Si, on a Si(111) substrate. The
heterostructure was grown in a gas-source molecular beam epitaxy (MBE) facility using
growth rates of 2. A s~ for Si and 0.7A s~1 for SiGe, on the substrate held at 74D.
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Post-growth x-ray investigation found that the substrate was miscut by v4ddirection
which lies 55 from the [12] direction.

X-ray experiments were performed at the Photon Factory synchrotron radiation source,
KEK, Tsukuba, Japan, using beamline 20B, on a bending magnet of the 2.5 GeV positron
storage ring. The beam is monochromatized with a double-bounce Si(111) monochromator,
but there is no focusing mirror, so the resolution is high. Measurements were made at

= 149 A, with the sample mounted on the ‘BIGDIFF diffractometer housed inside
a large evacuated chamber to reduce air scattering [15]. The crystal components are in
the (+, —, +) arrangement. The incident beam was limited by slits to/80 in the
plane of diffraction, and 3 mm out of the plane. A 100n x 3 mm slit was placed
in front of the detector (an Nal scintillation counter). Resolution at the specular rod was
Ag./q = 2.1 x 107% in the plane and\g, = 1.8 x 10~3 A~ out of the plane.

The superlattice sample, B, has 10 bilayers, each made of Si of thickne&sasi
Sin.oGey 1 of thickness 50A, grown by solid-source MBE on a Si(111) substrate with its
surface off-oriented by 0.63towards a direction 20from [112]. First a homoepitaxial
layer of Si of approximately 80A was grown at 800C. Ten layers of SiGe and Si were
deposited at 1. @ s~1, with the substrate temperature 50D.

X-ray expenments on the superlattice were performed on a diffractometer using{u K
radiation from an 18 kW rotating-anode source. An asymmetric channel-cut Si(111) crystal
was used as a monochromator. With a miscut of d@timized for Cu Ky; radiation, this
monochromator produces a beam 3.4 times more intense than a conventional symmetric
channel-cut crystal. With a 5@m slit in front of the sample and another before the
detector, the resulting resolution of this configuratiomig, /g = 8.7 x 10~ in the plane
and Ag, = 1.0 x 1073 A-1 out of the plane. Both of the diffractometers described here
had relaxed collimation perpendicular to the plane of diffraction, i.e. they integrated over
the ¢, -direction in reciprocal space.

Intensity ranges of more than six decades were covered, using a varying number of
aluminium attenuator foils at both the synchrotron and the rotating-anode x-ray source.
Varying loads on the latter source caused significant changes in the optical alignment of
the diffractometer, probably due to thermal changes of the rotating-target diameter. So, the
generator was run at a constant output of 14.4 kW.

3. Data analysis

We use the distorted-wave Born approximation (DWBA) to calculate a scattering cross-
section for a model layer system, and then perform a fit to experiment using Powell's
method [16]. Sinheet al [3] applied the DWBA to the scattering from a single interface
near its critical angle for total external x-ray reflection. Healyal [4, 5] have recently
extended the theory to the general case of many layers. In table 1 we summarize the
DWBA cross-section for elastic scattering, and the associated terms, using the notation of
Schlomkaet al [6].

3.1. The modified correlation function

Most importantly, the diffuse cross-section is sensitive to the Fourier transfg;gmx)
of the height-height correlation functiofi;,(X) between layerj and layerk for points
separated by an in-plane separation

Cir(X) = (zj(Mz(r + X)>T 1)
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Table 1. A summary of the factors entering the DWBA expression for the scattering cross-
section. j and k index the interfaces, and; is the (complex) refractive index for x-rays of
layer j. 7 is the mean transverse replication cut-off length. A single interface is characterized
by its r.m.s. roughnessy;, Hurst parameterh;, and cut-off lengthg;. G is a factor which
accounts for the total illuminated sample arei‘;y.’ is shorthand for various combinations of the
Fresnel specular reflectiaR;- and transmissiof; -coefficients, indexed to either the incoming
wave-vector ky, or the scattered wave-vectip.

DWBA
do ng N . 3 o 1
[E} = 167:2 Z nj/\,A_lgijk(qx) Z G;"GZ exp{_5 |:(’1§,1j(7_/)2 + (q;,kak)z]}
diff Jjok=1 m,n=0
Refraction indices njg = (nj? — n_]?+1)(n,f —nZ, )F

Transverse replication A% (¢x) = (1— 8x) exp[—2(t/27)%q?] + 8
Correlations Cirlqy) = /dX e X Cir(X)

1[ ok o}
Cir(X) = 51 —C(X) + —Ci(X) | expi—lzj — zl/51)
Uj O}
Cj(X) = Cjj(X) = o exp{—(X/&)? }
Fresnel coefficients G = G exp(—iq ;7))
GY =T, 11Ty j+1; Gf = Ty jsaRy j1; G7 = Ri jyaTy 41, GF = Ri j+aRy 1
0

Momentum transfers  q° = —q7 = ki j11 + kyj11; @ = —q7 = ki j41 — Ky j41

where z;(r) denotes the local height of interface at an in-plane position~ (i.e. r
has noz-component), and according to the convolution theorem, equation (1) implies
Cjk(qx) = z;(gx)Zk(gx). Here we consider only correlations as a functionXofvhich lies
in the diffracting plane, since our diffractometers average ovegkgirection in reciprocal
space.

At very large length scales, the r.m.s. roughness approaches a limiting walue
Schlomkaet al [6] use for the correlations between interfaces

1 .
CuX) =3 [%cjm + Z—ickm} exp(—|z; — zel/EL). @)
J

Here,&, is the mean perpendicular correlation length connecting fluctuations at intgrface
with those at interfacé according to the average distanee — zi| between the two.

While equation (2) approaches an appropriate limit for completely correlated interfaces
(as&; — o0), it makes no distinction between large and small fluctuations. Large features
should be reproduced from one interface to another, even when the small-wavelength
fluctuations are completely uncorrelated. Stearns [17] writes the Fourier transform of the
height profile of interface as

Zj(qx) = ]:ij (QX) + &j (CIX)Zj—l(qx) (3)

identifying two kinds of contribution to the roughness of interfg‘cefzj (g») is the intrinsic
roughness of interfacg and roughness from the previously grown interfae€el propagates
to interfacej according to a functio; (¢,), which is probably a Gaussian function &f,
according to suggestions of Edwards and Wilkinson [18].
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Now, consider the extreme, yet not implausible situation, where the low-frequency
components with wavelengths larger tharare completely replicated from one interface
to the next, and the intrinsic roughness of each Idigehas a frequency spectrum with
vanishingly small amplitudes at fluctuation wavelengths abav&he frequency spectrum
of an arbitrary layer would be

Z1(qx) = hj(g) + L(gx) @)

where the low-frequency paft(g,) with zero amplitude at spatial frequencies larger than
1/t is completely replicated from the substrate to all subsequent layers.

If there is a frequency gap between the spectra of the intrinsic roughﬂé@g}s and
the low-frequency substrate roughndsg;,), and 1t is a frequency somewhere in that
gap, then choosing a Gaussian function for the replication function in equation (3):

aj(q) = A = exp[—(t/2m)%¢?] (5)

would result in equation (4). Note that — 1 asq — O for wavelengths long compared
to r, andA — 0 for wavelengths small compared to

Table 2. Parameters for multilayer sample A: layer thicknesgesndz s, and root mean square
interface roughnessesis andoref, as determined respectively from the diffuse and reflectivity
fits. Some of the thickness values for the diffuse fit were kept fixed to the reflectivity values
(indicated by asterisks). Only the diffuse scattering is sensitive to the Hurst paramgter
effective fractal dimension i© = 3 — k) and the in-plane cut-off length. The model was
particularly insensitive t& when the dimension of a layer approached 2, and thus no value
is shown for these cases. The germanium fraction is found te Be0.12. The correlation
parameters weré, = 461+ 26 A, andt = 144 um. The variances shown for the diffuse
scattering fits were those found to increase #Rdfitting criterion by 2%.

taif (tref) (A) odit (0re) A) (D) )

Vacuum

455+ 0.02 (4.54) 0181+ 0.002 (2.82) 2000@- 1800
Si oxide 1996 + 0.19 (16.39)

2.04+0.04 (4.83) 086+ 0.18 (2.14) 1500@: 900
Si 23081+ 0.33 (212.3)

111+2.4 (10.29) 057+0.27 (2.43) 260Gt 600
Sii_,Ge, 655

111+1.6 (10.59) —1.0 (2.0) —
Si 229.3

32+30(8.66) —1.0(2.0) —
Si_,Ge, 66.7

107+ 1.2 (10.51) 095+ 0.4 (2.05) 260Gt 1000
Si substrate

The intrinsic height variations; are statistically independent of each other. If we also
assume that the high-frequency fluctuations are unrelated to the low-frequency ones, it may
be seen that using equation (4) results in the correlation fundijpn= LL. Because of
our assumptions for the frequency spectrumiofit makes no difference whether we use
the functionL or AL, and thus we could just as easily write this as

Ci(q) = exp[—2(z/27)%¢*] LL. (6)
Therefore, we can impart a physically desirable property—low-frequency fluctuations

should be highly correlated from one interface to another—to the otherwise appealing
correlation function given in equation (2) by multiplying it by the exponential given in
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equation (6). Fitting for the value should give us an approximate idea of the length scales
at which fluctuations become well correlated between interfaces.

10° T T

10"

10° F

Counts (arbitrary)

10° |

107

0.00 0.10 - 0.20
g, A7)

Figure 2. Reflectivity data (upper curve, circles) and an offset scan (lower curve, circles) with
§ = —0.02 for sample A. The reflectivity was fitted to a roughness-modified Fresnel function
(upper line). The offset data were fitted (bottom line) simultaneously with the rocking curve
data shown in figure 3. The,-positions of the rocking curves in figure 3 are indicated with
line segments.

3.2. Geometry and resolution

To apply the theory to the experimentally observed quantities, we have to take account of
several other quantities. The total sample area illuminated by the beam changes. with
The multilayer sample A was a large (three-inch) wafer. For the rocking scans shown, the
beam was always completely intercepted by the sample. Calculated cross-sections were
then multiplied by a ‘footprint correction’ factor,/5in6;.

During a scan the diffractometer will integrate over a varying resolution volume in
reciprocal space. Like Gibauet al [19], we assume small angles, and that the wave-
vector resolutionAkg/ ko is small compared to the range of anglas; and A6, which
the diffractometer accepts. It may then be shown that the resolution perpendicular to the
specular rod has the form

A|;’|" x \/ CsirP 0, + sir? 6, @)
whereC is a constant which may be found from the dat@.= 1.29 for this experiment.)
The out-of-plane resolution depends only very weakly Ggnand 6,, so we take it as
constant. Thus, we multiplied the calculated diffuse cross-sections by a resolution factor
V/C sirf 6, + sir? 6,.

Though the cross-section is defined per unit solid an§leiimay be shown thatd is
simply proportional to an areaAd in g-space, so no further factors are needed to account
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for resolution for the diffuse measurements. However, the cross-section for reflectivity
involves delta functionsé(g,)é(g,). Under these circumstances the orientation of the area
dA, relative to theg,-axis becomes important, resulting in a factgrsing, [3].

10° + .
g X 1000
g0} .
(ﬁ (e
& © X 100
2
5
(o)
8 d
10" | X10 A
el
[s]
OO
-3 1 i - -
10 -05 0.0 0.5

A=0,-26/2 (degrees)

Figure 3. Rocking curves (circles) atf2= 0.7° (top, scaledx1000), 10°, 1.2°, and 15°
(bottom) together with the DWBA fit to the data (solid lines). All four curves as well as the offset
scan of figure 2 were fitted simultaneously with one set of layer/interface parameters. For clarity
of display, the intensities were plotted against the diffractometer coordixateor comparison

to other figures:A = 0 corresponds tg, = 0, the top scan ranges from = —0.32x 103 Al

to +0.32 x 10°3 A-1, and the bottom rocking curve from, = —1.45x 103 A" to
+1.45x 103 AL,

4. Results

The top curve in figure 2 shows the specular scattering from sample A, along with a fit
from a Fresnel theory [20] modified to take into account interface roughness from many
layers [21]. The reflectivity data in figure 2 were acquired by rocking the sample across the
specular rod at each successivepsition. As seen from the rocking curves of figure 3,
the specular peak appears as a narrow pedk &t (20)/2 atop the slowly varying diffuse
scattering. Each reflectivity point in figure 2 shows the integrated intensity from the specular
component of the rocking curve alone. The resulting reflectivity layer thicknesgeand
roughnessesyes, are tabulated in table 2.

To probe the non-specular intensity, we made an offset scan, also shown in figure 2,
and wide rocking scans shown in figure 3. The offset scan shows peaks and valleys which
are very similar to those in the specular scan. This indicates that the roughness structures
of the individual interfaces are strongly correlated in this sample. The scans of figure 3
show a wealth of features. We have already pointed out the specular rod. The leftmost and
rightmost peaks in each scan are the so-called Yoneda peaks [22], which occur whenever the
incident angled; or the exit angled; is just equal ta,., the critical angle for total external
reflection. The oscillations close to either Yoneda peak are due to dynamical scattering
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Figure 4. The reflectivity (circles) and fit (line) for the Si/SiGe superlattice, sample B. The
intense peaks (labelled 1st Bragg and 3rd Bragg) correspond to scattering from structure with
the superlattice periodicity of 10A.
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Figure 5. The scattered intensity near the third-order Bragg peak for sample B. The number on
the right is theg.-value (inA—1) for each rocking curve.

effects, but resemble the kinematical reflectivity oscillations. The similarity occurs in spite
of the different scattering mechanisms, because in both cases the scattering is modified by
interference from the same layered structure as a function of the incident and exit angles.
We fitted the offset scan and the rocking curves simultaneously to the DWBA model
above with one set of layer/interface parameters [6]. Hereafter this is referred to as the
diffusefit, and the fitting parameters are tabulated in table 2. With the exception of the
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top two layers, where there was reason to believe that the reflectivity and the diffuse
scattering would yield noticeably different results, the layer thicknesses for the diffuse fit
were constrained to the values found from the reflectivity fit. Though reflectivity and diffuse
scattering measure slightly different types of roughness, there is generally good agreement
between the values from the reflectivity fiter, and the diffuse fitpg;.

Figure 4 shows the experimental reflectivity of sample B (solid line) frofa-20 scan
along the specular rod. Because the Si and SiGe layer thicknesses are very nearly equal,
the odd-order Bragg peaks are strong, but the even-order peaks nearly vanish.

A preliminary fit (dotted line) to this curve indicates no significant difference between
the roughnesses of the Si on SiGe interfaces and the SiGe on Si interfaces.

Figure 5 shows rocking scans made with the miscut direction in the plane of scattering
(that is, perpendicular to the surface steps). 13 scans were made at diffepsitions
around the third-order Bragg peak. The ongjat= 0.2194 A1 is the scan through the
centre of the third Bragg peak. The peak appearing; at 0 is the specular peak, and the
leftmost one is a Yoneda peak. We will discuss the peaks S1 and S2 in the next section.

5. Discussion

We discuss first the results of the simultaneous diffuse fits for sample A summarized in
table 2. The near-surface layers are much more precisely characterized than those deeper
in the sample. Since the scattering depends on the electron charge-density difference across
each interface, a large portion of the scattering will come from the top vacuum/oxide
interface. Also, absorption effects will reduce the scattering from deeper interfaces.

Calculations of the diffuse scattering as a functiongoffrom a single surface show
that as it becomes fractally flaD(— 2) the scattered intensity becomes concentrated in
a narrow range ever closer tg = 0, where it becomes experimentally indistinguishable
from the specular scattering. Thus, the diffuse fit is relatively insensitive to the parameters
of those interfaces for whicl approaches 2.

Clear evidence of the distinction between the sensitivity of diffuse scattering and
reflectivity is seen at the silicon oxide (Si¥silicon interface. An interface can be
both gradedand have vertical fluctuations in the local average height, and the reflectivity
measures the mean width of the transition region due to the two effects. However, the
diffuse scattering is sensitive only to the r.m.s. vertical height fluctuations—the roughness
measured by diffuse scattering should always be less than that measured by reflectivity.
Our reflectivity-measured roughness value of almost twice that measured by diffuse
scattering indicates that the (SifZsilicon interface is significantly graded, a plausible result
considering that this interface arises from a process of atomic diffusion.

For Si/SiGe heterostructures grown on Si(100), it has been found that the tops of the
SiGe layers are often rougher than the tops of the Si layers. This may be understood as
follows: the average lattice parameter of a Si—Ge alloy is larger than that of Si. Therefore,
in a heterostructure of two kinds of layer with epitaxially matching interfaces, the SiGe
layers would be in compression and the Si layers under tensionetXik[23] have argued
that the energy of a free surface can be lowered by either island formation (roughening)
for layers under compression (such as SiGe) or smoothing out for layers under tension
(Si)—this last perhaps analogous to stretching taut the wrinkled skin of a balloon.

The data from sample A do not show a large asymmetry between the properties of the Si
and SiGe layers. The roughnesses of the first (counting from the vacuum) Si-on-SiGe and
SiGe-on-Si interfaces are indistinguishable. As far as the fractal dimension is concerned,
the first Si-on-SiGe layer has a surface of dimensiba= 2.43; however, the fit is rather
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insensitive to the next few layers below it, though the Si substrate would appear to have a
somewhat lower dimension. s

The perpendicular correlation length was found t&cbe= 460 A, slightly less than the
total sample thickness. This means that adjacent layers are well correlated, and that there
is some correlation between layers across the whole sample. This experiment sets an upper
bound on the replication factar, since the data set includes just one, well-correlated offset
scan: the fitted value was = 14 um, implying that fluctuations with wavelengths longer
than 14um are quite well replicated from one interface to another. But it is possible that
fluctuations with a somewhat shorter wavelength are also well correlated.

Turning now to sample B, we note several interesting features of the rocking scans of
figure 5. First, in addition to the specular and the Yoneda peaks, there are additional distinct
side peaks on each scan (labelled S1, S2). Second, both the specular peak and the side peak
S1 are split in some scans. Such a splitting evolves smoothly when chapgifgird, the
spacing between the specular peak and S1, and that between S1 and S2 are not the same,
indicating that S2 is not a higher-order resonance of S1. Fourth, the side peak S1 does
not change itsy,-position when one scans through differgntpositions. This holds true
even further away from the Bragg peak (additional scans, not shown). On the other hand,
the side peak S2 does changedtsposition slightly asy, changes. The appearance of the
side peaks is an indication of strong lateral correlations of the roughness. The separation
g between the side peak and the specular peak corresponds to a mean lateral undulation
wavelength of 2/q,. S1, the stronger side peak, indicates that the dominant roughness
component has a mean lateral wavelendth, of about 3700A.

Figure 6. An atomic foorce microscope image of the surface of sample B. Terraces with
approximate length 3708\ correspond to the scattering component labelled S1 in figure 5.

(This figure can be viewed in colour in the electronic version of the article; see
http://www.iop.org/EJ/welcome)

We examined the top surface of sample B with an atomic force microscope (AFM). The
surface, shown in figure 6, does indeed show a wavy structure with a period of approximately
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3700A. The mean height difference between the peaks and valleys of these waves, estimated
from the AFM picture, is 35 8 A. The wavy surface structure is due to a replication of

the terraced structure of the substrate, or a manifestation of ‘ripples’ which spontaneously
form in lattice-mismatched systems [24].

A vicinal surface will consist of regularly spaced terraces separated by steps or step
bunches. If we assume that the 37,@@er|od is due to replicated terraces, then taking into
account the 0.63miscut angle of our substrate, the steps between terraces would have a
mean height of about 4A. This implies a step bunch consisting of about 13 single steps
(step height= 3.18 A) separating successive terraces. Swartzentrebak [25] observed a
step bunch size of approximately 10 steps over a wide range of miscut angles for Si(111).
A mechanism for this effect has recently been suggested [26]. Thus, the step bunch size
implied by our measurements is compatible with the expected substrate terrace structure.

According to a theory elaborated, and measurements made on Si/SiGe systems, by
Pidducket al [27], ripples of wavelengtfi can form in an overlayer of thicknessf the
inequality

t Ygo

A 4)/712
is satisfied. The right-hand side, containing the Young’s modtildsr the overlayer, the
lattice mismatch strairgo, and the surface free energy per unit aggas proportional to
the germanium fractiow in our Sk, Ge,-on-Si system. This inequality should be satisfied
in our system if the behaviour observed is ripples. However, using a thickness0 A,

A = 3700A, x = 0.10, and the proportionality constant fon SiGe, measured by Pidduck

et al, we find that inequality (8) is violated, the left-hand side exceeding the right-hand
side by about 50%. It appears more likely that what we are observing is the result of the
replication of the substrate surface structure.

We note that terrace-related peaks were not observed for sample A in figure 3, even
though the sample had a miscut of ®.44Also, it is puzzling at first glance that the
intensity of S1 is greater than the specular intensity. These observations may be explained
in the following way. It is straightforward to calculate the scattering from an ideal vicinal
surface miscut at angle, with terraces all of length. and steps all of height, where
tane = h/L. The results, shown in cartoon form in figure 7, have the following general
features. (1) The scattering is concentrated into rods parallgl. t¢2) Scattering maxima
occur atg, = (2r/h)n, andgq, = (27/L)m, with the highest intensity for rod when
m = n (or, as in figure 7m = —n). (3) The peak position of each rod lies along a line
perpendicular to the surface of the terraces. Disorder will broaden the rods out [28], and
reduce the intensity of the rods with increasing

For sample B, assuming a mean step heigbf 41 A, the scans of figure 5 were made
for . = 1.31 x 27 /h to 150 x 27/h. In figure 7, this is close to the peak & 1) of
the first rod (= = —1), but far from the peak of the: = O rod (the specular rod) at the
origin. The rocking scans of figure 3 for sample A were made much closer tp-tvegin,
ranging fromg, = 0.33 x 27 /h to 0.78 x 2 /h.

Rocking scans at other azimuths (not shown) show that peak S2 rotates about the sample
normal with the same phase as S1, indicating that this is scattering due to some structure
tilted in the same direction as the miscut. Sincegitsposition is changing withy,, we
cannot associate a unique length scale with this peak, but the peak always lies on a line
oriented at 0.84to the specular rod. No exact structure has been identified for S2. The peak
splitting within S1 and the specular rod implies a regularly spaced structure in the in-plane
direction. Atg, = 0.2058A~ the measured peak splitting in S14s;, = 4.9 x 104 A1,

8
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Figure 7. Scattering from a regular array of terraces of lengteeparated by steps of height

is concentrated along rods in reciprocal space. The figure shows that terrace scattering from the
first rod is small compared to the reflectivity (the zero-order rod) near the origin, but becomes
more important with increasing,. In terms of a step height of 44, the rocking curves shown

in figure 5 for sample B were made fgy = 1.31x (27/h) and 150 (27/h), and the rocking

scans of figure 3 for sample A ranged frgm= 0.33 x (2 /h) to 0.78 x (21/h).

which corresponds to an in-plane undulation distance of L@B—much larger than the
scale of the AFM picture of figure 6, and several times the typically %Oibrrugatlon
length of self-organized islands formed on SiGe interfaces [29]. Both the peak in S1 and the
specular rod appear symmetricat= 0.2144, and most split at 0. 20581, from which

we obtainAg, ~ 0. 017 A-%. This in turn implies a tilt of tan*(Aq./Aq,) ~ 1.6°.

Perhaps more likely than an island structure is the scenario in which the splitting in S1
and the specular rod arises from the undulations of each interface being not exactly vertically
correlated but correlated at a slight angle. Then the splitting arises from interference
effects between multiply stepped interfaces. Successive interfaces would be correlated
at a tilt angled, of about 1.6, tilted in the opposite direction to the miscut. Headrick
et al [14] found evidence using somewhat different measurements for a misorientation of
6, = 45 for heterostructures grown on Si(001) miscut by 4rhe distance implied by
Ag; IS 2n/Aq, = 370 A, which is of the same order as the vertical correlation length for
large-scale fluctuations found for sample A of about 460

6. Conclusions

We have introduced and justified a modified correlation function useful in analysing low-
angle diffuse x-ray scattering. It allows us to find a mean vertical correlation length
connecting height fluctuations of different interfaces in a heterostructure consisting of a few
layers. Applying this to a gbGey1/Si heterostructure, we found a mean correlation length
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of 460A. With our model, we found no significant differences between the roughness of the
Si-on-SiGe interface, and the SiGe-on-Si interface (both roughnesses were aboA);11.1
however, we found modest evidence that the fractal dimension of the SiGe-on-Si interface
is somewhat lower than that of the Si-on-SiGe interface.

We also examined a &Gey 1/Si superlattice with both x-rays and an AFM, and found
a strongly periodic in-plane structure with wavelength 3200This structure is probably
due to replication of the miscut substrate structure all the way up to the surface.
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