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Strain modification in thin Si 12x 2yGexCy alloys on „100… Si for formation
of high density and uniformly sized quantum dots

Xiaoping Shao, Ralf Jonczyk, M. Dashiell, D. Hits, B. A. Orner, A.-S. Khan, K. Roe,
J. Kolodzey, and Paul R. Bergera)

Department of Electrical and Computer Engineering, University of Delaware, Newark, Delaware 19716

M. Kaba and M. A. Barteau
Department of Chemical Engineering, University of Delaware, Newark, Delaware 19716

K. M. Unruh
Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716

~Received 26 May 1998; accepted for publication 21 September 1998!

The effects of alloying C with Ge and Si and varying the C/Ge ratio during the growth of very thin
layers of the ternary alloy SiGeC grown on Si~100! substrates and the resulting strain modification
on self-assembled and self-organized quantum dots are examined. During coherent islanded growth,
where dislocations are not formed yet to relieve the strain, higher strain energy produced by greater
lattice mismatch acts to reduce the island size, increase the density of islands, and significantly
narrow the distribution of island sizes to nearly uniformly sized quantum dots. Strain energy can
also control the critical thickness for dislocation generation within the three-dimensional islands,
which then limits the maximum height which coherent islands can achieve. After the islands relax
by misfit dislocations, the island sizes increase and the island size distribution becomes broader with
the increase of misfit and strain. The optimal growth for a high density of uniform coherent islands
occurred for the Si0.49Ge0.48C0.03 alloy composition grown on~100! Si, at a growth temperature of
600 °C, with an average thickness of 5 nm, resulting in a narrow size distribution~about 42 nm
diameter! and high density~about 231010 dots/cm2) of quantum dots. ©1999 American Institute
of Physics.@S0021-8979~99!00801-4#
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I. INTRODUCTION

Since the advent of molecular beam epitaxy over t
decades ago, the growth of semiconductors with monola
control has attracted enormous attention for quantum c
fined semiconductor structures.1–3 Low dimensional struc-
tures have generated tremendous interest at many level
cluding the study of their fundamental physics as well
potentially important technological applications in electron
and optoelectronic devices due to their new electronic
optical properties. Currently there has been a tremend
commercial success in applications of quantum well ba
devices.4 Quantum wires and quantum dots have numer
advantages over quantum wells. For example, quantum
allow single charge counting and tunneling,5–7 and the
higher confinement modifies the density-of-states to sign
cantly lower laser threshold currents and elevate differen
gain. The fabrication of quantum wires and quantum d
with high densities and high uniformity, however, is difficu
Some experimental methods require complex and expen
lithography and processing. An alternative approach is s
organization by directly controlling the two-dimension
~2D! to 3D growth transition induced by lattice misfit stres
Studies on the surface morphology of heteroepitaxial fil
showed that the growth kinetics are strongly influenced
lattice mismatch induced strain energy, surface free ene
growth temperature, and growth rate.8–10

a!Electronic mail: pberger@ee.udel.edu
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SiGe alloys seem to be a promising material system
realizing quantum dot structures for terabyte storage appl
tions, since they can readily be implemented within exist
Si technology. The growth of Ge on Si follows the Stransk
Krastanov mode of self-organized Ge-island formation wh
the epilayer thickness exceeds a few monolayers.11–16 The
addition of small amounts of C to SiGe acts to compensat
approximately a 1:8 ratio the compressive strain created
the addition of Ge to Si. This study examines alloying C w
SiGe to form novel SiGeC quantum dots; the effects of s
sequent strain modification on self-assembled and s
organized quantum dots are examined with improved con
over strain.

II. EXPERIMENTAL PROCEDURES

A series of four Si12x2yGexCy islanded samples wer
sequentially grown by the molecular beam epitaxy~MBE!
technique in an EPI 620 solid source MBE system.17,18 Sili-
con ~100! wafers were prepared by chemically oxidizing th
silicon surface using a solution of H2O:H2O2:HCl ~7:5:5!,
followed by dipping the wafers in a dilute hydrofluoric ac
solution~10:1 H2O:HF!. After the HF dip, the samples wer
immediately loaded into the MBE load lock chamber to
pumped down to 131028 Torr. The wafers were then trans
© 1999 American Institute of Physics
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TABLE I. Summary of growth parameters, calculated critical thicknesses and measured TEM and AF
rameters for the four Si12x2yGexCy epilayers grown on~100! Si used in this study.

Composition Ge0.97C0.03 Si0.39Ge0.58C0.03 Si0.49Ge0.48C0.03 Si0.7Ge0.27C0.03

Sample ID SGC224 SGC225 SGC226 SGC227
Growth time~min! 55 55 65 95
Epilayer thickness~Å! 50 50 50 50
Critical thickness~Å! 22 67 107 1735
Misfit (%) 4.0 1.4 1.0 0.1

No. of grains in 434 mm2 77 2552 3171 1839
Grain size mean~nm2! 2.53104 1.93103 1.43103 4.33103

Grain size diameter~nm! 178 49 42 74

Wavelength~mm/cycle! 0.5 0.078 0.068 0.085
Mean roughness~nm! 9.6 4.8 3.0 4.8

Peak relaxation misfit~%! 2.0 0.7 0.5 0.05
Modified crit. thickness

in 3D island~Å!
40 162 248 3800

Island type Relaxed Relaxed Coherent Coherent
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ferred into the growth chamber where they were prebake
200 °C following a procedure similar to that discussed
Eagleshamet al.19 The prebake was shown to effectively d
sorb hydrocarbons on the Si surface which resulted in h
quality Si epitaxy for substrate temperatures of>370 °C~de-
fect densities,105 cm22). This step is necessary to avo
carbon contamination at the surface, which may act as nu
ation sites for 3D growth. The samples were ramped to
growth temperature and the~231! reconstructed Si surfac
was confirmed by reflection high energy electron diffracti
~RHEED!. The substrate temperature during growth w
held at 600 °C. The nominal film thickness for all the laye
assuming 2D growth, was 5 nm. Growth of the thin laye
was performed without a buffer layer, but after RHEED co
firmation of the~231! stabilized Si surface. The growth con
ditions maintained a nominal carbon composition of 3%
all of the four samples, while varying the Ge:Si ratio. The
content was varied among 0%, 39%, 49%, and 70%~Table
I!, while the nominal C composition was held at 3%.

III. RESULTS AND DISCUSSION

The alloy composition of these epilayers was not m
sured directly, due to the very thin epitaxial layers employ
here and the uneven step coverage. The alloy composit
were estimated from the growth conditions used, which w
calibrated from Rutherford backscattering~RBS! measure-
ments of thicker samples grown under similar conditions
suitable method for measuring substitutional C in SiGeC
loys, without assuming Vegard’s law holds, is to perform
resonant RBS. However, resonant RBS cannot measure
compositions below 1% C or thicknesses below;1000 Å,
and its error is60.2% above this threshold. Previous abso
tion measurements of Si12xCx and Si12x2yGexCy layers
monitoring the 810–815 cm21 line associated with the vibra
tion of coherent SiC precipitates and the 602–610 cm21 line
associated with the vibrational mode of substitutional C in
have shown significant substitutional C for growth tempe
tures employed in this study.20,21Note the spread in the loca
vibrational mode energies due to the alloy effect with Ge
at
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The misfit dislocations at the substrate interface of th
islands were examined with a Philips 400T transmiss
electron microscope~TEM!, operating at 100 kV. Plan-view
images were taken at the~220! Bragg reflection. Moire´
fringes parallel to the~220! reflection plane were only found
in the Ge0.97C0.03 sample~SGC224! and relatively large is-
lands ~diameter >50 nm! of the Si0.39Ge0.58C0.03 sample
~SGC225!, indicating these islands are relaxed by interfac
misfit dislocations. No dislocations~or Moiré fringes! were
observed in any islands for the Si0.49Ge0.48C0.03 ~SGC226!
and Si0.7Ge0.27C0.03 ~SGC227! epilayers, and a strain contra
can be seen in both images, indicating that the islands
these two samples are coherently strained.

Atomic force microscopy~AFM! was used in the tap
ping mode to examine the surface morphology of ea
sample, and catalog the island size and distribution. Figu
shows typical AFM topographies from all four sample com
positions: Ge0.97C0.03 ~SGC224!, Si0.39Ge0.58C0.03 ~SGC225!,
Si0.49Ge0.48C0.03 ~SGC226!, and Si0.7Ge0.27C0.03 ~SGC227!.
The 3D island size distribution of these samples is a
shown in histogram form~Fig. 1!. Note that as the overall S
content increases, the misfit and strain energy is reduced,
AFM analysis shows that this acts to reduce the island s
increase the island density, and tighten the variation in isl
size, for the two relaxed islanded samples: SGC224
SGC225. However, sample SGC226, with coherent islan
has the highest density of islands~about 2
31010 dots/cm2), smallest island size~about 42 nm diam-
eter!, and the most uniform size distribution in this serie
The sample with the largest Si content, Si0.7Ge0.27C0.03

~SGC227! which also has coherent islands, shows an
creased island size, a decreased island density, and a br
island size distribution, compared to SGC226. This trend
also observed in the power spectrum density analysis of
AFM data, shown in Fig. 2, which is the Fourier transform
the measured raw data, where the peaks shift to a sm
wavelength with increasing Si composition, but shifts ba
to larger wavelengths for the Si0.7Ge0.27C0.03 sample. The
changes in surface roughness with Si content can also
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FIG. 1. AFM topographs of:~a! Ge0.97C0.03 ~SGC224!, ~b! Si0.39Ge0.58C0.03 ~SGC225!, ~c! Si0.49Ge0.48C0.03 ~SGC226!, and~d! Si0.7Ge0.27C0.03 ~SGC227!, and
their corresponding histograms, showing island size distribution. Insets show their corresponding postgrowth RHEED pattern.
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seen fromin situ reflection high-energy electron diffractio
~RHEED!, as shown in the insets in Figure 1.

Low temperature photoluminescence~PL! studies of all
four layers are shown in Fig. 3. In all the layers a peak
1.09 eV was observed which is related to the Si substr
Narrow peaks are observed at 0.789 and 0.767 eV, as we
a broad band centered at 0.75 eV in the layers that con
silicon. They were found to increase in intensity with i
t
e.
as
in

creasing Si content and decreasing Ge/C ratio. Very sim
luminescence was observed by Wanget al.,22 and was attrib-
uted to Ge no-phonon lines. However, studies of therma
induced defects in silicon by Minaevet al.23 and Weber
et al.24 revealed luminescence at the same locations. T
observed that electron–vibrational emission bands,P ~0.767
eV!, H ~0.9258 eV!, T ~0.9356 eV! andI ~0.9653 eV!, found
in n-type andp-type silicon caused thermally induced d
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FIG. 2. Power spectrum density, showing Fourier spe
tral intensities of: Ge0.97C0.03 ~SGC224!,
Si0.39Ge0.58C0.03 ~SGC225!, Si0.49Ge0.48C0.03 ~SGC226!,
and Si0.7Ge0.27C0.03 ~SGC227!, grown on~100! Si.
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fects, incorporating oxygen and carbon impurity atoms. A
ditionally, they found theP line increased in intensity whe
the oxygen concentration was substantially larger than
carbon concentration. We attribute these PL lines in
SiGeC layers to thermally induced defects. The reason m
be due to the thermal limitations on the Si effusion cell us
in this study. Due to the ceramic crucible used for the
source, the Si furnace cannot be raised too high in temp
ture. As a result, the epitaxial growth rate drops off cons
erably with increasing Si content. As the growth rate is
duced, the likelihood of impurity incorporation increase
For this reason, the oxygen contamination climbs with
creasing Si content, and probably deleteriously affects
growth front of the last sample~SGC227!, which is expected
to exhibit a layer-by-layer 2D growth front with only a 0.1%
misfit.

FIG. 3. Photoluminescence~PL! spectrum of: Ge0.97C0.03 ~SGC224!,
Si0.39Ge0.58C0.03 ~SGC225!, Si0.49Ge0.48C0.03 ~SGC226!, and Si0.7Ge0.27C0.03

~SGC227!, grown on ~100! Si. Note, the elevatedP line due to impurity
incorporation, notably, oxygen, as the growth rate is reduced for the hi
concentrations of Si.
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IV. CONCLUSIONS

Our results show that during coherent islanded growth
larger Ge content, and therefore greater strain, can reduc
island size, increase island density, and narrow the isl
size distribution. Strain can also control the critical thickne
for dislocation generation within 3D islands, which limits th
maximum height that coherent islands can achieve. After
laxation by misfit dislocations, the island size increases
the island size distribution becomes broader with the
crease of Si content and increase of strain. In our case,
optimal growth for a high density of uniform coherent i
lands occurred for the composition of Si0.49Ge0.48C0.03 on
~100! Si, at a growth temperature of 600 °C, for an avera
thickness of 5 nm, resulting in a narrow size distributi
~about 42 nm diameter! and high density ~about 2
31010 dots/cm2).
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