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ABSTRACT

Molecular beam epitaxy (MBE) has been used to deposit quantum structures in the material system Si-Ge-C in order to
evaluate the possibilities for Si based opto-electronics. In particular the growth of Si/SiGeC quantum wells, the growth of
quantum structures on pre-patterned Si substrates and the self-organised growth of Ge and C-induced Ge dots have been
investigated. Studying the photoluminescence (PL) response of strained SiGeC quantum wells of various compositions and
well widths by MBE the band discontinuities for compressively strained and lattice matched SiGeC/Si heterostructures have
been determined. The data indicate a type I bandalignment in Si/SiGeC quantum well structures. By modifying the mor-
phology, the chemistry or the strain of Si surfaces the formation of Ge quantum dots can be triggered. The growth of strained
SiGe alloys on a small mesa leads to plastic relaxation of the strained film. The degree of relaxation depends on the
thickness, the size, and the crystallographic orientation of the mesa. Phonon resolved PL spectra were obtained from the type
II transition between the strained Si and the relaxed SiGe grown on small mesa structures. In addition, the self organised
growth of Ge dots on bare and on C covered Si (100) surfaces has been studied. The deposition of 2-4 monolayers of Ge on
these surfaces leads to the formation of small, irregularly shaped islands without facets. Intense photoluminescence is
observed from samples containing multiple C-induced Ge island layers.
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1. INTRODUCTION

Because of the technological background in Si processing there is great interest in expanding its capabilities, with the long
term goal of combining optical and electronical components on single Si substrates. The design of new artificial structures
within the system Si-Ge-C promises to furnish Si based systems with high speed and integrated optoelectronical functions.
The first observations of band edge photoluminescence on fully strained Si;.«Gey alloys /1/ and Si/Si;.Gex MQWs /2/ at the
beginning of the 90's were a matter of great excitement. Compared to pure Si the luminescence efficiency could be increased
by several orders of magnitude, an effect due to the localization of the charge carriers in the fluctuations of the alloy com-
positon and in the potential wells of MQWs. However, the efficiency is still low compared to that of direct band gap mate-
rials. In addition, the 2-dimensional growth of SiGe systems is limited by the built-in strain.

For a further improvement of the luminescence efficiency two major concepts have been followed: the transition of the
indirect band structure to a direct band gap and the enhancements of charge carrier localization in quantum dots. Already in
1974 Gnutzmann and Clausecker /3/ showed that Brillouin Zone folding in short period Si,Ge, superlattices (SLs) /4/ may
result in a quasi-direct band gap. »

Fundamental changes of the indirect band structure are also predicted for zero dimensional Si systems /5/. Decreasing the
crystallite size below 5 nm is expected to open symmetry allowed transitions across the band gap. The emission of visible
light from porous Si is observed up to room temperature /6/. The physical origin, whether Quantum Size Effect /6/ or other
chemical or defect related mechanisms /7-10/, is still a matter of controversy /11,12/.

A better access to the luminescent mechanisms involved is given by self-organized nanostructures /13-16/. The in-situ
growth avoids surface damage and improves the control over the crystallite size and density. Under certain conditions, an
increase in the luminescence efficiency of SiGe dots compared to smooth SiGe layers was observed /17/. However, the fab-
rication of dots with uniform diameter of less than 50 nm remains a critical issue /18/. The substitutional incorporation of C
/19/ is expected to lift the stress induced limitations of SiGe heteroepitaxy and to widen the design flexibility of group IV
materials. The small covalent radius of C allows the growth of strain compensated SiGeC layers /19/ and strain symmetrized
SiGe/SiC heterostructures /20/ of almost infinite critical thickness. Band gap and band alignment of C containing MQW's are
still rather unclear. Recent results on Si/SiC MQWs indicate an efficient electron confinement within the SiC layers /21/.
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This modified alignment of the conduction band promises new possibilities in the design of n-channel devices as well as
optically active structures within materials of the group IV.

2. EXPERIMENTAL

The deposition of the Si-Ge-C structures discussed in this paper was performed by a MBE system (Balzers UMS 500). The
deposition rate was adjusted to 1 AJs for the Si and SiGeC layers. The Ge dots were fabricated using deposition rates of 0.1
AJs for the Ge. The Si and Ge flux was controlled by mass spectroscopy /22/. The C was evaporated from a hot pyrolitic C
filament. The evaporation rate was calibrated using secondary ion mass spectroscopy (SIMS).The substrates were generally
wet chemically cleaned followed by an in-situ bake at 950°C in the MBE chamber for 30 min. After this treatment no deco-
ration of the layer to substrate interface was detected by TEM.

For the wafer patterning the wafers were thermally oxidized and then coated with 15nm Cr and 50nm PMMA resist. Arrays
of mesa lines and mesa squares were generated by low voltage electron beam lithography over an area of several square
millimeters. The PMMA resist pattern was transferred into the Cr layer by reactive ion etching in a Cl,/CO, plasma. The
remaining Cr served as a highly selective mask for a reactive ion etching step in a CHF3/SF¢/O, plasma deep into the Si
substrate. The 15nm thick SiO, layer underneath the Cr cover protected the mesa top from damage during the RIE step and
was removed by a HF lift-off to give a clean, defect free, and passivated Si surface.

The PL is excited at 2.2 K by the A = 488 nm line of an Ar * laser and detected by a nitrogen-cooled Ge photodetector. The
Raman spectra were measured with a Labram II Raman confocal microscope. The internal He-Ne laser (7\, 632 nm) and an
external Kr ion laser (A = 530.9 nm) were used for excitation of Raman spectra in the 200-1200 cm’ range. The pinhole
diameter was adjusted to 200 um, corresponding to a lateral resolution of 2 um. Voigt profiles with fixed Gaussian
linewidths corresponding to the spectral resolution of 3 cm’ were fitted to the experimentally obtained data in order to
calculate band positions and linewidths.

3. RESULTS AND DISCUSSION

3.1 Bandoffsets in Si/SiGeC Quantum Well Structures

The bandoffset in compressively strained SiGe

quantum wells embedded in Si occurs mainly in the

valence band /2/, and it was just recently that intensive
- 0.00 studies of the photoluminescence (PL) signal explored
over a wide range of excitation densities showed that
the bandalignment is of type I, i.e. the conduction
band forms a shallow barrier for electrons at the SiGe
layer /23/. At high excitation densities band bending
leads to a type one behavior of the SiGe well. On the
other side, tensilely strained SiC alloys embedded in Si
form a type I quantum well with about 70% of the
banddiscontinuity in the conduction band. The band
offsets for SiGeC quantum wells ‘embedded in Si are
still under debate /8,24/ and depend certainly on the
composition of the alloyed layer.
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Within certain limitations PL measurements can be
used to extract the band alignments. In our excitation
dependent PL. measurements we did not observe band
! ! ) ! ! ' '3 bending, therefore it is not considered in the

0 2 4 6 8 12x10 calculation. However, the excitation power might have

Carbon Content y been too large to obtain the effect. Furthermore, any

interface smearing due to Ge, C and Si interdiffusion is

Fig.1: Band offsets for unstrained Si;.yCy and SiGe 06Cy (Fig.4)as a neglected and a constant binding energy of 15 meV is
function of y . The offsets are given relative to the Si band edges. assumed. In addition, carrier localization is not taken
into account. Using this approximation a simple

Kronig-Penney model is used to deduce the band offsets from PL measurements of multiple quantum wells (MQW) with




constant compositions but different layer widths. For the calculation the effective A(4) electron mass of Si bulk material
My = 0.19 mo and the effective heavy hole mass of SiGe is used for the SiGeC quantum well taking the strain related band
splitting into account. For the barrier the effective mass of the transverse A(2) Si electron state mag = 0.92 mo is used. A
detailed study for slightly compressive strained as well as lattice matched SiGeC quantum wells is published elsewhere /25/.
Here we try to get a more comprehensive analysis of the band offsets covering the whole range of Ge concentrations
between O and 15% and C concentrations between 0 and 1.5% by interpolating between the experimental data 125/ and
extrapolating from those values.
Fig. 1 shows the bandoffsets for unstrained Si.,Cy
and Siggs.yGeoosCy as a function of the Carbon
content y. The amount of the offsets due to strain is
calculated by model solid theory and subtracted from
the experimental data, the remaining data are fitted
using the Kronig-Penney model leading to the band
offsets for unstrained structures. Fig. 1 indicates that
- the band between unstrained Si and SiC,, respectively
SiGe ¢,06Cy linearly depend on the C content. We now
make the additional assumption, that they also have a
linear dependence on the Ge content. It is then
possible to interpolate linearly between the two lines
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0.000 —{ === SiQWT extrapolation, this is extended to the experimentally
‘ ! ' ' ' i ' relevant region 0<x<0.15 and 0<y<0.015. Although

0.00 0.04 0.08 0.12 this linear approximation seems reasonable for a
Germanium Content certain range of Ge and C content, it is clear that the

scant  experimental data  warrants  future

. . i  investigations. Encouraging sign for the validity of

Fig.2: Energy of the Sij../Ge,Cy conduction band edge relative to the Si the map thus drawn out is the linearity of the band
band edge as a function of Ge and C concentration gap dependence on C and Ge content, respectively. In
addition, the extrapolation of the band offsets has

proven to be able to describe the experimental lumi-
0.014 nescence energies of pseudomorphic, 45A wide
SiGegsCy MQWs of different y and SiGe Coon
0.012 MQWs of different x /25/. In fig.2 (conduction band)
% 0010 —I8 and fig.3 (va-lence band) the‘ offsets are presented,
= < when the strain effects are re-incorporated. The band
8 0.008 — % offsets are shown as contour lines illustrating the
pul o layer ~ compositions  with  constant band
S 0.006 -] discontinuities. The kinks in the equi-offset lines in
] fig.2 correspond to the strain compensated alloys,
© 0.004 — where the A(2) and A(4) conduction bands are
F degenerated. To the left or right of these kinks the
0.002 — = alloys are either tensilely or compressively strained,
. with the band minima constituted by the A(2) or A(4)

0.000 — T T T T T T T band, respectively.
0.00 0.04 0.08 0.12 Let us first consider how the offsets move with the Ge
. concentration, for a constant C content, starting from
Germanium Content the position of the strain compensated kink. For a
Fig.3: Energy of the Siy...,GexCy valence band edge relative to the Si reduction in x, there will be an increase in the tensile
band edge as a function of Ge and C concentration. strain, pulling down the A(2) conduction band and

lifting up the th valence band. Simultaneously, the
unstrained, degenerated SiGeC conduction band moves up with respect to the Si band for [C}<0.6%, and decreases for
[C]>0.6% (moving vertically in fig. 1). Thus, for [C]<0.6%, where the strain and intrinsic effects push the offset in the same
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direction, a reduction of the Ge concentration in strain compensated SiGeC increases the conduction band offset. With
increasing C concentration (0%<[C]<0.6%) the intrinsic impact on the band energy decreases and completely vanishes for
[C]=0.6%. In this case the strain alone determines the variation of the conduction band offset of the Si - tensilely strained
Siy.z.yGexCy junction. For higher C content, the intrinsic and strain induced effects will start to cancel each other, until, for
[C]>0.9% the intrinsic shifts are dominating, and the conduction band offset decreases with decreasing Ge content x . In the
valence band (Fig.3), the intrinsic and stress induced effects are balancing each other out, except for quite high Ge
concentrations, and for most alloys with tensile strain the valence band offset is not very large.

If we now instead increase the Ge content, the compressive strain will shift down the A(4) conduction band and lift up the hh
valence band with respect to the Si band edge. Intrinsic conduction band offset and strain effects are moving in the same
direction for [C]>0.6%. Thus, the conduction band offset strongly increases with the Ge content x. For [C]<0.6% the addi-
tion of Ge shifts the unstrained conduction band edge to higher energy and, thus, reduces the strain induced energy decrease
of the A(4) state. This is seen fig.2. The slope of the contour lines in the compressive strain region decreases with decreasing
C content in SiGeC. Whereas for the tensile region a compensation between the intrinsic and strain induced effects is
reached for [C]=0.9%, this balance is not achieved for compressive strain until y ~0. This is of course the well known ‘zero’
conduction band offset for Si/SiGe junctions. The valence band offset in the compressive region is almost solely determined
by the intrinsic band offsets, the uniaxial strain and hydrostatic pressure shifts of the hh band acting in opposit directions. It
is observed, that for sufficiently high C content, the valence band offset shows a confinement in the Si layer instead of the
SiGeC layer. This can already be surmised from the fits of the PL from pseudomorphic Si/SiGe ¢,06Cy MQWs (y=0.004 and
y=0.006), where a decreasing valence band offset was found for increasing C content. Whether and where this leads to an
inversion of the Si and SiGeC valence band alignment depends on the details of the extrapolation, and needs to be
investigated in further experiments.

The variation in the conduction band alignment (Fig.2) may seem surprising: SiGe is known to have a very small conduction
band offset, and when increasing the Ge content in the Si;...,Ge,Cy alloy one would think that the offsets would be closer to
that of the Si;.Ge, alloy. However, as we have seen, the addition of C suppresses the balance between the intrinsic offset
and the strain effects. This demonstrates that care has to be taken to separate different effects, when using the simple picture
of ternary SiGeC as an intermediate between SiGe and SiC

As we stated above, figs.2 and 3 have to be taken with grain of salt, due to the extrapolation made. However, they indicate
the possibility of obtaining respectably large conduction band offsets, either in tensilely strained SiC quantum wells with
sufficiently high C content or in compressively strained Si/SiGeC structures. Until further measurements, the values of the
conduction band offsets are still speculative, but as long as the offsets retain a linear dependence on the Ge and C concen-
tration, our analysis indicates that if the offset in an alloy with higher Ge content is smaller than given here, then the offset in
the SiC alloy is instead larger than estimated, and vice versa.

To conclude, through linear extrapolation we calculated the values of the band discontinuities in Si/Si1x.yGexCy MQWs
within the composition region 0%<x<15% and 0%<y<1.5%. It is demonstrated that ternary SiGeC cannot simply be con-
sidered as an intermediate between SiGe and SiC. Our map of the band offsets indicates that both electron and hole con-
finement in SiGeC are possible without the need of relaxed buffer layers. This, together with the diffusion quenching effects
of C makes the SiGeC alloy a potential candidate for CMOS technology as well as for optical devices. In particular the type
I alignment over a wide range of compositions makes the Si-Ge-C system potentially interesting for the preparation of
quantum boxes confined in Si.

3.2. Growth on Prepatterned Si (100) Substrates

In this approach to reduce the dimensionality from 2-D to 1- or 0-D structures, two concepts are used. Growing on pre-
structured surfaces exposing surfaces with different crystallographic orientation may lead to the formation of quantum wires
and quantum dots due to the differences in growth rate between adjacent surface facets /26/. In addition the growth on small
pedestals may lead to a change in the relaxation mechanism when strained material is deposited on them /27/. It can be ex-
pected that the size and orientation of such small mesa structures has an impact on the relaxation and consequently on the
band gap of the grown layer. Therefore structuring of Si surfaces prior to growth appears an potential tool for the formation
of nanostructures in the material system Si-Ge-C. To study the impact of size and orientation of mesa structures on the re-
laxation mechanism of SiGe, lines of different widths and crystallographic orientation were etched into Si (100) surfaces by
reactive ion etching (RIE), Subsequently the structure was overgrown by a SiGe graded buffer layer followed by a 300 nm
thick Sig76Geo24 layer and a SiGe/Si MQW structure, forming a type II bandalignment which provides a quantum well in the
Si for the electrons and a confinement for the holes in the SiGe layers. Mesa lines of 2 mm length and a width ranging from
2-10 pm were prepared. The orientation of the mesa lines was varied from lines along the [110] direction to those along the
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Fig. 4: Illustration of the elastic deformation of a diamond
crystal lattice on top of [110] (upper) and [100] (lower)
oriented mesa lines. Anisotropic and isotropic deformation
behavior can be tailored by the mesa orientation.

Second on the [110] oriented mesas only dislocations
perpendicular to the mesa line are obtained, no dislocations
along the mesa line are detected, whereas the dislocation pattern
on the [100] oriented mesas is symmetric. This indicates that the
mesas along the [110] direction contain an uniaxial strain
component. The strong reduction in the dislocation density can
also be observed by TEM. Fig. 6 shows a cross sectional view of
a structure with 1.5 pm wide mesa lines separated by 1 um wide
grooves. The lines were oriented along the [100] direction. No
dislocations are obtained in the SiGe buffer layer grown on top
of the mesa, whereas the material grown in the grooves exhibits
many dislocations. The dislocation network is particularly dense
at the Si sidewalls etched by the RIE process. Damage caused by
the RIE process apparently acts as nucleation centers for the
dislocations. In addition quite a few dislocations cross the Si
pedestals or “jump” through the substrate from one groove filled
with SiGe to the adjacent one. These dislocations cause the Si
pedestals to deform and partly adopting the SiGe lattice
parameters. We therefor propose that not only elastic
deformation of the pedestals may cause the SiGe to relax but also
this new kind of dislocations in the Si pedestals. The sidewalls of
the SiGe layer exhibit {064} and {046} facets and only a narrow
{100} facet on top. The inset of fig.6 shows a close-up of the

smaller periodicity of the MQW structure.

[100] direction in steps of 15°. Besides the geometry and
size of the growth zone, the crystallographic orientation of
line shaped mesas is expected to influence the strain
relaxation. - Plastic relaxation occurs through the
propagation of misfit dislocations along the [111] planes,
and thus may be affected by the orientation of the mesa
stripes. The orientation dependent variations of the elastic
strain relief are illustrated in fig.4. For mesa lines along
[110] the elastic lattice deformation only extends the
atomic bonds perpendicular to the zone edge, while the
bonds parallel to the mesa stripe are unaffected. This
anisotropy becomes lifted for the [100] oriented ridges,
where all bonds close to the edge of the growth zone can
expand elastically, thus leading to a rhombic lattice
distortion.

Fig. 5 shows surface scans from a atomic force microscope
(AFM) from samples containing mesa lines along the [100]
and [110] direction. The width of the mesa lines was 4 um
for the AFM measurements; due to the faceted growth on
top of the mesa AFM could not be performed on narrower
lines. First of all clearly less dislocation are obtained on
top of the mesa ridges than on the non-patterned areas.

Si/SiGe quantum well structure grown in the topmost layer. The Fig.5: AFM scans of 4 um wide mesa lines. Comparison of
smaller growth rate on the side facets is clearly visible by the cross-hatch pattern on mesa lines and unpatterned surfaces.

Top: lines along [110]; bottom: lines along (100}
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However, from this measurements no conclusive answer can be given to the question how much strain is left in the materia]
grown on top of the mesa ridges. For this purpose micro-Raman spectroscopy was performed. Scanning across the mesa
lines and monitoring the peak position of the Si-Si vibrations on top and in between the mesa lines may permit to compare
the strain state on the different surface textures. But due to the faceted growth the Ge composition on top of the mesa may
change as well, making the situation rather complex. In general the Si-Si vibration is found at smaller wavenumbers on top
of the mesa than within the grooves, indicating either a higher degree of relaxation or a higher Ge concentration on top of the
mesa. The difference of roughly one wavenumber accounts for a difference of 1.5% in the Ge content or for a change in the
degree of relaxation of 20% between the top of the mesa and the bottom of the grooves. Since this difference is found also
between the center region of wide mesa structures, where faceting is less important, and the grooves, a change in the degree
of relaxation appears to be more likely. Apparently the material in the 0.7 um wide grooves is still compressively strained
despite the large number of dislocations seen in the cross-sectional TEM. No noticeable difference in the position of the Si-
Si vibration line has been found between Raman spectra taken from unpatterned areas of the wafer and from the top of mesa
lines running along the [100] directions, independently from the widths of the mesa. For lines along the [110] direction a
shift of 0.5 cm™ towards higher wavenumbers is obtained when the width of the mesa line is reduced from 4um to 2um.
Since faceting and consequently any effect on the Ge content is less pronounced for lines along the [110] directions com-
pared to lines along the [100] directions, we assign this shift again to a difference in the degree of relaxation. Wide lines are
relaxed via dislocations, whereas the relaxation of narrow lines is obviously incomplete. As indicated by the AFM these
lines contain only a few dislocation perpendicular to the line shaped mesa and elastically they are only able to deform into a
rectangular distortion of the lattice (see Fig. 4). therefore we think that these lines contain some uniaxial strain.
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Fig.6: Cross-sectional TEM of a step graded Sige buffer layer with a Si/Sige MQW structure on top grown on 1.5 um wide mesa lines
oriented along the [100] direction. Inset: Topmost Si/SiGe MQW with 1.5 nm wide Si quantum wells

Comparing Raman spectra of narrow mesa lines along the [110] and 15° off the [110] direction with those along the [100]
and up to 15° off the [100] direction, the latter ones show a more pronouced shift of the Si-Si vibration between the spectra
taken from the top of the mesa and the bottom of the grooves, indicating that the SiGe grown on the mesa lines along the
[100] direction are either to an higher degree relaxed or contain more Ge. Following the argumentation above, we think that
the relaxation is improved for SiGe grown on the lines in the [100] direction.

Fig.7 depicts PL spectra taken from areas with mesa lines oriented along a) the [110] direction and b) 15° off the [100]}
direction. Each graph shows the dependence of PL spectra on the widhts of the mesa lines, in addition fig. 7b also shows a
reference spectrum of an unpatterned region from the same sample. The PL of the unpatterned region as well as those from
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broad mesa lines is dominated by a broad signal at 750-950 meV, which is attributed to the dislocation network. The lumi-
nescence of the Sig7¢Gega4 layer is very weak (marked by B™ and B in fig.7). This luminescence of the SiGe layer is
shiftéd monotonously towards smaller energies with decreasing widths of the mesa lines from 10 to 2 pum in Fig.7a, i.e. for
lines along the [110] direction, whereas no shift is obtained for the Sio.76Ge€0.24 luminescence in fig.7b, i.e. grown on the lines
oriented 15° off the [100] direction. The situation for 3 and 2.5 pum wide mesa lines is somewhat unclear.

In both cases the broad band PL related to the dislocation network decreases strongly in intensity for narrow mesa linewidths
and the PL of the SiGe gains in intensity. However, comparing the spectra taken from the structure grown on the narrowest
mesa lines a distinct difference in the energetic position of the most prominent PL doublet is identified. In fig.7a the doublet
with peak positions at 1011 and 956 meV is assigned to the no-phonon (NP) and TO phonon transition of the thick
Sip76Geg .4 layer, respectively, whereas the doublet in fig. 7b at 970 and 914 meV is interpreted as no-phonon transition and
TO phonon replica of the type II transition of the Si/SiGe MQW structure. The energetic position appears to be correct for a
transition of electrons confined in 1.6 nm wide Si wells and holes confined in the 20 nm wide SiGe layers. This interpreta-
tion is further supported by the observation that the doublet in fig. 7b vanishes after etching off the topmost S¥SiGe MQW
structure and only weak PL of the Sig7sGeqg24 buffer layer remains. The absence of quantum well related PL in fig.7a can be
explained by the less complete relaxation of the SiGe, leaving some strain in the SiGe and also reducing the tensile strain in
the Si layers and thus reducing the conduction band discontinuity, i.e. the confinement potential for electrons in the Si wells.

25 — 35
lines along Si {110} 15° off {100]
_1.6anW f\ 1.6 nm QW
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Fig.7: PL spectra of a Si/SiGe MQW on top of a step graded Sig.7¢Geg 24 buffer layer grown on mesa lines oriented a) along the [110] and
b) 15° off the [100] direction.

Even though the mechanism of strain relaxation on these line shaped mesa is not completely understood and in particular the
amount of strain left in the SiGe buffer layers is not exactly known the occurance of the strong quantum well related PL
indicates that the concept of varying the size and orientation of mesa lines opens new possibilities in the design of optically
active heterostructures in the Si-SiGe material system.

3.3 C-Induced Ge Quantum Dots

Lateral carrier confinement by the self assembled growth of quantum dots has been proven a powerful method to fabricate
low dimensional structures /13-15/. During growth the built-in stress can be relieved without the introduction of lattice
defects by the spontaneous formation of hut clusters /16/. The diameter of the clusters depends on the growth temperature
and low temperatures (< 500°C) are necessary to reduce the diameter below 50 nm. However, the lack in material quality at
low temperatures quenches any Ge dot luminescence /28/. Recently it has been demonstrated that Ge islands as small as 10
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nm in diameter and 1 nm in height can be produced at moderate growth temperatures on Si (001) surfaces coated with a sub-
monolayer of carbon. Intense PL with pronounced NP emission has been reported and interpreted as a spatially indirect
recombination between electrons confined in a C-rich wetting layer and holes confined in the Ge rich region of the dot /29,
Recently we studied the effect of sub-monolayer C coatings on the Si surface reconstruction in detail /30/. STM i mvesuga-
tions show islands exhibiting 2 C-induced c(4x4) reconstruction of the Si (001) surface as well as an increase in surface
roughness after the C deposition. TEM micrographs reveal a pronounced dot formation for the deposition of 2.5 ML of Ge
on Si (100) surfaces covered with 0.1-0.3 ML of C /31/. These dots forming at Ge coverages below the critical thickness of
Ge on Si have an irregular shape and exhibit no facets /31/. In this paper we present a detailed analysis of the PL data from
Ge dots formed by 2.5 - 4 ML of Ge on these C-coated surfaces.

A typical PL spectrum taken on a sample with 0.11 ML
predeposited C and a Ge overlayer thickness of 2.5 ML,

Dot-PL S grown at 450°C, is shown in fig.8. A strong NP PL lipe
NP Si at 1.09 eV, close to the Si TO peak, and its TO replica at
TO \ ~ 1.04 eV are observed. A careful separation of the NP and
Si TO line gives a rather large linewidth of about 20 meV
simulated \ for the NP line.
The NP signal and the transverse optical phonon replica

are identified as excitonic recombination in the C
induced Ge dots. The strong PL intensity without post-
growth annealing may result from a spatially indirect

intensity [a.u.]

0.11MLC

recombination process /29/. The electrons are confined in
25ML Ge an underlying C rich Siy.,,Ge,C, wetting layer, the hh in
T Growth=450°C the Ge rich upper part of the Ge islands. Because of the

gradual composition variation, the electron and hole
wavefunctions deeply penetrate into the neighboring dot
region and strongly overlap each other. The linewidth of
20 meV is attributed to a broad dot size distribution. In

. . O contrast to conventionally grown Ge dots /28/ separate
0.9 1.0 1.1 wetting layer luminescence is not observed. This may
support the model of a spatially indirect charge
recombination, or may be due to the small average dot
spacing of less than the diffusion length of the excited
charge carriers.

measured

energy [eV]
Fig. 8: Typical PL spectrum of Ge dots induced by the pre-deposition
of C and completely embedded into Si. 0.11 ML C and 2.5 ML Ge
are deposited at Tguwn=450°C . The PL spectrum is taken without
post-growth RTA of the sample and with an laser excitation intensity ~ The energy position of the luminescence does not only
of Punfocusea=11mW . depend on the size of the Ge dots but also on the amount

of C deposited. Smaller amounts of C reduce the offset in
the conduction band, thus increasing the recombination energy. The linewidths may depend on the growth temperatures.
Slightly higher growth temperatures are likely to increase the size homogeneity and to decrease the linewidth (Fig. 9).

We are aware that the assignment of the two PL lines at 1.03eV and 1.08eV as quantum dot luminescence and not wetting
layer luminescence is not completely unambiguous. However, there are several indications supporting our mterpretatlon, and
they are the subject of the following discussion.

The enhanced appearance of the NP PL line of fig. 8 may be explained by the lateral confinement of the charge carriers in
the quantum dots. In-plane exciton localization due to interface roughness has recently been found to lead to enhanced NP
luminescence /32/. Three-dimensional confinement relieves otherwise strict momentum conservation required for dipole
allowed recombination across the indirect band gap, and phononless PL due to k-diagonal recombination are obtained /33/.

The dependence of PL spectra on the deposition temperature (Tgowi=350°C - 750°C) of the self-assembled growth of C in-
duced Ge dots is summarized in fig. 9. At the substrate temperature of 350°C the sample exhibits the deep, broad band
signal, which is typical for MBE growth at low temperatures. The defect related luminescence band is suppressed for
Terown=450°C, and dot luminescence can be observed. Increasing the temperature to 550°C the BB signal completely
vanishes, and the quantum dot PL remains visible. At Tgrown=0650°C and Tgown=750°C the dot luminescence is quenched,
and only Si related signals appear in the spectra. At these high temperatures C is known to locally accumulate on the surface
and to form silicon carbide precipitates /34, 35/. In fact lattice defects and imperfections have been found by careful TEM
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analysis of these samples. The PL spectra are in good agreement with the TEM studies where clear islanding is observed for
Trowtni=450°C and Tgrown=550°C. .
Comparing the 450°C and 550°C sample,
the dot related signal linewidth is
reduced, and the TO/NP intensity ratio is
\ increased for the latter. In addition, the
\ PL is shified by few meV to higher
energies. For the higher growth
\ temperature a more homogeneous dot
\ size distribution can be expected. The
N\ enhanced surface diffusion may coalesce
the Ge adatoms into larger quantum dots
at the expense of the smaller ones. Thus,
the difference in the luminescence
energies originating from the different Ge
dots shrinks, leading to an overall
reduction of the signal linewidth. The
increase of the TO/NP intensity ratio may
indicate a partial transition to a more
quantum well like double peak feature of
the PL spectra at higher growth
temperatures. The PL red-shift for
TGrowtn=350°C may be related to a

intensity [a.u.]

Ve
(//\G 0.8 0.9 1.0 1.1 reduced confinement of the electrons in
the C rich wetting layer and the holes in
/DO : cnergy [ eV ] the Ge rich dot area due to interdiffusion.
/ Annealing studies on C induced Ge dots

/36/ are assumed to have a similar impact

Fig.9: Dot luminescence for different growth temperatures. For Tgrown=350°C the spectra on the PL spectra as the increase of the

are dominated by broad band luminescence.Only Si related signals are detected for growth temperature. Diffusion processes

Torown=650°C  and Tgrown=750°C , respectively. Dot luminescence occurs for smear out the int?rface.s between the dots
Tarown=450°C and Tgrown=550°C. and the surrounding Si and, thus, change

the characteristic shape of the dot
luminescence. Fig. 10 shows a series of PL spectra measured on samples before and after a 4 min RTA at temperatures
varying between 550°C and 1100°C. For the anneal temperatures of 550°C and 650°C the dot related luminescence slightly
shifts to higher energies by ~ 8 meV and increases in intensity by a factor of about 3. In addition, the TO replica becomes
resolved. The gain in the PL intensity compared to the as grown sample is attributed to the healing of the point defects which
reduces the number of non-radiating recombination centers. For anneal temperatures between 750°C and 1050°C the energy
shift and the decrease of the intensity ratio between NP and TO phonon are enhanced. The luminescence signals remain
visible even for anneal temperatures of at least 1050°C, i.e. for anneal temperatures which are much higher than the growth
temperature of quenching PL signals (Fig. 9). The 950°C RTA shifts the NP peak by 38meV, and the signal from the TO
replica becomes stronger in intensity than the NP line. For T amear=1100°C only the substrate related PL signals are resolved.
The energy shift and the change of the intensity ratio can be explained by a diffusion process. Intermixing Ge and Si causes
the dots to smear out. Thus, the Ge concentration within the dots decreases, and the wider distribution of Ge reduces the
carrier confinement. This causes an energy blueshift. At the same time, thickness fluctuations become less important
reducing the linewidth of the PL peaks. Finally, the Ge islands develop a flat Si/SiGeC structure with a gradual concentration
profile, and this becomes obvious in the more quantum well like double peak feature of the PL spectra. The pronounced
energy blueshift and the evolution from one broad photoluminescence peak to two well resolved lines reflect a gradual
transition from quantum dot states to quantum well-like states /36/. Due to the limited number of density of states in zero
dimensions dot luminescence is expected to shift to higher energies when the exciting laser intensity is increased. For low
excitation intensities only the Ge dots with largest lateral sizes, and thus with lowest confinement shifts become populated
with charge carriers. An increasing laser intensity subsequently populates the smaller quantum dots with energy states of
higher energies, thus increasing the high energy contributions to the PL signal. Such a blueshift with an energy saturation at
rather low excitation intensities is. observed in the PL spectra of fig.11, where the intensity of the unfocused laser beam is
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varied between 0.01mW and 11mW . The saturation behavior is also observed in the intensities of the dot PL relative to the
substrate related signals. For increasing excitation power the intensity ratio between dot luminescence and Si TO signal
decreases. -

The linewidth of the dot line is expected to increase
T - °c with increasing excitation power since a large number
Growth SiGeC-TO of dots with different sizes are contributing to the
= ] ! SiGeC-NP signal. A quantitative fitting of the PL spectra is

RTA (4min): difficult due to the low energy separation between the
1100°C : dot and substrate related PL. However, a linewidth

broadening does not seem to occur. We want to point
out that PL blueshift of about the same order also
occurs when the luminescence changes from BE
recombination at low power intensities to FE
recombination at high power intensities /2/,
Furthermore, saturation behavior at low excitation
intensities is also found for impurity luminescence.
On ‘the other hand, excitation dependent PL
measurements on the C induced Ge dot samples do
not exhibit any shift of the luminescence signals (Fig.
12) after they have been annealed at 950°C . The
constant energy may be related to the more
homogenous size distribution and the higher density
of states in the SiGeC quantum wells compared to the
Ge dots. The different impact of the laser excitation
on the PL spectra before and after the thermal
treatment of the samples, therefore, seems to be
related to changes of the carrier confinements and
may support the assignment of quantum dot PL for
the as grown sample.

1050°C

950°C

850°C
A

750°C

intensity [a.u.]

650°C

550°C

Further evidence for the dot luminescence can be
found from the PL spectra from samples with
: different average Ge cluster sizes. TEM and STM
; ) . ] ; Hh i studies show that the Ge dots grow in size when the
0.9 1.0 1.1 Ge coverage increases from 2.5ML to 4ML at a
constant Si coating with 0.11ML C. The PL spectra

energy [eV] of the samples with 2.5, 3 and 4 monolayers of Ge

Fig.10: Series of 2.2K -PL spectra taken on the sample with 0.11ML of  (Fig. 13) reveal strong dot related emission for the
predeposited C and 2.5ML of Ge, grown at Tomuu=450°C , before and  Smallest dots with 2.5ML Ge, that weakens and red-
after a 4min RTA at temperatures between 550°C and 1100°C. The shifts with increasing amount of Ge coverage. The
excitation intensity is Pungocusec=2-75mW. An energy blueshift and an  linewidth increases with Ge overlayer thickness, and
evolution from one broad PL peak to two well resolved lines are. already for 3ML Ge NP and TO signal do not appear
observed with increasing RTA temperature. The dotted lines in the  well resolved.

spectra give the positions of the Si PL. The PL redshift with increasing Ge deposition can

: only be explained by assuming dot luminescence.
Dots increasing in size shift the quantum confined sub-bands to lower energies, thus decreasing the energy gap between the
A(2) and hh states. Luminescence signals from the underlying Sij.xyGe<C, wetting layer would not be expected to shift to
higher energies. Before the onset of the island formation the addition of Ge gradually compensates the tensile strain of the
Siy.,Cy layer. Strain compensation widens the band gap leading to a PL blueshift in this case /29/. In the regime of island
formation - and that is the present regime according to TEM and STM studies /31/ - the additional deposition of Ge does not
change the composition and thickness of the wetting layer, and no PL shift is expected. A signal redshift with increasing Ge
concentration does not occur for the PL from the wetting layer both for the two- and three-dimensional growth regime. The
observed broadening of the linewidth results from an increasingly in-homogenous dot size distribution. PL redshift and
increasing PL linewidth are correlated with three-dimensional growth. The intensity loss for 4AML Ge may be related to an
increasing strain in the dot layer and the onset of faceted island formation /31/.

as grown
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Fig.11 Influence of the excitation intensity on the PL spectra

of C induced Ge dots. The intensity is given in percentage

of the incoming Ar* -laser light Pungocusea=11mW. The sample
contains 0.1 1ML of predeposited C and 2.5ML of Ge, grown

at 450°C . The energy shift is plotted in the inset.
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Fig.12: Influence of the excitation intensity on the PL
spectra of the C induced Ge dot sample of fig.11 after it
has been annealed at 950°C for 4min. The intensity is given
in percentage of the incoming Ar” laser light
(Punfocused=11 mW)

In conclusion, luminescence is observed from the C in-
duced Ge dot structures, and the signals are believed to
originate from the Ge islands. Our interpretation is sup-
ported by the suppression of the phonon replica in the PL
spectra. The changes of the photoluminescence with sub-
strate temperature is shown to be correlated with the dot
formation as observed by TEM. The enhancement of the
TO line with increasing growth and anneal temperature,
respectively, reflects the gradual transition from zero- to
two-dimensional charge recombination. This is supported
by the influence of the excitation intensity on the PL
spectra, which is different for the samples before and
after the RTA processing. Finally, we varied the Ge
coverage, and the redshift and broadening of the PL
signals with increasing Ge deposition are correlated with
the three-dimensional growth. However, for an unambi-
guous clarification some more experimental data may be
useful, such as the measurement of the luminescence
spectra at the onset of island formation. This may help to
distinct between the PL originating from the wetting
layer and the Ge dots.

Fig. 13: Influence of the Ge overlayer thickness on the PL spec-
trum of C induced Ge dots. Strong dot related emission is ob-
served from the smallest dots with 2.5SML Ge, which weakens and

red-shifts with increasing Ge coverage. (Tp= 550°C)
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