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Anomalous x-ray scattering study of the growth of inverted quantum hut structures in a Si-Ge
superlattice emitting strong photoluminescence
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The growth process of germanium inverted quantum hut (IQH) structures, which are embedded in a silicon
lattice, has been studied using anomalous x-ray scattering techniques. These self-assembled IQH structures
exhibit strong photoluminescence (PL) although the number density of the huts is rather small. We show here
that these IQH structures form by the intermixing of germanium with previously deposited silicon producing an
intriguing composition variation that keeps the out-of-plane lattice parameter of the alloy almost constant. We have
identified a zero strain cubic structure, which extends towards the tip of these IQHs to accommodate large-scale
interdiffusion of germanium in silicon lattice. A substantial increase in intensity of the PL peak at around 0.8 eV
as the temperature is lowered from 70 to 10 K and a corresponding activation energy of 49 meV indicates that
photon induced carriers are predominantly captured at the tip of the embedded quantum hut structures.
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I. INTRODUCTION

Recent progress in the characterization techniques to
understand the growth of various germanium (Ge) quantum
structures formed in silicon (Si) lattice have made this research
field active again as this development may provide us future
optical materials for seamless integration with the present
Si-based very large scale integration (VLSI) technology [1,2].
Due to ~4% lattice mismatch of Si and Ge, such a quantum
structure carries an inherent strain that can be controlled to
tailor the band gap to the optical communication window.
Ge quantum structures embedded in Si-Ge superlattice sys-
tems have already exhibited remarkable photoluminescence
properties [3—8]. In recent years, developments in electron
microscopy and synchrotron x-ray scattering techniques have
enabled us to understand the growth mechanism by which these
Ge quantum structures form in each Si-Ge interface over the
Ge wet layer with the apex pointing towards the top surface and
getordered vertically in a Si-Ge superlattice due to propagation
of strain.

Although Si and Ge can form alloys in any molar ratio, it
is well known that Ge deposited on the Si(001) surface grows
layer by layer for around three monolayers in a typical tem-
perature range of 450—750 °C, which is used for molecular-
beam epitaxy (MBE) growth, as barriers to interdiffusion are
sufficiently high [9-11]. By scanning tunneling microscopy
studies, it has been shown that after one monolayer (ML) of
Ge deposition, surface dimerization introduces nonuniform
stress fields in the subsurface regions [9,12]. Hence the sites,
which are under compressive stress, would prefer Si occupancy
while those under tensile stress would favor Ge. Thus, given
sufficient kinetic energy, Ge tends to move to the tensile sites
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which lie in the third or fourth subsurface layers in order
to lower the overall surface energy [9]. In this temperature
regime of MBE growth, the Ge interdiffusion into the Si
layer, even with added driving force of stress, is negligible.
For two-monolayer coverage of Ge, less than one-fourth of
a layer goes in the underlying Si(001) lattice [4,9-12]. After
a critical thickness of three monolayers of Ge, quantum hut
structures are formed on top of this Ge wet layer with the tip
pointing towards the top surface.

It is expected that as the growth temperature is reduced
(<500 °C) the interdiffusion of Ge into the underlying Si lattice
will become even lower. But on the contrary, it was observed
recently by electron microscopy studies that surprisingly large
length-scale interdiffusion of Ge occurs in the underlying
Si layers at low growth temperatures (~450°C), provided
the deposited Ge layer thickness is kept between 22 and
38 A [12-15]. This enigmatic interdiffusion of Ge in the
underlying Si lattice at lower growth temperature (<500 °C)
leads to the formation of quantum hut structures within the
Si sublayer below the Ge wet layer with the apex pointing
down towards the Si substrate. Here, we present results of
systematic anomalous x-ray scattering and cross-sectional
transmission electron microscopy (XTEM) studies which
develop an understanding of the growth process of these
inverted quantum hut (IQH) structures embedded in silicon
sublayers of a Si-Ge superlattice exhibiting rather strong
photoluminescence (PL) properties.

The results presented here clearly show that the deposited
Ge layer relaxes strain by uniform intermixing with the
previously deposited lower Si layer to form a Sip¢Gepq wWet
layer exhibiting an out-of-plane lattice parameter of 5.64 A
and an in-plane lattice parameter close to the silicon value of
5.43 A. The IQH structure forms with its base just below the
wet layer. The anomalous x-ray scattering measurements show
interesting composition variation of IQH structure from base
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to tip. A simple model calculation showed that the in-plane
structure of IQH can be understood as a stack of layers with
each layer having a constant in-plane lattice parameter with
laterally varying [16] composition. Compositional variation
over large length scale was observed near the base of the IQH
structure with in-plane and out-of-plane lattice parameters
around 5.44 and 5.57 A, respectively. The rim of the IQH
structure approaches an alloy composition of Sip7Gegs in
all the isostructural stacks of layers from base to tip having
in-plane lattice parameters varying from 5.44 to 5.52 A.
Near the tip region of the IQH structures both in-plane and
out-of-plane lattice parameters become 5.52 A. This value of
the out-of-plane lattice parameter in the rim and tip region
of the IQH is around 1.66% higher than the Si(001) lattice
parameter and can get accommodated in the surrounding Si
lattice as the critical thickness [4] of such lattice parameter
on Si can be around 100 A, which is higher than the Si-layer
thickness used here. We also show here that even with a low
number density of IQH structures the grown Si-Ge superlattice
exhibits a strong PL peak below 70 K temperature at around
0.8 eV with dominating exciton binding energy of 49 meV
that corresponds to a quantum dot of size 75 A [17,18). This
size is consistent with the tip size of the IQH where the photon
induced carriers are finally captured for PL emission.

II. EXPERIMENT

In anomalous x-ray scattering measurements, two data
sets are collected away from and at the x-ray-absorption
edge of a particular material to increase the sensitivity of the
x-ray scattering technique. In our study we have carried out
measurements at the Ge K edge (11 103 eV) and away from
it (11043 eV) to determine shape, composition, and strain of
Ge IQH structures embedded in a Si-Ge superlattice [19-21].
X-ray measurements were performed both at beamline [22]
PO8 of the synchrotron radiation source PETRA 1II, DESY,
Germany and at the Indian beamline [23] BL-18B, Photon
Factory, KEK, Japan. The monochromatic beam in BL-18B
at Photon Factory was collimated with a set of beam defining
slits having horizontal opening of 1 and 0.1 mm in the
vertical direction and data collection was done by a Cyberstar
scintillation detector. For all the diffraction measurements a
slit of 1.5 mm (horizontal) by 0.25 mm (vertical) was mounted
just before the detector to improve the signal to background
ratio. At beamline P08 of Petra I1I, a beam-defining slit setting
of dimension 50 by 300 microns was used in the vertical and
horizontal direction, respectively, and the data were collected
by a position sensitive linear Mythen detector. For grazing
incidence diffraction (GID) measurements, the intensity of all
the channels was integrated to obtain the data presented here,
whereas for XRD measurements a central region of interest (40
pixels) was integrated. During GID measurements the incident
angle was kept to be 0.2°, slightly above the critical angle for
Si, to allow the x-ray beam to penetrate the Si cap layer for
probing the underlying Si-Ge superlattice. Radial and angular
scans were taken around two in-plane diffraction peaks, i.e.,
around (400) and (800). The XTEM investigations were
carried out using a FEI, Tecnai G2 F30, S-Twin microscope
operating at 300 kV. HAADF-scanning TEM was employed
here using the same microscope, which was equipped with a
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scanning unit and a HAADF detector from Fischione (Model
3000). Cross-sectional TEM specimens were prepared using
mechanical thinning down to 20 um followed by 2-kV Ar-ion
milling. Low-temperature PL. measurements were performed
in a closed-cycle helium cryostat, which can be used in the
temperature range 10-300 K, with a 325 nm He-Cd laser
as the excitation source. The power of the laser was kept at
40 mW during the measurements. The PL spectra were
recorded by a liquid-nitrogen-cooled InGaAs detector using
standard lock-in technique.

All the Si-Ge and Si-SiGe superlattices presented here were
grown on Si(001) substrates by a solid source MBE system
(Compact-21, Riber, France). The base pressure of the growth
chamber was 10~'! Torr. A thick Si buffer layer (~100 nm) was
always grown first before depositing the required superlattice
and then a Si cap layer (30-50 nm) was deposited. Fig-
ures 1(a)-1(c) show typical TEM micrographs of grown pseu-
domorphic Si-SiGe alloy superlattice structures by sequential
deposition of Si spacer layers and SiGe alloy layers. These
alloy superlattice structures were grown at high temperature
(~750°C) and typical results having an alloy composition
of Si0,43G60.57, Si0_65Ge()_34, and Sio_52Geo_48 are shown in
Figs. 1(a)-1(c) respectively. The alloy-layer/Si-layer thick-
nesses for these superlattice samples were 60/90, 150/260,
and 100/175 A respectively for the data shown in Figs. 1(a)—
1(c). The high-resolution TEM images for Figs. 1(a)-1(c) are
shown in Figs. 1(A)-1(C) respectively. The high-resolution
TEM images clearly show the highly pseudomorphic nature
of these superlattices as the SiGe alloy has a lower lattice mis-
match with Si as compared to that of pure Ge. Itis also observed
that the alloy layers retain the deposited molar ratio and the
interfaces remain sharp indicating very little intermixing pref-
erences. In Figs. 1(d)-1(f) we have shown typical superlattice
samples of pure Ge and Si layers deposited at temperatures
of 400, 550, and 500°C respectively. The Ge-layer/Si-
layer thicknesses in these samples were 20/70, 20/110,
and 50/300 A respectively. Figs. 1(D)-1(F) represent the
corresponding high-resolution TEM images for Figs. 1(d)—1(f)
respectively. The high contrast observed in these images is due
to variation of Ge content in those areas. It is evident from the
figures that the strain in Ge layers is relaxed by the formation
of IQH structures in (d) and (e), whereas in (f) strain relaxation
occurs via introduction of misfit dislocations as the thickness
of the Ge layer (=50 10%) is far above the critical thickness [4].

III. RESULTS AND DISCUSSION

Figure 2(a) shows a typical high-angle annular dark field
scanning/transmission electron microscopy (STEM-HAADF)
image of a representative superlattice sample and the line
across the layers (over the IQH stack) is the profile path for
STEM-energy dispersive x-ray (EDX) measurements. The Si
and Ge profiles along the line from the Si buffer (top) to the
cap layer (bottom) are shown in Fig. 2(b). It can be easily
observed that the variation of Si concentration as a function
of depth is exactly opposite to that of the Ge concentration
as expected. In Fig. 2(c) we have shown the same Ge EDX
profile using bars of equal thickness (~13 A) over the lowest
three Si-Ge bilayers. Since on average four bars are present on
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FIG. 1. (Color online) (a)—(c) Si-SiGe alloy superlattices with varied layer thicknesses, grown at 750 °C. These alloy superlattices are seen
to be completely pseudomorphic as evident from the high-resolution TEM images (A)—(C) respectively. (d),(e) Si-Ge 10 bilayer superlattices
relaxing strain by the formation of IQH stacked one over the other in various layers. (D),(E) Corresponding high-resolution TEM images for
(d) and (e) respectively. The high contrast in these images is due to high Ge content in those areas. (f) Si-Ge 4 bilayer sample showing strain
relaxation by the introduction of misfit dislocations as indicated in the high-resolution TEM image (F). The misfit dislocations are attributed
to large thickness of Ge layer. Buffer (B) and cap (C) layers are indicated in all the images.

the buffer side while only two are on the cap side, obviously
the slope of the Ge concentration on both sides of the wet
layer are different. The observed small slope of the Ge-over-Si
interface is due to the presence of IQH structures. It is to
be noted that during the occurrence of all this diffusion,
proper epitaxy of the heterostructure is maintained and
high-resolution TEM studies have revealed the absence of
any plastic relaxation in the system. Hence, even though the
Ge diffusion is not random and occurs making a slope with
the wet layer to form the observed IQH structure, the theory
of elasticity applies in this system.

It is known that the Ge wet layer on a Si(001) surface has
an inherent biaxial compressive strain in the growth plane that
leads to tensile strain in the out-of-plane direction [4]. The
anomalous GID measurements around the (800) and (400)
diffraction peaks provide us direct information regarding
strain in the in-plane lattice with respect to the Ge composition
profile [19]. The composition and strain information obtained
from these GID measurements was used in the analysis [23] of
the out-of-plane diffraction data to obtain detailed knowledge
about the composition-strain profile of these superlattice
systems.

A. In-plane structure

We have carried out radial and angular scans in the GID
measurements. Radial scans are intensity measurement by
varying the incidence angle () to the in-plane lattice and the
detector angle (®) position by keeping & = 26. The measured
x-ray intensity can be directly related to the in-plane lattice
parameter (a)) as a] = AVh* + k> + I?/[2sin(P/2)], where
(h,k,I) are the Miller indices of the nearest Bragg reflection. In
angular scans 6 is varied by keeping ® (detector position) value
constant and the measured x-ray intensity gives the size of the
region in the sample having a fixed in-plane lattice parameter
corresponding to the fixed ® position [g, = (47 /A)sin(D/2)].
It is to be noted here that only the angular momentum transfer
[gq. = (4 /A)sin(@ — ©/2)] changes in these scans while the
radial momentum remains constant. Figures 3(a) and 3(b) show
typical GID two-dimensional radial scans of the superlattice
sample shown in Fig. 2(a) at two energies around (800). At the
Ge K edge, the contribution of the Ge atomic scattering factor
in the diffracted x rays is much less [19-21] as compared to this
contribution when the x-ray measurement is done away from
the Ge K edge. The reduction in Ge scattering at the x-ray edge
leads to the reduction in the intensity of the diffraction peak as
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FIG. 2. (Color online) (a) STEM-HAADF image of the superlattice structure. Brighter lines correspond to Ge layers while the gray portions
are Si. Buffer (B) and cap (C) layers are indicated. (b) STEM-EDX line profile along the line shown in (a). The line profile is taken over the
IQH stack in various layers. (¢c) Ge EDX profile using bars of equal thickness (~13 10\) for the lowest three Si-Ge bilayers. (d) High-resolution
XTEM micrograph of self-organized IQH structures formed in a Si-Ge superlattice sample. B and C indicate the location of buffer and cap

layer respectively.

can be seen in radial scans of Fig. 3(c). Hence, by taking the
ratio of intensities measured at two energies £} = 11043 eV
(away from the Ge K edge) and E; = 11103eV (at Ge K
edge), one can calculate the Ge concentration corresponding
to a lattice parameter (a;) using the formula [19]

e =L

where ) and I, are the scattered intensities and fge, and fge,
are the atomic scattering factors at the energies E; and E;
respectively and fs; is the atomic scattering factor of Si that
remains almost the same at the two x-ray energies considered
here. We obtained the Ge composition from the analysis of
the two radial scans for (800) as a function of the in-plane
lattice parameter (a;) and the result is plotted in Fig. 3(d). To
determine the in-plane strain {e = [a; — a(x)]/a(x)}, one
has to compare the lattice parameter (a;) with a(x) calculated
from the Ge composition obtained from Vegard’s law [refer
Fig. 3(d)]. In Fig. 3(e) we show the in-plane strain profile thus
obtained as a function of ) and from this plot we calculated
[refer Fig. 3(f)] the out-of- 2plane lattice parameter a, , using
Poisson’s relation a; = [aH —a(x)] + a(x) where Cy;
and Cy, are the known components of fourth rank strain tensor
related as ¢ = —2¢]C12/C11 [4]. It is to be noted here that
the value of the ratio Cy,/C; changes from 0.385 to 0.372
as one uses tabulated values of Si (Cj; = 1.66 Mbar,Cy, =
0.64 Mbar) and Ge (Cy; = 1.29 Mbar,C;, = 0.48 Mbar). We
have used values of Ge to extract the out-of-plane lattice
parameter a; approximately here as the measured data in the
out-of-plane direction was not found to be sensitive to this
small variation. The sharp feature near the Si peak position
(5.43 ;\) was not used here for the composition and strain
analysis as this portion of data is very sensitive to sample

ey

alignment and provides information primarily about the Si cap
and Si buffer layers [24].

The in-plane and out-of-plane lattice parameters corre-
sponding to the broad peak of Ge concentration shown in
regions I and IT of Fig. 3(d) represent the Ge wet layer. The peak
composition of the wet layer is found to be close to Sip Geg 4
with in-plane strain of around —2% as the a;; becomes close to
the Si lattice parameter (5.43 A)anda, approaching the value
of 5.62 A. Analysis of the out-of-plane diffraction data, which
will be presented next, clearly shows that the thickness of this
wet layer with a; = 5.62 A is around 15 A. The interface
of regions IT and IIT (q = 5.44 A) represent the base of the
IQH structure below the wet layer and the second composition
peak of Ge concentration Sip7Geg 3 [refer to the interface of
regions III and IV of Fig. 3(d)] represent the tip of IQH. From
Figs. 3(c) and 3(d), it can be seen that the Ge concentration
becomes small as we approach age (=5.65 A) implying that
pure Ge has not precipitated here. It is also clear from Figs. 2(a)
and 2(d) that, apart from the wet layer, Ge in alloy form is
present only in the IQH structure and from the contrast of the
TEM data it is apparent that the Ge concentration is higher
in the rim area and tip portion of the IQH structure. It is
to be noted here that a similar composition was detected in
the rim and in the tip of IQH, in an earlier TEM study [13].
It is also clear from Fig. 3(f) that apart from regions II and
I that represent the wet layer having a peak composition of
Sig 6Gey 4 the out-of-plane lattice parameter a | remains almost
constantat a value of around 5.52 A £0.01 A (shown in shaded
region) though the in-plane lattice parameter a)| is changing
from 5.35 to 5.52 A. This shaded region can be attributed to
the entire IQH structure. From the base of the IQH to its tip,
the in-plane lattice parameter (a))) varies from 5.44 to 5.52 A
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FIG. 3. (Color online) Panels (a) and (b) show two-dimensional GID data of the superlattice sample shown in Fig. 2(a) at the Ge K edge
(11103 eV) energy and away from it (11043 eV) respectively around (800). (c) The extracted radial scans for the superlattice structure
at the two energies as indicated, around (800). This plot is generated by integrating the counts on Mythen detector for each qj. Also
shown is the (800) profile for Si substrate for comparison. (d)—(f) Variation of Ge concentration, in-plane strain, and out-of-plane lattice
parameter respectively with the in-plane lattice parameter as obtained from (800) radial scans. Refer to text for details about the shaded region

in (f).

keeping the out-of-plane lattice parameter (a ) constant at
5.52 A. At the end of this shaded region, in the tip portion
of the IQH, the composition becomes Sij 7Gep 3 and the value
of the in-plane lattice parameter a; also becomes close to
5.52 A. This structure of the tip region of the IQH has nearly
zero strain value [refer the interface of regions III and IV of
the in-plane strain profile shown in Fig. 3(e)]. The out-of-plane
lattice parameter (a, ) of 5.52 A in the tip and rim structure
helps accommodating the IQH in the Si lattice with around
1.66% strain as compared to the Si lattice. It should be noted
that the critical thickness for SiGe heterostructures with 1.66%
strain is around 100 A [4]. A very small amount of Ge present at
the beginning of region I in Fig. 3(d) represents the Si lattice in
the vicinity of the IQH structure that matches the out-of-plane

lattice parameter 5.52 A givingrisetoa; = 5.313 A for Si. The
Si lattice near the tip of the IQH structure needs to match the
in-plane lattice parameter of 5.52 A and that in turn requires
a, =5.36 A. This lattice is represented towards the end of
region IV. However, for simplicity we have not used such an
out-of-plane lattice parameter to fit the (004) data presented
in the next section. An in-plane lattice parameter lower than
that of Si (as;) was also observed earlier in a system consisting
of pits [24]. From the strain profile of Fig. 3(e) it can be seen
that with increasing aj, the strain in Si;_,Ge, moves from
negative to positive values through zero and this represents
different portions of the IQH structure. A similar behavior for
strain, i.e., changing from compressive to tensile for a < ag;
and a > ag;, respectively, was observed in other SiGe quantum
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dot systems as well [24]. Propagation of such an oscillatory
strain profile probably ensures that IQH structures get located
on top of each other [refer Fig. 2(d)].

B. Out-of-plane structure

The out-of-plane diffraction measurements allow us to
check consistency of the strain-composition profile obtained
from the GID analysis and we show here the results of a
typical analysis of data around the silicon (004) diffraction
peak. Figure 4(a) shows such XRD data taken at 11043 eV
along with the theoretically calculated profile [23], obtained
with the Born approximation. For this calculation, we used a
profile for a, and a corresponding Si;_,Ge, composition as
obtained from GID measurements [refer to Figs. 3(f) and 3(d)].
Thus, depending upon the composition, each lattice site was
assigned with a scattering amplitude which was the weighted
average of the scattering amplitudes of Si and Ge. The fitting of
the experimental XRD profile is performed by varying the layer
thicknesses and by introducing alloy layers at the interfaces
through an iterative process. The final profile of a; and the
associated strain, defined as ¢, = [a; — a(x)]/a(x), and the
corresponding Si;_, Ge, composition obtained from this fitting
of the XRD data are shown in Figs. 4(b)—4(d), respectively.
We have also shown an expanded profile of one bilayer in the
inset of each figure for clarity. The average out-of-plane lattice
parameter, strain, and composition of a typical Ge-Si bilayer
are shown in these insets. The beginning of the wet layer
and the end of the IQH structure is marked with arrows. The
values obtained here are consistent with those obtained from
the analysis of the in-plane GID data. The obtained profiles
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presented in these figures represent the data well. The top
330 A of the Si cap layer is completely relaxed with lattice
parameter ag; as expected from growth conditions. The wet
layer of the SiGe alloy has a thickness of around two to three
unit cells (~15 A) at all the interfaces and a large diffusion of
up to five to six unit cells is seen below the wet layer. The Ge
content (x) was found to vary [refer to Fig. 4(d)] from zero for
the Si cap and spacer layers to around (x = 0.4) for the wet
layer and the SiGe alloy composition in the IQH was found
to be between Sip7Geps and SipgGe,. Different regions in
Ge layers are seen to be under both positive and negative
out-of-plane strain [refer Fig. 4(c)]—these values were found
to be consistent with the in-plane strain values obtained from
the analysis of GID data [refer to Fig. 3(e)].

C. Growth mechanism

The analysis of the in-plane and out-of-plane x-ray data
clearly shows that IQH structures embedded in the Si lattice
have the following three distinct features: (a) the base of the
IQH structure is just below the wet layer that has a Sig¢Geg 4
composition with an out-of-plane (in-plane) lattice parameter
of around 5.6 A 54 10\); (b) the IQH structure has a rim and a
tip both having a composition of Sij 7Gey 3; and (c) the average
out-of-plane (in-plane) lattice parameters just below the IQH
structure and above the wet layer [marked as arrows in inset
of Fig. 4(b)] are 5.43 A (5.52 A) and 5.46 A (5.51 A) with low
Ge (<0.2) concentration. In the growth model proposed here,
we assume that the entire quantum structure of Ge from the
wet layer to the IQH tip, which almost touches the next wet
layer below, is composed of in-plane isostructural domains
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FIG. 4. (Color online) (a) Experimental data and calculated XRD profile of the superlattice structure. (b)—(d) Variation in lattice parameter,
out-of-plane strain (g, ), and Ge fraction (x) respectively with depth as obtained from the XRD data analysis. Insets in (b)—(d) show the

expanded version of one bilayer for clarity.
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FIG. 5. (Color online) (a),(b) Angular scans around (400) of the superlattice sample measured at 11043 eV and 11 103 eV respectively.
Each scan is associated with a different ) as indicated in the plot. The solid lines show fits assuming IQH composed of five disks having
same in-plane lattice parameter. (c) Ge fraction variation over the disk radially used for fitting. (d) Variation of the isostrain region with a;
as obtained from the fits. Inset shows the schematic (not up to scale) of the IQH being divided into disks of isostrain region. The dark border
represents the rim area having higher Ge concentration as observed in the XTEM images and also included in the calculation of fitted curves

(refer to text for further details).

with increasing in-plane lattice parameter from regions I to IV
[refer Fig. 3(f)]. The domain size of the wet layer was found
to be very large (~6000 A) from the angular scan and the
in-plane lattice parameter of the wet layer ranges from 5.375
0 5.435 A [regions I and II of Fig. 3(f)].

Figures 5(a) and 5(b) show the typical angular scans taken
with 11043 and 11103 eV x-ray beams around the (400)
diffraction peak at various fixed radial positions corresponding
to different in-plane lattice parameters a| as indicated in each
profile. The IQH structure can be considered to be consisting
of a stack of disks with diameters, D(a;)(=2R), having equal
in-plane lattice parameter (). Following the contrast of the
XTEM image [refer Fig. 2(d)] and an earlier study [16] we
assumed here that in each of the disks the composition is
not uniform laterally. Hence during calculation a parabolic
composition profile was assumed over the disk radially for
the inner part and a constant Ge concentration (Sig7Geg 3) of
thickness 20 A was taken for the rim structure. Thus, the x-ray
scattering profile can be given as [16]

Iy
1 R = ———
@R = R Faon) P

2 R ) 2
/ / e 11D fGe(ryrdrd| | (2)
0 0

X

where fg. and fs; are the atomic scattering factors for Ge and
Si respectively. fsice(r) represents the scattering factor of the

SiGe alloy at r and ( fsige) is the average scattering factor of
the disk. The parabolic variation of the Ge fraction in the inner
part is taken as

Cie(r) = Cge(0) + [Coe(R) — Cae(0)IF*/R*. (3)

The composition profiles for the different disks are shown in
Fig. 5(c). Itis to be noted that only the disk at the tip of the IQH
has the maximum Ge content (Sig7Geg3) at the center and it
decays as a parabola towards the edge of the disk. All other
four disks have maximum Ge content (Sip7Geg3) at the rim
and minimum at the center. We have used the same model to fit
the data collected at the two x-ray energies, at the Ge edge and
away from the edge. However, it was apparent from the XTEM
images that there are variations of sizes particularly in the base
portion of the IQH structure. We used four profiles for the
base region (] = 5.44 A), each having the same composition
profile but radii and relative strength (indicated in parentheses)
with respect to first one are as follows: 220 A (D), 116 A (0.35),
75 A (0.16), and 43 A (0.06); for a; = 5.46 A: 140 A (1),
87 A (0.55), and 58 A (0.25); for a; = 5.47 A: 120 A (1),
80 A (0.75), and 42 A (0.3); for @) = 5.49 A: 60 A (1) and
30 A (0.35); for a;; = 5.51 A: 40 A. It is to be noted that these
profiles and our simple model could fit the data set measured
at two energies.

The variation of the size of the isostrain region correspond-
ing to different a; as obtained from the fits of the angular scans
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are shown in Fig. 5(d). It is interesting to note that the isostrain
region is largest (around 440 A) near the base of the IQH
structure below the Ge wet layer as is apparent in the TEM
image shown in Fig. 2(d). The size of the isostrain region
decreases as q| increases, and from the angular scan in the
vicinity of the zero-strain region with a;(=a; = 5.52 A), we
get a value of around 80 A [refer to Fig. 5(d)] representing
the tip area of IQH. This is consistent with the inverted
pyramidal-shaped quantum huts observed in XTEM data with
higher Ge contrast at the tip of the IQH [refer Fig. 2(d)].

D. Photoluminescence

Low-temperature PL measurements of these IQH structures
exhibit the characteristic [25-27] broad peak of Ge quantum
dots from 0.71 to 0.9 eV [refer Fig. 6(a)]. Such a peak
was not observed in the low-temperature (10 K) PL data of
the pseudomorphic Si/Sigs5,Geg4s superlattice structure not
having any IQH [refer to Fig. 1(c) for the XTEM image].
Gaussian fitting of the integrated PL intensity (/pp) profile
clearly shows a continuous reduction in peak position from
0.796 to 0.767 eV as the temperature is raised from 10 to
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FIG. 6. (Color online) (a) Photoluminescence intensity of the
Si/Ge superlattice with Ge IQH structure at 10 to 90 K and
pseudomorphic quantum well Si/SiGe superlattice [Fig. 1(c)] not
having quantum hut structures at 10 K. (b) Temperature variation of
PL intensity at 0.8 eV. The line profile represents the fit considering
two activation energies (7 and 49 meV). Also, calculation of
the intensity variation is shown for the two activation energies
individually which contribute to the final fit.
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80 K. A similar shift in PL energy was observed [26] earlier
for conventional (noninverted) quantum hut structures. The
Ipr, was found to decrease as the temperature is increased from
10 to 80 K [refer Fig. 6(b)]. This variation in intensity can be
analyzed using two thermal activation energies [26],

I (T)/ Iy = 1/[1 4 Cre  BV/FT 4 Cre B/ (4)

where [y is the maximum PL intensity (at 10 K), C; and
C; are fitting parameters and k is Boltzmann’s constant. The
measured data and the fit with Eq. (4) is shown as Ipy, vs
1000/T in Fig. 6(b). The obtained two activation energies, E;
and E,, from the fitting are found to be 7 and 49 meV with
corresponding C; and C; values of 5.9 and 55 411 respectively.
In Fig. 6(b) we have also shown the contribution of the two
activation energies. The lower activation energy E; = 7 meV
represents the confinement over a large area and is effective
only at low temperature. At higher temperature £, = 49 meV,
representing a quantum confinement over a very small area,
dominates. In the inset of Fig. 6(b), we have shown that this
activation energy corresponds to 75-A diameter quantum dots
and this is the tip of the IQH structure. The other activation
energy of 7 meV may represent the base area of IQH. We could
not detect in this measurement PL peaks corresponding to the
wet layer and to the transverse-optical (TO) phonon-assisted
transitions of Si. This observation indicates that photon
induced excitons are primarily captured by the IQH structure
and recombination to emit PL photons occurs predominantly
at the tip of IQH structures.

IV. CONCLUSIONS

In conclusion, we have shown here that the IQH structure
forms in the Si lattice through enigmatic large-scale diffusion
of Ge through formation of Si;_,Ge, alloys that minimize
the variation of the out-of-plane lattice parameter. We have
presented a simple model to explain the growth mechanism
of IQH. In this model the IQH structure is composed of
a few stratified layers having a constant in-plane lattice
parameter with varying composition to represent the rim of
the IQH. As we approach the tip of the IQH from the base,
the in-plane lattice parameter approaches the out-of-plane
lattice parameter to produce a zero-strain cubic lattice having
Sip7Geg 3 composition. The temperature-dependent PL study
shows that the photon induced carriers are predominantly
captured at the tip of the IQH structure. It is important to
note that the 25 times increase in the intensity of the PL peak
was observed here as the temperature is lowered from 70 to
10 K. It should be possible to enhance the photoluminescence
properties of these SiGe superlattices with inverse quantum hut
structures by increasing the number density of IQH structures
with appropriate seeding.
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