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Secondary-ion mass spectroscopy, energy dispersion spectrometry, and Raman spectroscopy reveal
that SiGe dots grown by ultrahigh-vacuum chemical vapor deposition at 600 °C exhibit significant
intermixing with an average Ge composition of �50%. Raman spectroscopy shows the top SiGe
quantum dots of the 20-layer sample to be more relaxed than those of the 5-layer samples. As a
result, the electroluminescence from the top SiGe quantum dots of the 20-layer sample has the
higher peak energy at �0.84 eV as compared to �0.82 eV for the 5-layer sample. The external
tensile mechanical strain can compensate the built-in compressive strain of SiGe quantum dots and
increase electroluminescence energy. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2777686�

I. INTRODUCTION

Recently, the growth of three-dimensional �3D� semicon-
ductor islands and the study of their physical properties have
been a very active area of research.1,2 The interest in self-
assembled Ge-rich dots on Si is driven by the integration of
quantum functional devices with the conventional Si
circuitry.3 The accurate control of the size, strain, and com-
position is crucial for the exploitation of these nanostructures
in the quantum devices. The shape of the Si1−xGex islands,1

Ge composition,4 and strain distribution5 have been investi-
gated. Most of the results show that intermixing and strain
relaxation are functions of annealing temperature4,5 in the
multilayer structures.5 Some related electronic and optical
properties of SiGe dots due to diffusion and strain have also
been reported.6–8 In this work, besides the material charac-
terization, the intermixing and strain effects on electrolumi-
nescence �EL� from a metal-insulator-semiconductor �MIS�
tunneling diode are studied comprehensively. Moreover, ex-
ternal strain can further change the strain state of the SiGe
dots, and can be potentially used for the device design. These
results are corroborated by secondary-ion mass spectroscopy
�SIMS�, energy dispersion spectrometry �EDS�, Raman spec-
troscopy, and cross-sectional transmission electron micros-
copy �TEM� to provide a consistent picture of composition
and strain effects on the optical properties of SiGe dots.

II. EXPERIMENT

The SiGe dots were grown on p-type Si �001� substrates
by ultrahigh-vacuum chemical vapor deposition �UHV
CVD�. After the growth of 100-nm-thick Si buffer, 5 and 20
periods of Ge/Si bilayers were grown to form the self-
assembled SiGe dots at the temperature of 600 °C under the
Stranski-Krastanov �SK� growth mode. The dot layers with
the �100 nm base and �7 nm height are separated by the Si
spacer. A 3 nm Si cap layer was deposited above the top
layer of the self-assembled SiGe quantum dot �QD� layer as
a cap layer. Liquid phase deposition �LPD� oxide is subse-
quently deposited on the Si cap to act as the tunneling oxide
for MIS diodes. The MIS tunneling diode has the top Al gate
electrode with the circular area �3.14 mm2� defined by the
shadow mask. The other Al contact with the area of �1 cm2

is on the back of the wafer as the Ohmic contact. Due to the
traps in LPD oxide, the trap-assisted tunneling allows signifi-
cant current through the oxide and yields electrolumines-
cence.

The 488 nm line of argon laser was used as the excita-
tion source for the Raman measurement to investigate the Ge
composition and strain effect in the SiGe dots. The laser
beam was focused on the sample surface with a spot size of
�1 �m. Backscattering light was collected and recorded by
a triple grating spectrometer with a liquid-nitrogen-cooled
charge coupled device. The Raman spectra have a resolution
of 0.2 cm−1 and the Lorentzian line shape was used to deter-
mine the peak position of the line shape.
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For EL measurement, the negative gate voltage drives
electrons to tunnel from the gate electrode to the p-type
semiconductor and these tunneling electrons can recombine
with holes in the SiGe dots to have radiative recombination.
The details of electroluminescence mechanism can be found
in Ref. 5. The MIS tunneling diode was mounted on a me-
chanical holder inside a liquid-nitrogen cryostat to lower the
temperature. Infrared emission from the device was collected
with a lens and guided to the input slit of the monochro-
mator. A chopper was placed in front of the monochromator
to modulate the light. The lock-in amplifier was synchro-
nized with the frequency of the chopper to filter the noise
and to detect the signal. An InGaAs detector placed at the
exit of the monochromator was used to detect the signal.

III. RESULTS AND DISCUSSION

Figure 1 shows the cross-sectional TEM image with the
EDS measurement of the 20-layer SiGe QD structure. Seri-
ous intermixing between Si and Ge during the thermal
growth process is observed. The EDS measurement of the
dot marked in Fig. 1 shows that the Ge composition of the
SiGe dots at the top layer is about 54% and the Ge compo-
sitions of the middle and bottom dots are 46% and 40%,
respectively. The bottom dots have the highest thermal bud-
get, and thus the lowest Ge composition. Figure 2 shows the
SIMS profile of Ge atoms from the 20-layer SiGe QD struc-
ture with liquid phase deposited oxynitride on the top9 and
the EDS measurement on the same sample before the oxide
deposition. From the SIMS profiles �Fig. 2�, Ge composition
in the dot increases with the increasing layer number starting
from the substrate due to the less thermal budget after QD
formation. Note that the Ge composition in SiGe dots mea-
sured by the SIMS profiles is smaller as compared with the
EDS measurement due to the limited depth resolution for the
thin dots �7 nm� and the average effect of wetting layers and
SiGe dots. The results for SIMS and EDS measurements

�Fig. 2� show the same trend except for the top SiGe QD
layer. The Ge signal of the top SiGe QD layer in the SIMS
profiles is smaller than those of the other dots because the
top SiGe QD layer of the 20-layer sample structure is etched
by NH4OH in the oxynitride process.9 Since our SiGe dots
have a wide base ��100 nm� and a short height ��7 nm�,
the dots can be considered as quantum wells and the over-
growth when surface can be ignored in the Si/Ge interdiffu-
sion to simplify the quantitative analysis. Thus, we apply a
one-dimensional interdiffusion model10,11 to analyze our
data:

�Ge�z� = �Ge
0 /2�− erf��− W/2 + z�/2L�

+ erf��W/2 + z�/2L�� ,

where �Ge
0 is the initial Ge concentration, W is the quantum

dot thickness, z is the position along the growth direction
�z=0 at the center�, erf is the error function, L is the inter-
diffusion length defined as L=�Dt, D is the diffusivity of Si
in Ge, and t is the time of thermal growth process. The
diffusivity �D� of 3.4�10−18 cm2 s−1 at 600 °C is extracted
from the fitting of the Ge composition in the EDS measure-
ment and is shown in Fig. 3 along with data for the diffusiv-
ity of Si in Ge from literatures.11–14

FIG. 1. Cross-sectional TEM micrograph of the 20-layer self-assembled
SiGe quantum dots. The Ge concentration marked in the figure is deter-
mined by energy dispersion spectrometry.

FIG. 2. The secondary-ion mass spectroscopy and energy dispersion spec-
trometry profiles of Ge atoms. The dashed line is the fitting curve from the
one-dimensional interdiffusion model to extract the diffusivity �D� in the
SiGe quantum dots.

FIG. 3. The diffusion coefficient of Si in Ge as a function of temperature.
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Figure 4 shows Raman spectra of the 5-layer SiGe dots,
20-layer SiGe dots, and bulk Si using the 488 nm laser ex-
citation. Besides the strong Si signal at 520 cm−1, the Si–Ge
phonon, Ge–Ge phonon, and Si–Ge 2TA phonon of SiGe
dots were also observed. The Si–Ge 2TA phonon signal
��220 cm−1� is insensitive to strain and is a strong function
of Ge composition,15,16 while the Si–Ge phonon peak
��417 cm−1� is sensitive to both the strain and Ge
composition.17 Based on the experimental results of the 2TA
phonon mode in Si1−xGex alloys,16 the wave number of 2TA
mode at �220 and �222 cm−1 indicates that the average Ge
composition is �53% and �56% in the top several SiGe QD
layers for the 5-layer sample and 20-layer sample, respec-
tively. The signals are distinct from the weak 2TA�L� phonon
mode in the Si at 225.6 cm−1. The results are reasonable,
since the higher compressive strain in the top SiGe dots of
the 5-layer sample increases the Ge diffusivity into Si and
leads the lower Ge concentration in the top layer of the
5-layer sample. In this work, the strain difference between
the top several SiGe layers of the 5-layer sample
��0.94% � and the 20-layer sample ��0.76% � is �0.18%,
measured by the SiGe phonon peak around �416 cm−1. Us-
ing the parameters in Ref. 18, the Ge diffusivity into Si is
calculated to be 1.7 times of the diffusivity in the unstrained
SiGe. Note that due to the absorption depth ��50 nm� of the
488 nm argon laser in Si0.45Ge0.55 �Ref. 19� and exponential
decay of absorption from the surface of the sample, the top
several SiGe layers of these two samples contribute more
significantly in Raman signals than the bottom layers. From
the shift of the Si–Ge phonon and the theoretical
calculation,20,21 the top several SiGe QD layers are �56%
and �66% relaxed in average for the 5-layer sample and the
20-layer sample, respectively.22 The corresponding strains
are �0.94% and �0.76% for the 5-layer sample and 20-
layer sample, respectively. The accumulation of the strain
relaxation for subsequent QD layers may be responsible for
the more relaxation of the 20-layer sample.

Figure 5 shows the Raman spectra of the 20-layer SiGe
dots with and without external tensile strain. The experimen-
tal setup to apply the mechanical biaxial tensile strain is

similar to Ref. 23. Under the external biaxial tensile strain,
the Si–Ge phonon peak in the 20-layer SiGe dots �Fig. 5�
shifts toward the relaxed position due to the compensation of
the built-in compressive strain by external tensile strain. The
Raman shift of 1.2 cm−1 under the external strain indicates
the biaxial tensile strain of 0.13%. All the Raman peak po-
sitions are extracted by the curve fitting using Lorentzian
profiles.

The EL spectra of the SiGe QD MIS tunneling diodes
and the recombination mechanism are shown in Figs. 6 and
7, respectively. At negative bias, the electrons tunnel from
the Al gate to the semiconductor. Meanwhile, the negative
gate bias also attracts holes in the accumulation region, and
the tunneling electrons can recombine with holes at the
oxide/Si interface and in the SiGe dots to emit �1.1 and
�1.5 �m infrared, respectively. The MIS light emitting di-
ode �LED� reported in this work operates at the accumulation
gate bias �negative gate bias�. Most voltage drops at the ox-
ide and thus the electrical field near the oxide/semiconductor

FIG. 4. The Raman spectra of 5-layer SiGe quantum dots, 20-layer SiGe
quantum dots, and bulk Si.

FIG. 5. The Raman spectra of 20-layer SiGe quantum dots with and without
external mechanical strain. The shift of Si–Ge peak under the mechanical
strain indicates 0.13% biaxial external tensile strain.

FIG. 6. Electroluminescence spectra of 5-layer sample and 20-layer sample.
Due to more relaxation during growth, the 20-layer sample has higher peak
energy than the 5-layer sample.
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surface region are not very strong. The accumulation bias
leads to a much higher hole concentration in the top SiGe
dots than in the dots far from the surface. Therefore, the EL
signal is more likely to be originated from the oxide/
semiconductor interface. Moreover, the smaller area of the
top gate electrode ��3.14 mm2� in our device further en-
hances the current density and radiative probability near the
oxide/semiconductor surface region �the current crowding ef-
fect�. The apparent band gap and device temperature can be
obtained by the fitting of the EL spectra with the electron-
hole plasma recombination model.22 The QD peaks at �0.84
and �0.82 eV are extracted for the 20-layer and 5-layer
samples, respectively. The emission peak of the 20-layer
sample is 16 meV higher than that of the 5-layer sample. It
may be due to the smaller compressive strain �0.76%� of the
top SiGe dots in the 20-layer sample as compared to the
5-layer sample �0.94%�. Figure 8 shows the EL spectra at
110 K for the 20-layer SiGe QD MIS tunneling diodes under
external mechanical biaxial tensile strain. After the mechani-

cal tensile strain �0.13%�,23,24 the redshift ��15 meV� of the
Si emission peak at �1.1 �m was observed, while a blue-
shift ��12 meV� of the SiGe QD peak was observed. The
redshift of the Si infrared emission is due to the band gap
reduction under external tensile strain. On the other hand, the
built-in compressive strain �0.76%� of the 20-layer sample is
compensated by the external tensile strain �0.13%�. The de-
crease of the built-in compressive strain increases the band
gap of SiGe dots. The increase of the band gap is responsible
for the blueshift of the QD peak. Using the parameters in
Ref. 25 along with the formula in Refs. 26 and 27, the the-
oretical curves and experimental data of Si and Si0.45Ge0.55

band gap variations as a function of strain are shown in Fig.
9. The Ge composition of 55% used in this calculation is the
average of Raman and EDS measurement values. The strain
in Fig. 9 is measured by Raman shift. The theoretical values
of �Eg �Si� and �Eg �Si0.45Ge0.55� due to strain are calculated
to be −100 and +107 meV/% strain, respectively, and agree
reasonably well with experimental data.

IV. CONCLUSIONS

We have studied the intermixing and strain in different
SiGe QD layer structures by using SIMS, EDS, EL, and
Raman measurements. The larger built-in compressive strain
�0.94%� in the top SiGe dots of the 5-layer sample as com-
pared with the 20-layer sample �0.76%� was observed by
Raman spectroscopy, and was responsible for the smaller EL
energy peak and leads to the larger Si–Ge diffusivity. The
external strain induced the EL shift in the opposite direction
for the SiGe emission and the Si emission. The EL from a
MIS tunneling diode has proven to be an effective technique
to probe the optical properties of the SiGe dot near the sur-
face since the radiative recombination occurs near the oxide/
semiconductor interface. The study of intermixing and strain
can help future device design based on QD characteristics.
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FIG. 7. The energy band diagram for the electroluminescence of the SiGe
quantum dot metal-insulator-semiconductor tunneling diode.

FIG. 8. Electroluminescence spectra at 110 K of SiGe quantum dots under
external mechanical tensile strain ��0.13% �.

FIG. 9. The theoretical curve and data of the energy gap variation vs strain.
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