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Strain and composition of capped Ge ÕSi self-assembled quantum dots
grown by chemical vapor deposition
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We have investigated the composition and the strain profile of Ge/Si self-assembled quantum dots.
The quantum dots, grown by low-or high-pressure chemical vapor deposition, were covered by a
silicon cap layer. The composition and the strain were measured by the selected area transmission
electron diffraction of asinglequantum dot. The self-assembled quantum dots exhibit a quadratic
deformation. No lateral relaxation of the lattice is observed from the main part of the quantum dot.
An average composition of Ge around 50% is deduced. The average composition is found
dependent on the size of the islands. This composition is correlated to the photoluminescence
energy. © 2000 American Institute of Physics.@S0003-6951~00!01129-3#
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A considerable amount of work has been devoted in
past few years to the study of semiconductor self-assem
quantum dots. Self-assembled quantum dots can be suc
fully grown with III–V1 or IV–IV2 materials using a
Stranski–Krastanow growth mode between lattic
mismatched semiconductors. Ge/Si self-assembled quan
dots are attracting specific interest because of their com
ibility with Si-based electronics. The growth of high-quali
Ge/Si self-assembled quantum dots can be achieved eith
molecular beam epitaxy2,3 or chemical vapor deposition.4–6

It is obvious that the electronic properties of the nanostr
tures depend on many parameters, including the size, sh
strain profile, and composition of the dots. The knowledge
these parameters is of crucial importance for future optoe
tronic applications of the quantum dots.

Depending on growth conditions, Ge/Si quantum d
with square based pyramidal shapes,7 hut clusters shapes,2 or
dome shapes8,9 have been reported in the literature. T
strain profile and the composition of the islands remains
issue which is more difficult to tackle. Strain and compo
tion are evidently dependent on the capping of the isla
with silicon, a step which is required to achieve thre
dimensional confinement. This capping procedure is likely
modify the morphology and composition of the islands. S
eral processes like the segregation of germanium atoms,
mal intermixing, or the strain driven alloying10 are expected
to occur and can influence the final composition of the
lands. In the case of Ge/Si quantum dots grown by molec
beam epitaxy, a strong intermixing in the islands between
and Si was reported.3 For Ge/Si self-assembled quantum do
grown by chemical vapor deposition, photoluminescen
spectroscopy also indicates that the composition of the

a!Electronic mail: phill@ief.u-psud.fr
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lands is not likely to be 100% Ge rich. However, no quan
tative study of the composition in capped islands has b
published to our knowledge.

In this work, we have investigated the composition a
strain profile of Ge/Si self-assembled quantum dots gro
by chemical vapor deposition. The quantum dots were gro
either under low-or high-pressure condition. After depositi
of Ge, the quantum dots are capped with a silicon layer. T
composition and the strain profile is inferred from the s
lected area transmission electron diffraction pattern o
single island. The strain profile is characterized by a qu
dratic deformation of the lattice. A strong intermixing b
tween Ge and Si is measured for the capped quantum
resulting in an average composition of around 50%. T
composition is found to be dependent on the size of
islands. The measured composition is correlated to the p
toluminescence of the islands. Significant intermixing e
plains the spectral position of the photoluminescence ass
ated with the Ge islands.

The quantum dots were grown on Si~001! by chemical
vapor deposition using silane and germane as gas precur
Sample B was grown in an industrial ASM Epsilon 200
high-pressure chemical vapor deposition reactor.11 The epi-
taxial growth was performed at 650 °C under hydrogen c
rier flow with a 20 Torr typical base pressure. Sample A w
grown by ultrahigh-vacuum chemical vapor deposition.6,12

The growth pressure was around 531024 Torr. The growth
temperature was 550 °C. The Ge time deposition was 24
corresponding to a deposited thickness of 4 monolayers.
both samples, a single Ge layer was deposited. This la
was subsequently covered by a silicon cap. Details of
growth procedure can be found in Refs. 6, 11, and 12.
transmission electron diffraction~TED! measurements, the
samples were prepared for a cross section along the@110#
direction. The composition of the dots is deduced from
© 2000 American Institute of Physics
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diffraction of a single island. The use of this technique ba
on the selected area electron diffraction allows us to work
a relatively thick area of the sample~at least 100 nm!. The
major part of the signal is therefore not disturbed by the f
surface introduced by the sample preparation.

Figure 1~a! shows a cross-section electron transmiss
microscopy image of a single island of sample A. The isla
appears in dark contrast. The base and top surfaces o
island are determined by a~001! plane. The height of the
island is about 5 nm. The lateral limits of the island app
blurred and not well defined, probably because of its sh
which is a square base with the edges along the@100# and
@010# directions while the cross-section is along the@110#
direction. The length of the diagonal of the island, as o
served by microscopy, can be estimated to be around

FIG. 1. ~a! Cross-section electron microscopy image of sample A. Bri
field image in three-beams symmetrical Bragg conditions between the~004!
and the (004̄) directions.~b! Selected area electron diffraction pattern on t
island shown in~a!. The orientation of the sample is off the@110# zone axis
to put in Bragg conditions somehhl spots with a highl index. ~c! Magni-
fication of the 228 region of~b!.
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nm. We emphasize that a constant homogeneous stra
likely to be observed in these flat dots with a very large ba

Figure 1~b! shows the selected area electron diffracti
pattern associated with this island. The electron diffract
pattern of an individual island corresponds to a set of sp
which differ from the diffraction pattern of the surroundin
silicon. A splitting is observed between thehhl spots asso-
ciated with the silicon matrix and the spots of the island
the l index is different from the 0. On the other hand, thehh0
spots are completely superimposed. It indicates that no
ible lateral relaxation occurred. Note that, similarly, no la
eral relaxation could be measured on thehk0 spots in plan
view. Similar observations have been made for each
served island in both samples. The buried islands of sam
A exhibit, therefore, a pseudomorphic deformation with
tetragonal distortion in the@001# direction similar to that of a
two-dimensional strained layer. We cannot rule out a dev
tion from this quadratic deformation at the edge of the isla
However, this represents only a small volume fraction of
island.

From the splitting of the diffraction spots, it is possib
to determine the mismatch between the islands and the
con matrix (Da0), and consequently to estimate, individ
ally, the composition of the islands. Assuming a pseudom
phic quadratic deformation, the natural lattice parametera0

of the island can be simply and precisely calculated acco
ing to

Dd

d
5

11n

12n

Da0

a0
. ~1!

Dd is the splitting measured on the electron diffracti
pattern between the twohhl spots. The assumption of pur
pseudomorphic deformation is justified by the absence
any visible lateral relaxation. The measurement is perform
for diffraction spots with a highl index value in order to
increase the accuracy of the measurement.n is the Poisson
ratio. Note that the Poisson ratio of germanium is very clo
to that of silicon:nGe50.2732 andnSi50.2782.13 To esti-
mate the composition, the Poisson ratio is linearly extra
lated betweennGe and nSi . The influence of the sample
preparation on the strain state can be neglected at first o
because of the thickness of the preparation~100–200 nm!.
We have checked that the measurements on islands loc
at a different position lead to the same composition. T
influence of an uniaxial deformation of the islands can a
be discarded since it would only concern the edge of
sample and would represent at maximum 10% of the isl
volume. Note that in Bragg conditions, the splitting of th
diffraction spots does not depend on the sample orientat

A remarkable feature shown in Fig. 1~b! is that the mea-
sured splittings between the diffraction spots are appro
mately half of the expected value for pure Ge. This feat
indicates a strong intermixing in the capped islands. A me
Ge composition of 50% is estimated for the island in F
1~a!. In the case of the smaller islands~3–4 nm height! of
sample A, the germanium concentration in the islands
even smaller and can be estimated around 30%.

We emphasize that the diffraction spots associated w
the islands are not exactly dotty and that their shapes
lengthened along the@001# direction. This indicates that the
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composition of the islands is not perfectly homogeneo
The center of the spot corresponds to the mean compos
of the island. The elongation of the diffraction spot along t
@001# direction is even more obvious in Fig. 1~c! which
shows a magnification of the 228 region of the TED patte
A gradient of composition in the island of about 20% can
estimated in this case.

The diffraction measurements obtained with sample
are reported in Fig. 2. Figure 2~a! shows a cross sectio
electronic microscopy image. The islands of sample B do
exhibit the same flat shape as in sample A but rather a c
shape. The angle measured from the@001# direction is
around 9°. The island shown in Fig. 2~a! is about 6 nm high
at the top and 90 nm wide at its base. Again, the observa
of the electron diffraction pattern clearly indicates that t
deformation in the islands is quadratic. Figure 2~b! shows the
splitting existing between the two 228 spots which stem fr
the silicon matrix and from the island. A composition
about 40% of germanium is deduced in this case. The s
associated with the island is narrower than that observe
the previous sample. The gradient of the composition can
estimated to be around 10%.

We emphasize that these results significantly differ fr
recent results reported on uncapped Ge islands grown
chemical vapor deposition.14 In the latter case, no significan
alloying was observed. The present transmission elec
diffraction measurements underline the prominent r
played by the capping of the islands.

FIG. 2. ~a! Cross-section electron microscopy image of sample B with
same imaging conditions as in Fig. 1~a!. ~b! Magnification of the 228 region
of the selected area diffraction pattern of the island shown in~a!.
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The photoluminescence spectrum of sample A was
ported in Ref. 6. The photoluminescence associated with
Ge islands was maximum at 780 meV. It is obvious that t
value is not compatible with that of pure strained Ge islan
The data provided by the diffraction patterns bring a n
insight on this value. Following Ref. 15, the band offset
the valence band between strained Si0.5Ge0.5 alloys and Si is
around 420 meV. The confinement energy associated w
the quantum dots can be approximated by the confinem
energy of a 5 nm thick quantum well for sample A. The
lateral confinement associated with the in-plane direction
be safely neglected. For a Si0.5Ge0.5 alloy, the confinement
energy of a 5 nm thick quantum well is around 43 meV
Assuming a mean Ge composition of 50% for the islands
sample A, the photoluminescence is therefore expected t
maximum around 775 meV for a type II recombination. W
emphasize that this value represents a rough estimate w
neglects any band-mixing effects. The inhomogeneous c
position of the island along with its size dependence is lik
to introduce some variation for this theoretical estima
However, the predicted photoluminescence value of 7
meV is very close to the experimental value. We conclu
that the significant intermixing in the island is at the origin
the high-energy photoluminescence measured for the s
assembled quantum dots grown by chemical vapor dep
tion. It is worth noting that the influence of SiGe intermixin
on the photoluminescence energies has already b
emphasized.16
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