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Abstract

X-ray standing wave (XSW) analysis was used for an atomic-scale structural study of ultra-thin Si/Ge hetero-
structures grown on Si(001) by surfactant mediated epitaxy with Bi as the surfactant. XSW measurements were
performed for the Si(004) and Si(0 2 2) Bragg reflections for Ge coverages from 1 to 10 monolayers. The measured Ge
coherent positions agree with the calculated Ge positions for a tetragonally distorted Ge lattice formed on Si(001)
using continuum elasticity theory. However, the measured Ge coherent fractions are smaller than expected. The quality
of the Si cap layer and its registry with the underlying Si(0 0 1) substrate lattice was also determined by combining the

XSW technique with evanescent-wave emission.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Starting with the first reported growth of
semiconductor heterostructures by surfactant me-
diated epitaxy (SME) [1], it has been established
that the surfactants serve to alter the growth ki-
netics by saturating the dangling bonds at the
growth surface [1,2]. For the case of Ge/Si het-
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erostructures, the lattice mismatch is 4% and Ge
has a lower surface energy than Si. Although Ge
will wet the Si(00 1) surface, it is well known that
after about 3 monolayers of growth Ge islands
begin to form to relieve the build up of strain en-
ergy [3]. For Si growth on Ge, the lower surface
energy of Ge results in its segregation into the Si.
These limitations prevent the growth of suitable
Ge/Si based superlattice structures. However,
SME has been used to prevent the early onset of
islanding and force layer-by-layer growth by in-
hibiting diffusion of Ge adatoms [4]. SME has also
been used to prevent Ge segregation into Si and to
improve the abruptness of the Ge-Si interface [5].
The tetragonal distortion of Ge lattice due to the
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lattice mismatch between Ge film and Si substrate
can be expected to influence the vertical and in-
plane ordering in different ways. By imposing
kinetic barriers, surfactants are understood to
improve the in-plane ordering by reducing the
adatom diffusion length. How the vertical ordering
of atoms is affected by surfactants is less clear. To
realize improved device performance from Ge/Si
based superlattice structures, it is important to
understand the nature of strain and disorder both
in-plane and out-of-plane.

Compared to other techniques, X-ray based
techniques have several advantages for investigat-
ing strain and disorder in materials. These include
elemental sensitivity, and the ability to directly and
non-destructively measure strain in buried layers.
Although several groups have investigated strain in
Ge grown on Si(00 1) [6], to our knowledge there is
no study reported about the disorder in metastable
Si/Ge/Si(0 0 1) structures grown by SME.

Most of the surfactants used in semiconductor
SME are from groups 1V, V, and VI of the peri-
odic table and As and Sb are the most studied
surfactants [1,2,4,6-8]. Arsenic has been effective
in growing relatively thick, 2-D pseudomorphic Ge
films on Si(00 1) [4], however, it is easily incorpo-
rated into the epitaxial structures and may act as a
dopant. This can significantly change the electrical
properties of the films. Sb has been shown to
promote formation of 3-D Ge islands at higher
temperatures [2] and is very difficult to be removed
from the surface [7]. Several groups have reported
the use of Bi as a surfactant on (00 1) surfaces [9-
13]. Using ion scattering and TEM Kawano et al.
concluded that 1 ML of Bi pre-deposited on
Si(001) enabled the growth of high quality crys-
talline Ge epilayers (~20 nm thick) with a smooth
surface and relatively few defects [9]. They note
that the same Ge films grown without Bi resulted
in an island structure. A more recent study inves-
tigated Bi and Sb as surfactants and pointed out
the dependence of Ge crystal quality on Sb and Bi
coverage [11]. Bi has also been shown to be effec-
tive in growing smooth, relaxed layers on Si(11 1)
substrates [14], and was also found to be effective
in growing metastable, pseudomorphic SnGe/
Ge(00 1) heterostructures [12]. Bi appears to lack
the aforementioned inadequacies of both As and

Sb. In this paper we report the evolution of dis-
order in Bi-mediated SME grown Si/Ge/Si(001)
heterostructures using the X-ray standing wave
(XSW) technique. To the authors’ knowledge there
have been no reported studies that have evaluated
the registry of both the Ge and Si epitaxial layers
in the same structure with respect to the Si(00 1)
substrate using XSW.

2. Experimental

The samples were prepared by molecular beam
epitaxy (MBE) in an ultra-high vacuum (UHYV)
chamber with a base pressure of 1 x 107! Torr.
The samples were degreased and Shiraki etched
before being introduced in the chamber. Samples
were then out-gassed for at least 12 h at 650 °C
and then annealed at 950 °C to achieve a clean
Si(00 1) surface, which was verified by a sharp 2-
domain 2 x 1 LEED pattern. No oxygen or carbon
contamination of the surface was observed by
Auger electron spectroscopy (AES). Samples were
prepared with Bi as a surfactant with Ge coverages
ranging from 1 to 10 ML. Throughout the growth,
the temperature of the sample was held at 400 °C.
Initially, 1 ML of Bi was deposited and then Ge
deposition was carried out at a rate of 0.06 ML/
min by evaporation from a Knudsen cell. During
the Ge growth, a constant overpressure of Bi was
maintained to compensate for thermally induced
Bi desorption. After Ge deposition was complete
Si deposition was carried out at a rate of about 1
ML/min from an e-beam evaporator. In order to
prevent Ge segregation into the Si cap and thereby
achieve an abrupt interface transition, the Bi flux
was not turned off until ~20 ML of the silicon cap
had been deposited. The nominal thickness of the
deposited Si was 100 A. For the sake of compar-
ison a sample with 1 ML of Ge without Bi was also
prepared. The absolute Ge coverage of each sam-
ple was measured by comparing its Ge Ko fluo-
rescence yield to that of a standard sample that
was calibrated by Rutherford back-scattering. At
each stage of the film deposition, the surface was
studied by LEED and AES at room temperature.

Bi has very low solubility in both Ge and Si and
its surface free energy is lower than either Si or Ge.
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Bi belongs to group V and can saturate the dan-
gling bonds at the Si or Ge(001) surface. The
saturation of Si or Ge dangling bonds reduces
the surface energy and therefore Bi termination of
the surface is energetically favored. These proper-
ties suggest that Bi strongly segregates into both Si
and Ge and floats to the surface; this is an im-
portant prerequisite for a surfactant to be effective.
The surface reconstruction of Bi on Si(001) is
coverage dependent. The LEED pattern after Bi
deposition on Si at 400 °C was 2-domain (2 X n)
with n equal to 4 or 5. The saturation coverage is
then equal to (n—1)/n ML which is approxi-
mately 0.8 ML based on previous measurements
[15]. The LEED pattern after Ge deposition over
Bi was found to be similar with weaker nth order
spots resulting from small fraction of Bi leaving
the surface. The intensity of the Bi Auger peak did
not change after Ge deposition. Similar surface
conditions were observed after Si deposition,
however the features in the LEED pattern were
more diffuse.

The XSW measurements were performed at the
5ID-C beamline at the Advanced Photon Source in
open air. In the XSW technique [16] a monochro-
matic X-ray beam is tuned to a Bragg reflection of
the crystal sample. The interference of the incident
and the reflected beam produces a XSW field in
and above the crystal. The periodicity of the XSW
field is same as the diffracting lattice planes. The
phase v of the reflected beam with respect the in-
cident beam shifts by 180° as the Bragg angle 0 is
scanned from low-angle side to high-angle side of
the rocking curve. This causes the antinodes of the
XSW field to shift inwards by one-half of the d-
spacing dy;;. The shifting XSW field modulates the
fluorescence yield. This yield is formulated as:

Y(0) = 14 R(0) + 2/R(0)fis cos[v(0) — 2nPy],

where R() is the reflectivity of the diffracted beam.
Parameters fy (coherent fraction) and Py (coher-
ent position) are the amplitude and phase, re-
spectively, of the H = hkl Fourier component of
the spatial distribution of the fluorescent atoms.
The model independent parameters, fy and Py,
along with their respective error bars are deter-
mined from the weighted chi-square fit of the
above yield equation to the data.

For the XSW measurement of the Ge buried
layer, the X-ray energy was tuned to 12.5 keV and
the Ge Ka fluorescence was collected by a Si (Li)
solid state detector. For the measurement of the Si
capping layer, the energy was changed to 8.0 keV
in order to eliminate the Ge K fluorescence signal
and to enhance the 1.74 keV Si Ka fluorescence.
The Si XSW experiment was performed in a he-
lium atmosphere in order to reduce air absorption
of the Si fluorescence as well as eliminate Argon
fluorescence from the spectrum. The evanescent-
wave emission technique [17,18] (that collects the
X-ray emission at a take-off angle « smaller than
the critical angle o, for total external reflection)
was used to discriminate against Si K fluorescence
originating from the Si substrate. Referring to the
inset in Fig. 1; based on Snell’s law, the index of
refraction for X-rays being smaller than unit cau-
ses the internal angle o for an escaping photon to
be smaller than the external angle o. At o < o, the
real part of &' =0 and an evanescent-wave emis-
sion condition exists in which the escape depth is
dramatically reduced. A slit was used in front of
the fluorescence detector in order to define range
of take-off angle «. The lower limit was aligned
with the horizon of the sample surface (oq = 0),
and the upper limit («,) was defined by a slit par-
allel to the sample surface and between the sample
and fluorescence detector. The “effective” linear

1000

Escape Depth A (A)

100

0.0

Fig. 1. Escape depth of 1.74 keV Si Ko fluorescence X-rays in
Si as a function of take-off angle «. The inset depicts the re-
fraction of an outgoing X-ray as it passes through the interface.
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absorption coefficient, ., is related to the index of
refraction, n=1— 96 —if as:

2V2 12 12
(o) = ‘){2_"{[(25—@#4/;2 —|—25—ac2} .

(1)

Ay is the wavelength of the emitted photon. Note
that for o > a., u, = uy/sina. For Si Ko X-rays
escaping from a Si substrate with a mirror-like
surface, the critical angle is o, = v/26 = 0.9°. Fig. 1
shows the calculated escape depth A = ;! as a
function of take-off angle, o. 4 has a minimum
value of 36 A at « = 0 and dramatically increases
at o = o.. This abrupt reduction in the escape
depth due to refraction effects below the critical
angle makes this technique surface sensitive.

For our XSW measurement of the 100 A thick
Si cap, it was necessary to eliminate the detection
of X-rays from the Si substrate. We ensured this by
positioning the upper slit to have a take-off angle
just below the critical angle. The (004) XSW
measurements were performed and then repeated
after lowering the slit by an additional 0.1°. The
absence of any change in the Si Py and f5 values
after changing the slit position proved that the
fluorescence from the Si substrate was negligible.
The Si capping layer measurements were per-
formed on the 1.6, 3.0 and 3.4 ML Ge coverage
samples that were grown with Bi as a surfactant
and the 1.1 ML Ge sample grown without Bi.

The coherent fraction depends on three factors:
fu = CagDy. C is the ordered fraction, ay is the
geometrical factor, and Dy = e is the Debye-
Waller factor. The Debye-Waller (DW) factor
takes into account the thermal vibrations of the
atoms. For buried epitaxial layers, this term can be
estimated using the Debye temperature or it can be
measured experimentally. The geometrical factor
is the modulus of the geometrical structure factor
and takes into consideration the multiple positions
the adatoms can take. For a singular position
ay = 1 and for multiple positions ay < 1. There-
fore, for a single strained monolayer of Ge buried
in a Si(001) matrix ay is ideally unity, but for
coverages greater than 1 ML the Ge atoms should
take more than one position relative to the un-
derlying Si lattice and the coherent fraction di-

minishes. For a defect free pseudomorphic
epitaxial film, the geometrical factor should accu-
rately describe the atomic distribution of the layer.
For this situation C = 1. In the case of an adsor-
bate layer on a surface values of C less than one
imply that a fraction of the adsorbate is incom-
mensurate. In our case of an epitaxial film, crys-
talline defects will have the effect of lowering the
ordered fraction. Assuming a Ge film composed of
several atomic layers to be pseudomorphic with a
tetragonal distortion of the Ge lattice according to
continuum elasticity theory, the Ge coherent
fraction for the film can be written as:

B lsin(Nnéf,)
~ N sin(ndh)

where N is the number of atomic layers in the film
and &%, is the relative difference between the tetr-
agonally distorted Ge lattice and the Si substrate
lattice for the planes of index H. The coherent
position for such a film is given as:

(N - 1)
2

d,, in this equation refers to the offset at the Ge/Si
interface. More specifically, &, is the fractional d-
spacing offset between the Si(004) bulk extrapo-
lated atomic plane and the first Ge epitaxial layer
plane. We will assume that the Si-Ge atomic layer
spacing at the interface is half way between the
bulk Si spacing and the Ge-Ge spacing in the
strained layer. Thus in this study, we will assume
8, = &%,/2. From continuum elasticity theory the
perpendicular strain (¢;) and the in-plane strain
(g)) are related by the elastic constants ¢j» and ¢y
as &, = —2(cin/en)ey. Using ¢qp = 12.40 x 10"
Nm2, ¢, =413x10"" Nm? [19], and ¢ =
0.040 as inputs, continuum elasticity theory pre-
dicts that &) = 0.027 and 5504 = ((aGc — aSi)/aSi) +
&, = 0.068. Based on symmetry 22 = dp04/2.
For the Si atoms in the Si capping layer, the
coherent position ideally should be Pi% = NJ,,.
The coherent fraction for a perfect epitaxial thin
film of Si on a Ge terminated Si(00 1) substrate
should be equal to the Debye—Waller factor for Si.
However, the measured value is expected to be
slightly lower due to effects such as: the formation
of a native SiO, layer (typically 20 A thick) and

fu Dy, (2)

Py = 55+ 8. (3)
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defects in the epitaxial Si cap. If the Si cap was
grown in tension (underlying Ge partially relaxed)
the Si cap coherent fraction would be systemati-
cally lower as well.

3. Results

Fig. 2 displays the (004) XSW Ge data and
analysis for a 1.6 ML Ge Si/Ge/Si(001) sample
grown with Bi and a 1.1 ML sample grown with-
out surfactant. The measured Ge coherent posi-
tions (see inset of Fig. 2) agree with the continuum
elasticity theory prediction shown in Eq. (3). The
sample grown with Bi has a higher Ge coverage
(1.6 ML) yet has a higher coherent fraction. This
result supports the claim that Bi as a surfactant
has been effective in improving the epitaxial qual-
ity of the strained Ge buried layer. For the full set
of Bi-SME grown samples, the model independent
XSW measured coherent fraction and coherent
position values for Ge as a function of measured
Ge coverage are plotted in Fig. 3. For comparison
the (004) and (022) lines are calculated by using

3.0 - 20 B
' 1.6 ML with Bi
fFroszrooe =
P=0.06 0.01 ;
25 4
1.1 ML no Bi
20— f=072+002

P=0.03+0.01

Normalized Flourescence Yield
Reflectivity

-10 0 10 20 30
(6-6g) prad

Fig. 2. Angular dependence of (004) XSW data (markers) and
best fit (solid lines) for Ge Ka fluorescence yield and Si(004)
reflectivity for 1.6 ML of Ge with Bi and 1.1 ML without Bi on
Si(001).
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Fig. 3. Measured Ge coherent positions and coherent fractions
(dots) for Si(004) and Si(0 2 2) reflections plotted as function of
Ge coverage with Bi as a surfactant. The lines represent Egs. (2)
and (3) calculated (004) and (02 2) coherent fractions and co-
herent positions using continuum elasticity theory.

continuum elasticity theory and assume that C = 1
in Egs. (2) and (3). As can been seen the calculated
positions from this idealized model match the
measured positions for both the (004) and (022)
reflections; especially below 7 ML. The measured
coherent fractions, while following the predicted
trend, are much lower than the calculated values
for the entire range of Ge coverage.

Isotropic variations in the Ge position about its
expected position would result in a reduction of
measured coherent fraction without changing the
measured coherent position. One such effect results
from the room temperature thermal vibrations of
the Ge atoms. This is already incorporated into
Eq. (2) as the thermal DW factor e ™ = e~ 2%(w)/d;
Using a Debye temperature of 365 K the thermal
vibrational amplitude in bulk Ge is 0.068 A. Since
the Ge films are buried under Si and presumably
strained, the atomic vibrational amplitudes are not
expected to be significantly different than 0.068 A.
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In a previous XSW study (that combined the
(004) and (008) reflections) the thermal vibra-
tional amplitude for Ge buried in Si(001) was
determined to be (1?)"/* = 0.08 +0.02 A [20].

To model lower than expected values for Ge
coherent fraction for the samples with Bi we will
include a static DW factor, in addition to the
thermal Debye—Waller factor. This static DW
factor will replace the ordered fraction, C, in Eq.
(2). For planes of index H, if this displacement
field has a symmetric distribution along the H
direction then the measured coherent position will
not change. We will assume a Gaussian distribu-
tion about the expected Ge atomic position. The
static DW factor, which is then the Hth Fourier
component of this distribution, is written as
e = e 2% /4 where gy is the Gaussian width.
Note that this is identical in form to the thermal
DW factor. Without performing XSW measure-
ments at different temperatures one cannot un-
ambiguously separate these two contributions.
With the inclusion of the static DW factor, the
equation for modeling the coherent fraction be-
comes:
fH — e—We—Ml SIH(NTE?}-TI) . (4)

N sin(ndy,)

Using a bulk Ge vibrational amplitude of 0.068 A
in the above equation, the calculated g4 and oq,>
values from our measured values of the coherent
fraction for different coverages of Ge are listed in
Table 1. The values of 694 and ¢y,, increase with
Ge coverage and the disorder appears to be iso-
tropic within experimental error.

Table 1

The calculated widths (ay) for static displacements for various
coverages (©) of Ge based on a model that includes a static
Debye—Waller factor (see Eq. (4))

© (ML) 0004 (A) 0022 (AD)
+0.1 ML +0.03 A +0.03 A
1.6 0.09 0.05
1.7 0.09 0.07
3.0 0.14 0.18
3.4 0.13 0.21
4.6 0.25 0.23
7.1 0.29 0.28
10.0 0.42 0.43

2.5 E
f=0.82+0.02 a) -4
P=0.04+0.01

2.0 1

1.5

1.0

0.5 1

0.0

Reflectivity

f=0.85+0.02
P=0.07+0.01

Normalized Yield

-20 0 20 40
(6-06p) prad

Fig. 4. (004) XSW Si cap data and fit for (a) 1.1 ML Ge with
no surfactant and (b) 1.6 ML Ge with Bi as a surfactant. The
data was taken at 8.0 keV.

Fig. 4 shows the Si capping layer XSW data for
two samples where the combined XSW and eva-
nescent-wave emission measurements were per-
formed. Table 2 contains the entire data set for the
four samples where both Ge and Si cap XSW
measurements were made. These same four sam-
ples are included in the previous Ge buried layer
analysis.

4. Discussion

It is clear from the data set (Fig. 3) that while
the mean positions of the Ge atoms are consistent
with a strained tetragonally distorted lattice, there
exists an appreciable spread about this mean Ge
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Table 2

Ge and Si values for (004) coherent position and coherent fraction for samples where combined XSW and evanescent-wave emission

measurements were performed

6 (ML)+0.1 ML Bi surfactant? Ge 40,02 I8, +£0.02 PSe, +0.01 P, 40.01
1.1 No 0.72 0.82 0.03 0.04
1.6 Yes 0.82 0.85 0.06 0.07
3.0 Yes 0.70 0.44 0.12 0.18
3.4 Yes 0.70 0.43 0.14 0.21

position; especially at coverages above 4 ML.
Specular reflectivity experiments that we per-
formed on the same samples [13] confirmed that
the Ge/Si substrate interfaces are abrupt and that
the Ge/Si cap interface roughness is quite low
(~3.2 A) for the 7.1 ML sample, but much higher
(~11.5 A) for the 10 ML Ge sample. In the same
study [13] in-plane grazing incidence diffraction
(GIXD) measurements indicated that the onset of
strain relaxation occurred between 7 and 10 ML
and that the relaxation was accommodated at the
Ge/Si cap interface. In the present XSW study of
these same samples, 7 ML is when the P4 values
begin to deviate from elasticity theory predictions
(see Fig. 3). This likely marks the onset of growth
front roughening as Ge atoms are transported to
upper layer positions. This 7 ML threshold was
also found by LeGoues et al. [4] using TEM for the
case of arsenic as a surfactant.

As for the 1.1 ML Ge sample grown without
surfactant, the measured coherent position agrees
with our ideal model, while the coherent fraction is
lower than predicted. Previous work on Si/Ge
samples grown without surfactant at 400 °C shows
that Ge will diffuse into and to the top of the Si cap
layer [21,22]. Unlike our SME samples, a small
amount of Ge was detected on the surface of this
sample by AES after the 100 A Si cap was de-
posited. Upon removal from the vacuum chamber
this surface segregated Ge would expectedly oxi-
dize into an amorphous phase. It is also likely that
some fraction of the Ge will have diffused into the
Si substrate [23] which further complicates the
calculation of expected f9¢ and PS° values.

In a previous SME Si/Ge/Si(0 0 1) report [20] we
examined similar structures using group VI Te as
the surfactant rather than group V Bi. The samples
grown with Te had fy, as well as Py, values that

were consistent with continuum elasticity theory.
The higher f5¢ values, in agreement with the pre-
dictions of an ideal-strained-pseudomorphic layer,
imply that Te is more effective as a surfactant than
Bi. Te and Bi surface structures on Si(001) and
Ge(001) are different and this is likely related to
their performance as a surfactant. The saturated
Te/Si(001) and Te/Ge(001) surfaces result in a
1 x 1 termination whereby ~0.8 ML Te atoms
adsorb at bridge sites with occasional missing Te
rows to accommodate the larger Te atom [24-26].
This is in contrast to the 0.8 ML Bi-terminated
surface that is 2 x n with Bi dimers forming on the
surface and occasional missing Bi dimer rows
[15,27,28]. Recent theoretical and experimental
work has proposed surfactant exchange pathways
for group V atoms such as As and Sb in Ge/Si
SME [29-32]. The debate continues to find the
precise mechanism for surfactant action, however,
some properties are agreed upon. For instance, it
is agreed that the surfactant behavior is coverage
dependant. The group V surfactant and oncoming
Ge adatoms exchange as dimers i.e. one Ge dimer
for one As or Sb dimer as opposed to single ad-
atom exchange [33,34]. Tromp et al. [30] propose
that two adjacent Ge dimers must be present to
exchange with the underlying surfactant. Since Bi,
like As and Sb, forms dimers on Ge(001) and
Si(00 1) terminated surfaces, it is probable that it
behaves similarly as a surfactant in terms of the
diffusion pathway. Te on the other hand does not
dimerize on Si and Ge, therefore, the surfactant
exchange process should be simpler and with a
smaller energy barrier since Ge adatoms will un-
dergo single adatom exchange with the Te. This
process is more efficient than for the group V
surfactants, since fewer bonds are broken in the
process. The lower activation energy for exchange
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will reduce the adatom surface diffusion and in-
crease the Ge incorporation, likely resulting in
more coherent Ge film.

Due to its higher surface free energy the growth
of Si on Ge is expected to be Volmer—Weber mode.
It has been proposed that the use of a surfactant
can change the growth mode of Si on Ge to
Frank-van der Merwe [1,35]. Additionally, this
surface free energy difference strongly promotes
Ge segregation into and on top of the growing
epitaxial layer. The Si capping layer XSW-eva-
nescent-wave results indicate that high quality Si
epitaxial layers can be grown on Ge layers to at
least 2 ML in coverage. If the Ge layers are
strained, the Si coherent fractions from the epit-
axial silicon layer should be approximately equal
to the Debye-Waller factor for Si (Dyo4 = 0.95,
Dyy, = 0.975). The measured values are lower
than this value since the samples are removed from
vacuum and a native oxide has formed on the
surface (~20 A). Of the 100 A of Si deposited,
approximately 10 A will be an amorphous SiO,
phase since 45% of the native oxide thickness will
have consumed some of the original Si. The Si
contained in this phase will be disordered, and
therefore the ideal /35, for such a sample should be
0.85. The measured f3i, values for samples below
2 ML in are in agreement with this value. If the Ge
epitaxial layer is completely strained in compres-
sion to match the Si in-plane lattice constant, then
one would expect the Si cap layer to be unstrained
(with a bulk-like lattice constant). To be consistent
with the results for the Ge buried-layer, the P§i,
values for the Si cap layer should be (and
are) greater than the measured P, values. As
previously stated the predicted value for an
ideal pseudomorphic heterostructure is Pyyq™® =
0.068 - N. This predicted value is in reasonable
agreement with the results shown in Table 2 for the
1.1 ML non-SME and 1.6 ML SME samples and
is in good agreement with the results for the 3.0
and 3.4 ML SME samples. This very high-resolu-
tion XSW measured phase shift (or vertical offset)
in the Si cap lattice relative to the Si substrate
lattice (where the XSW is generated) has a number
of remarkable implications. The cap phase shift is
directly attributable to the number of intervening

tetragonally-strained Ge unit cells and is therefore,
when combined with the Ge coverage measure-
ment, a second measurement of the strain in the
Ge film. The cap XSW results also attest to the
high quality of the epitaxy in the strained Ge layer
and in the unstrained Si cap. Unlike cross-sec-
tional HRTEM, this registration is being averaged
over lateral dimensions measured in millimeters
(i.e., the X-ray beam foot-print).

The Si coherent fractions for the 3.0 and 3.4
ML Ge samples are significantly lower than the
0.85 ideal values and suggest that a relatively sig-
nificant fraction of the Si is disordered in these
samples. These samples have, of, values that are
0.14 and 0.13 A, respectively. The high 6§, values
for these samples indicate that a rough Ge surface
is potentially present which would lead to a poor
quality template for the Si epitaxial layer. While Bi
has successfully improved the quality of the Ge
epitaxy it appears to have not succeeded in pro-
viding a sufficiently high enough quality Ge layer
that is suitable for Si epitaxy for Ge coverage > 3
ML. Defects such as Ge dimer vacancies are likely
present in these samples during growth and curb
the ability to achieve 2-D step flow growth for the
Si. Diffraction and reflectivity studies support the
theory that a significant number of defects can
exist in cap layers in samples similar to ours [36].
In this study X-ray diffraction measured a thinner
Si layer in the cap than measured by reflectivity.
Since low-angle reflectivity is sensitive to only
changes in electron density, it is insensitive to the
crystallinity of the epitaxial layers. The lower
thickness measured by diffraction can then be at-
tributed to defects. A similar study with our sam-
ples has been performed and will appear elsewhere
[37]. A recent STM study [38] comparing the
roughness of homoepitaxial Si/Si(0 0 1) for samples
grown with surfactant (Sb) concluded that the in-
troduction of Sb inhibited Si attachment on step
edges resulting in the creation of 3-D islands and a
rough surface. It is possible that Bi, like Sb pro-
motes a similar effect in our silicon cap growth and
that growth front roughening is therefore respon-
sible for lowering our coherent fractions. How-
ever, our 1.6 ML Ge sample prepared with Bi has a

relatively high f;7s* = 0.85 and this sample was
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prepared using identical conditions to the other
two thicker samples other than total Ge coverage.
This would suggest that Bi, unlike Sb, promotes
step flow growth of Si/Si and Si/Ge.

5. Conclusions

We have demonstrated that Bi is effective in
promoting 2-D growth and preventing segregation
in Ge/Si(001) epitaxy. The degree to which Bi
would be successful in creating suitable Si/Ge su-
perlattices is not clear as we find a significant
amount of static disorder in the buried Ge layer.
This suggests that defects are present in these
layers when grown thicker than 3 ML. Similar
XSW work using Te as a surfactant [20] suggests
that Te is a more effective surfactant, which is
likely due to its ability to form more highly-pass-
ivated Si(001) and Ge(001) surfaces. We also
demonstrated how the combined XSW-evanes-
cent-wave measurement can be used as an inde-
pendent means for characterizing the strain and
crystallinity of the heteroepitaxial layers.
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