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Abstract. The interface roughness and scaling exponent of Ske,/Si strained-layer
superlattices (SLSs) grown by molecular beam epitaxy (MBE) have been measured by x-ray
reflectivity and diffuse-scattering methods. We have found that for samples grown under identical
conditions the root mean square (rms) roughnessgsthe roughness exponents), and the
lateral correlation lengtli) are dependent upon the thickness and/or the substrate temperatures
of the superlattice. The incorporation of a surfactant, such as antimony, can retard interface
widening and smooth the interface.

1. Introduction

Recently there has been considerable interest in the properties of epitaxially grown strained-
layer superlattices (SLSs) of G&i;_,/Si due to their potentially important applications in
various optoelectronic and microelectronic devices [1]. Since the quality of interfaces can
greatly influence the strain and electron transport in thin-layer heterostructures [2, 3], it
is necessary to achieve a detailed knowledge of the interface microstructures of layered
materials. It has been shown by numerous theoretical and experimental studies that the
scattering of x-rays and neutrons from rough surfaces can be divided into specular-reflection
and diffuse-scattering terms, which can be calculated within the first Born approximation for
weak scattering or in the distorted-wave Born approximation for intense scattering (e.g. near
the critical angle for total external reflection) [4—7]. The surface roughness can be described
as self-affine over finite length scales by Mandelbrot in terms of fractional Brownian motion
[8]. For many isotropic solid surfaces we may write as the height—height correlation [4]

G(r) = ([z(r) — z(0)]%) = Ar? O<h<1 @)

wherez(r) is a height on the surface and= (x?+ y?)¥/2. The exponentl, determines the
texture of the surface in 3 4 dimensions. In practical calculations we use the correlation
functions of the form

G(r) = o?expl-(r/&)?] 2

whereo is the root mean square (rms) roughness &gl an upper cut-off.
Equation (2) provides a method for determining the roughness exponents from x-ray
diffuse-scattering experiments. Very recently, some authors [9, 10] have recognized that
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the exponent can spatially characterize the dynamical scaling behaviour of the growth of
surfaces and interfaces [11, 12]. Models developed to describe growth processes may be
divided into two categories [9, 12]: conservative growth and non-conservative growth. The
first mode may be suitable for a growth process with efficient surface diffusion in which the
values of the roughness exponénin d = 2+ 1 dimensions are within the range= 2/3

to h = 0.95. In the second mode, the values of the expohéntd = 2+ 1 dimension may

be close to the valug = 1/2 predicted by Kardar—Parisi-Zhang (KPZ) equations [12, 13].

In this paper we examine the interface roughness and the roughness exponent of
Ge,Sip_,/Si SLSs grown by MBE under varying growth conditions, by means of x-ray
reflectivity and diffuse scattering. We prepared samples with different thicknesses of the
period of the SLSs, and grew samples with different substrate temperatures. Recently it has
been reported that use of a surface surfactant can help in achieving sharp interfaces [14], and
so we compare the interface morphology between samples with and without a surfactant.
We found that for samples grown under identical conditions the interface roughness and/or
the scaling exponents of G&i;_,/Si SLSs are sensitive to the sample thicknesses and the
temperatures of the substrates. The surfactant can modify the interface morphology and
improve its quality. A brief explanation is proposed for our experimental results, in which
the growth modes recently developed are considered. We have determined the roughness
exponenth to be 0.35 to 0.5 for thick samples in which the thickness of theSie,
component was about 95 and to be 0.63 to 0.7 for thin samples in which the thickness of
the Ge Si;_, component was about 46. The above results indicate that the growth mode
for Ge,Si;_,/Si SLSs can be modified by changing their structural parameters.

Table 1. The nominal structures of G8i;—, /Si samples.

Sample x n A2 AP 14 A NY Surfactant Ty, (°C)°
A 0.2 240 80 0 15 — 650
B 0.2 240 80 0 15 Sb 650
C 0.2 120 40 0 15 — 650
D 0.2 120 40 0 15 Sb 650
E 0.35 320 80 1000 10 — 600
F 0.35 320 80 1000 10 — 670
G 0.35 320 80 1000 10 — 750

a: thicknesses of Si layers in superlattice periods.

bry: thicknesses of GeSiy_, /Si layers in superlattice periods.
Cteap: thicknesses of capping layers.

dN: period numbers.

®T,up: temperatures of substrates.

Our paper is constructed as follows. In section 2 we describe the sample preparations
and the x-ray experiments performed using synchrotron radiations. The theory for x-ray
reflectivity and diffuse scattering is outlined in section 3. We report and discuss the

experimental and calculated results in detail in section 4, and give our conclusions in
section 5.

2. Experiment

The samples of G&i;_,/Si SLSs used in the experiments were grown on silicon (001)
substrates by MBE. The nominal structures of the seven samples considered here are listed
in table 1. Samples A and B are, as a group of thick samples, compared with another group
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of thin samples (samples C and D); within each group the samples with and/or without
surfactant are also compared. During the growth of samples B and D, antimony (Sb) was
selected as the surfactant. After growth of a 1@0@Gilicon buffer layer, antimony was
deposited on the growing surface up to 0.75 of a monolayer, and then t®&i; GéSi
bilayers were deposited alternately using a conventional MBE method. Samples A and C
were grown without the use of surfactant.

The reflectivity and diffuse-scattering experiments were performed at the diffuse-
scattering station of the 4W1C beam line of the Beijing Synchrotron Radiation Facility
(BSRF). The beam divergency was 1.0 mrad horizontally and 0.1 mrad vertically.
Monochromatic radiation of wavelength 1.Bdwas selected from a triangular bent silicon
crystal which was also used as a horizontal-focusing element, placed before a reflecting
mirror which was a vertical-focusing element. The intensity of the x-ray beam 8as10?
counts st and its energy resolution was44x 10*. The x-ray beam was confined by slits
to be of size 0.2 mm vertically and 0.5 mm horizontally during the experiment.

Specular-reflectivity {—20) scans, longitudinalé-29 offset) scans and transverse—(

20) scans were performed using a Huber five-circle diffractometer, whésangular
accuracy is nine arcseconds. The miscut angle of the substrate, if it exists, was set in
the scattering plane.

Assumingz be the direction normal to the sample surface and be parallel to the
surface plane and aligned with scattering plane, the scattering vector was calculated from [1]

g = K(cosp — cosa) q. = K(sing + sina) 3)

whereK = 27/ is the wave vector of the radiation in vacuum, andnd g are the angles
of incidence and scattering with respect to the sample surface, respectively.

3. Theory

The specular reflection was calculated by the recursive application of the optic theory
matrix method [15] which has been described elsewhere [16]. For the non-specular diffuse
scattering from interfaces, the appropriate tool is the distorted-wave Born approximation
(DWBA) [4-7]. For many systems prepared by sputtering, evaporation and MBE, an
imperfection of one layer is transferred to the layers above [7]. For this reason in our
calculations we followed the scattering formulas of y4ahd Baumbach [6] in which the
effect of vertical correlations between the interfaces has been included. In the model of
Holy the rms roughness of thgh interface is

o; = [of + (N = j)of]*? @
where N is the number of interfaces. The interface roughness grows towards the free
surface. The form for the correlations of roughnesses betweejtlihendkth interfaces is

Gii(r) = {of + [N — maxj, k)]oZje /0% el s/ )

whereoy is the rms roughness of the substrate surfacis the position of théth interface,
&, jx is the vertical correlation length, ang, is the rms deviation of the probability
distribution of the layer thicknesses.

4. Results and discussion

During the longitudinal scans the offset angles were chosen so as to make the scans far
enough away from the specular-reflection rod in reciprocal space that the intensity curves
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Figure 1. The specular-reflection scan (solid line) and the longitudinal diffuse scan (offset angle
§ = 0.4°) (dashed line) of sample B.

must be attributed to the diffuse scattering. Figure 1 shows the specular reflection and
the longitudinal scattering for sample B. The Bragg peaks can be seen not only in the
specular-reflection curve (upper) but also in the diffuse-scattering curve (below). This may
be evidence for a vertically replicated interface structure, i.e. if the interface roughness
correlates from interface to interface vertically, the diffuse scattering will exhibit Bragg
resonant features when matches a reciprocal-lattice spacing of the superlattice.

The true specular reflectivity of the samples was obtained by subtracting the longitudinal
diffuse-scattering contributions from the specular-reflection scans [1]. In our experience this
step is not necessary because the diffuse-scattering background is usually very low and does
not change the shape of the specular-reflectivity curve. The amplitudes of the interference
fringes seen on the reflectivity curves are determined by the interface roughness. Initially,
the superlattice period was determined from the peak separation; once the period was known
the individual layer thickness and the interface width were fitted to the experimental data
using the matrix method [16].

Table 2. The interface roughnesses of 38ipg/Si SLSs.

Sample 1, (,&) 1) (,&) Surfactant op, (A) Tirop (,&) h(e) & (,&)

A 300+2 97+2 — 86)+1 3021)+2 035+004 260+ 50
B 282+2 93+2 Sb 6+ 1 2318 +2 052+0.04 600+ 50
C 149+2 46+2 — 5+1 15+ 2 0.63+0.04 2850+ 100
D 147+2 46+2 Sb 5+1 11+ 2 0.7+0.04 2800+ 100

Figures 2 and 3 show the reflectivities of the two thick samples and the two thin samples,
respectively. The calculated curves are in fairly good agreement with the experimental data
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Figure 2. The reflectivity for thick samples, (a) sample /@) experimental; (=) calculated; (b)
sample B: ) experimental; () calculated.

although discrepancies are found withimyarange of 0.2 to 0.3; these are believed to be
due to some undesirable beam current conditions of the synchrotron radiation. From the fits
to figures 2 and 3, the true structures and rms interface rouglanésssamples A, B, C,
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Figure 3. The reflectivity for thin samples, (a) sample G7)(experimental; (-) calculated; (b)
sample D: [0) experimental; (-) calculated.

and D were deduced; these are listed in table 2. According to our samples having vertically
replicated interface structures as mentioned above, we assume that the interface roughness
grows (see section 3), so thaf,, ando,,, represent the initial (bottom) and final (top)
interface roughness of a SLS, respectively.

Figures 4 and 5 give the scans transverse to the third Bragg peaks in the reflectivity



The interface roughness exponeniGa, Si;_,/Si superlattices 2897

104

108

10°

10"

Log(intensity)(arb units)

10°

104

Log(Intensity)(arb units)

g, (107 VA)

Figure 4. The scans transverse to the third-order Bragg diffraction peaks for thick samples, (a)

sample A (at fixed;, = 0.114&71); (b) sample B (at fixeq, = 0.122,2\71): (O) experimental;
(=) calculated.

curves (figures 2 and 3) for the above four samples. A transverse scan (alosgy)

is characterized by a Bragg peak dominated by the resolution function, diffuse scattering,
and a pair of Yoneda scattering peaks whenever the scan reaches the critical.aliogle

total external reflection. Our experimental data display all of these features. Despite the
experimental scatter due in part to the lower beam current of the synchrotron radiation, the
calculated curves are in fairly good agreement with the experimental ones. From fitting to
the experimental curves we obtained the roughness expoheantd the lateral correlation
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Figure 5. The scans transverse to the third-order Bragg diffraction peaks for thick samples, (a)
sample C (at fixed, = 0.101,&_1); (b) sample D (at fixed, = 0.108,&_1): (O) experimental;
() calculated.

lengthsé for samples A, B, C, and D, which are listed in table 2. The rms roughnesses
which were deduced from fitting to the transverse scan curves are given in parentheses in
table 2 if they differ from those obtained from fitting to the reflectivity curves.

In the transverse scarms is about 0.1. For the samples C, D, E, and F the condition
lg.01? < 1 is fairly well satisfied, which is often thought of as the range of validity of the
DWBA. For the samples A, B, and G, its values are out of this range by no more than a
factor of four. The measurements and the calculations of the present work and of others
[7] may indicate that this range is much larger.

In the work of Schlomkaet al [7] a vertical correlation length¥, is included in
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the correlation functions;, (). In our calculations of the transverse scans, the vertical
correlation lengthg, , was larger than the total thicknesses of the SLSs. For nearly perfect
correlationst, is much larger than the layer thicknesses and the exponent telinT{&/51.+)

[7] may be omitted. This shows strong vertical correlation of the interfaces for the present
samples.

4.1. The effect of layer thickness on interface roughness

From table 2 one can see that for &g _,/Si SLSs prepared under identical conditions
the interface roughness;, increases, while the roughness exponehtsand the lateral
correlation lengthg, decrease, with increasing sample thickness (comparing sample A with
C and sample B with D in table 2).

The fact that the interface roughness increases with sample thickness can be understood
according to the scaling theory of surface growth where the interface width is a measure
of the correlations along the direction of growth, and grows with time [12]. On the other
hand, the value of (see the:-values of samples A and B in table 2) for thick samples is
close to the value of 1/2 that is predicted by the Langevin equation [12] or more generally
the KPZ equation [13] for deposition processes. This value afrresponds to growth with
only a weak relaxation, i.e. a non-conservative growth mode.

The values ofi for thin samples (see thk-values of samples C and D in table 2)
are 0.63-0.7, corresponding to a growth with stronger relaxation, i.e. a conservative growth
mode. Given that the roughness exponent changes with the growth time we can assume that
the relaxation behaviour underwent changes during growth; that is, initially the smoothing
effect of surface diffusion is efficient, but later during growth this effect lessens. We believe
that for a certain growth process there exists a critical time (or sample thickness) after which
the system will reach a saturation state where the interface width will reach its maximum
value, while the roughness exponent and upper cut-off will reach their minimum values
and these values must be dependent on the particular growth conditions. In faet &ao
have reported [17] that the surface width and roughness exponent change during growth
and have saturation values with varying sample thickness for vapour-deposited silver films,
although the situation and consequently the results are different to those of the present
study. Another example is that the rms surface roughressicreases with film thickness,

7, aso is similar tot, for plasma—polymer films revealed by atomic force microscopy [19].
The higher value of the scaling exponent may be suggestive of a layered (two-dimensional)
type of growth for those thickness ranges where the expohéstclose to the predicted

one for continuum deposition with the surface relaxation (CDSR) mode [18] which predicts
h = 0.67. On the other hand, exceeding a certain thickness the growth mode might be of an
island type. The island growth here results from the segregation of Ge atoms, which occurs
in the GeSi layers, so one may expect that GeSi layers contribute more to the interface
roughness, compared with Si layers.

4.2. The effect of surfactant on interface roughness

From table 2 one can see that the samples grown with the surfactant Sb have improved
interface morphology both as regards the rms roughness and as regards in the roughness
exponent/. The role of surfactants (surface-active species) in heteroepitaxial crystal growth
has been reported by some authors [14, 20]. The use of a segregating surfactant can reduce
the surface free energies of the bilayers and suppress island formation. The group V elements
(such as Sb as used in this paper) contain one extra valence electron per surface atom; this
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Figure 6. The reflectivity for sample E (a), sample F (b), and sample G @): €xperimental;
(-) calculated.

fills the dangling bonds which normally occur on the clean Si(001) and Ge(001) surfaces,
thereby creating a stable termination. By using the Sh-passivated surface as a stage of MBE
growth, we are able to alter the growth mode of an epitaxial layer to induce wetting of the
substrate. This leads to a large decrease in both the islanding and the interdiffusion between
Si and GesSi layers. It has been shown in table 2 that the interface roughness of the top
layer, o;,,, decreases from 24 to 18 A, and that the scaling exponehtincreases from
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Figure 6. (Continued)

0.35 to 0.53 for thick samples, whilg,, decreases from 18 to 11 A and & increases
from 0.63 to 0.7 for thin layers. Our experimental results therefore support the arguments
described above.

Table 3. The interface roughness of &&Sige5/Si SLSs.

sample 1 (A) 2R opm A op A ey A Tup (°C)

E 416+2 109+2 4+1 8+2 761 600
F 413+2 111+2 45+1 9+2 71 670
G 339+4 110+4 11+2 24+ 4 12+2 750

4.3. The effect of substrate temperature on interface roughness

Figures 6(a), 6(b), and 6(c) show the reflectivities of samples E, F, and G grown at substrate
temperatures of 600C, 670°C, and 750°C, respectively. From fitting to the experimental
data, the true structures and rms roughnesses for these samples are deduced and listed in
table 3. It is worthwhile to notice that the interface roughness increased a I|met(38

9 A) when the temperature of the substrates rose from €D@o 670°C. On the other

hand, the interface roughness increased dramatlcalléy 024 A) when the temperature

of the substrates rose from 67Q to 750°C. It needs pointing out that the larger increase

of the interface width is accompanied by the decrease of the Si layers within the bilayers
(from about 410A to 340 A) The calculations of the reflectivities are based on a model

of a Gaussian distribution of the gradient of the electronic density across the interfaces
which cannot distinguish between the ‘hill and valley’ structures of the self-affine surface
and the interdiffusion of Ge atoms. But the fact that the increase of the interface width is
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accompanied by the decrease of the widths of the Si layers suggests the interdiffusion of
Ge atoms to Si layers. This can be used as the criterion for distinguishing interdiffusion
from true interface roughness.

On the basis of the results obtained by changing the substrate temperature, it appears
that a too-high temperature of the substrate will result in interdiffusion of the bilayers of
the SLSs. An optimum temperature range should thus be chosen to achieve the desired
interfaces.

5. Conclusion

The interface roughness and roughness exponents gdiGe/Si SLSs grown by MBE

with varying growth conditions have been investigated using x-ray reflectivity and diffuse
scattering. We have found that for samples grown under the same conditions the interface
roughness and roughness exponent are dependent on the thickness of a SLS, i.e. the rms
roughnesss increases, while the scaling exponéntand the lateral correlation length
decrease, with increasing thickness. The above results indicate that the mode of the growth
can be modified by varying the structural parameters of the SLSs. The incorporation of
a surfactant such as antimony (Sb) in the initial stages of growth leads to a considerably
improved interface quality. We have also found that increasing the substrate temperature
up to a high value causes interdiffusion of the bilayers, so care must be taken to avoid
interdiffusion.
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