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Abstract

The structural and optical properties of self-assembled Ge dots grown on Si(l 1 0) substrates by low pressure chemical vapour
deposition have been studied. A monomodal island size distribution with multifaceted domes has been determined from an atomic
force microscopy characterization. An analysis of the island size provided information on the strain in islands. Thus, dome shape
islands appear on our samples as elastically relaxed. Photoluminescence spectroscopy investigations as a function of temperature
and excitation power allowed to identify two broad lines, which are respectively attributed to the wetting layer and the islands
emissions. A good hole confinement allowing excitonic recombinations has also been pointed out. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

The achievement of efficient optoelectronic devices
fully integrated on Si for the communication wave-
lengths 1.3 and 1.55 pm is a research subject of great
interest. Such components would allow a significant
cost reduction in fabrication processes. A possible ap-
proach to produce an intense luminescence is to use Ge
nanostructures embedded in Si. The localization of
excitons into Ge islands is actually expected to increase
the light emission.

Several Si surface orientations have been studied like
for instance the (1 10) [1]. the (1 11) [2] or the (1 13)
[3]. The (1 1 0) orientation provides advantages. which
might be interesting for the growth of self-assembled
Ge dots. Indeed. the structural anisotropy of the
Si(1 1 0) surface may influence the nucleation of coher-
ent Ge islands. Furthermore, a better electron con-
finement compared to Ge deposition on Si(00 1) is
predicted with a type I alignment due to lower conduc-
tion band edge [4]. From a technological point of view,

the (1 11) cleavage plane perpendicular to the (110)
surface may simplify the fabrication of waveguide
structures.

In this paper. we present the characterization of Ge
islands grown on Si(1 1 0) substrates. Morphological
and optical investigations allowed to emphasize the
properties of these islands.

2. Experimental

Epilayers were grown on n-type (1 10) oriented Si
substrates (resistivity 1-10 Qecm) in a low pressure
chemical vapour deposition (LPCVD) reactor. The
erowth was carried out at 0.12 Torr using respectively.
SiCLLH, and He-diluted GeH, as source gases for sili-
con and germanium epitaxy. After the deposition of a
2250 nm thick Si buffer layer at 800 °C., Ge dot
structures were grown at 700 °C with a constant pure
GeH, flow of 1 sccm. Samples used for photolumines-
cence (PL) investigations were capped by a Si layer
deposited at 700 °C for 60 min in order to avoid
non-radiative recombinations, which could take place
at the surface of Ge islands. No annealing steps were
performed between layer depositions and samples were
cooled after epitaxy with a cooling rate of 1 K/s.



The surface topography was investigated with a Dig-
ital Instruments Nanoscope IIla atomic force mi-
croscopy (AFM) in tapping mode on samples without
cap layer. PL measurements were carried out using the
514.5 nm emission line of an Argon-ion laser. A beam
focused with a 200 um diameter was used as excitation
source. Luminescence was dispersed by a HRS2 Jobin-
Yvon monochromator and detected by a liquid-nitro-
gen cooled Ge detector (Applied Detector Corporation
403L I-R). Rutherford backscattering spectroscopy
(RBS) analysis allowed to determine the total Ge
amount deposited.

3. Results and discussion
A set of seven samples with various Ge coverage was

performed on Si(1 10) substrates. Ge thicknesses were
determined from RBS analysis and are in the range of

0.48-2.07 nm. The two- to three-dimensional transition
has occurred for a Ge thickness <1.07 nm. In this
work. we focus the discussion on sample 1677b (Ge
thickness = 1.07 nm) and sample 1680b (Ge thick-
ness =2.07 nm). Fig. 1 presents a 1 x1 pm> AFM
image from sample 1677b (see Table | for details). A
statistic island size distribution reveals that only one
kind of island exists. They are domes, which can be
easily identified due to their rounded shape. their
macroscopic size and their multiple equilibrium facets
[5]. Sample 1677b was grown with a Ge deposition time
of 55 s. which corresponds to the smallest Ge coverage
where islands appear. Thus. a monomodal island size
distribution seems already to take place at an early
stage of island formation on Si(1 10).

Capellini et al. [6] have shown by comparing AFM
topographs and cross-sectional transmission electron
microscope (TEM) micrographs that there is a link
between morphology and strain in the islands. When

Fig. 1. AFM image from sample 1677b (the Ge equivalent thickness is 1.07 nm), we observe a monomodal island size distribution formed by dome

shape islands.

Table 1
Detailed features of samples 1677b and 1680b

Sample Ge deposition Ge thickness Island area Average island height
name time (nm) (RBS) density (um—?) (nm) (AFM)

1677b 55s 1.07 81 16

1680b I min 51 s 2.07 84 22

The Ge thickness was determined from RBS analysis. Densities and average island sizes were deducted from AFM investigations.
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Fig. 2. Island heights as a function of island base widths. This graph is realized with samples with various coverages. Each point corresponds to

one island. The solid line results from a linear fit.

plastic relaxation takes place. TEM micrographs ex-
hibit dislocations, which develop from the islands edge
toward the centre of the structure. This produces an
increase of island widths, which can be revealed by
AFM analysis. A plot of island height as a function of
island base width should show a line whose slope
depends on the strain in islands. As plastically relaxed
islands have an enhanced width due to the presence of
dislocations, the slope originated from such islands
should be found lower than the slope determined from
elastically relaxed islands. Fig. 2 is a scatter plot of the
island height versus diameter. This graph was carried
out from samples with a growth time between 55 s and
I min 51 s. It appears clearly that only one slope can be
extracted as shown by the solid line. Consequently. we
conclude that islands on these samples are mainly free
of dislocations.

On the other hand. it is interesting to note that the
solid line in Fig. 2 determined by a linear fit does not
extrapolate to zero. This trend is due to the type of
islands involved. which are only domes. A second is-
land phase should appear with a base width between 0
and 50 nm [7]. These nanostructures should exhibit a
different height to diameter ratio and should therefore
provide a smaller linear fit slope, which would go
through zero. However, such islands are not stable and
are difficult to observe on Si(1 10), at least in our
erowth conditions. As a consequence, they do not
appear in Fig. 2.

Table 1 summarizes detailed features for two deposi-
tion times. While densities are approximately similar
for both samples, larger islands were found on sample
1680b due to the higher Ge thickness. However, the

nanocrystal size compared to island area density seems
inconsistent with pure Ge islands. In a precedent work
on Si(001), a detailed study on a sample performed
under the same growth conditions as our samples has
been reported [8]. The Ge thickness determined from
RBS analysis was | nm and the island area density was
4 pm 2 for an average island height of 28 nm. By
comparing these results with data on sample 1677b (see
Table 1). we remark that with a similar Ge thickness
(1.07 nm) our sample on Si(1 10) exhibits an island
area density much larger (81 pm —2) while the average
island height is not extremely attenuated (16 nm). The
ditference between island sizes cannot explain the num-
ber of clusters found 20 times higher on our sample.
Thus. the obvious conclusion is that many Si atoms
have moved into the Ge islands and have formed a
SiGe alloy. Consequently. a stronger Si content in
islands on Si(1 1 0) is expected compared with the one
in islands on Si(0 0 1).

Fig. 3 shows PL spectra from capped sample 1680b
measured at 9, 70 and 300 K. The PL emission of Si
layers is not shown. At 9 K. two peaks can be identified
while only the peak at low energy is observed on
spectra at higher temperature. The barrier for thermal
emission is expected to be higher in relaxed islands than
in the wetting layer due to the difference in band offsets
and confinement energies [9]. Thus, the PL peak which
vanishes early, when temperature increases, is at-
tributed to the wetting layer emission. The position at
higher energy of this peak is consistent with the previ-
ous consideration since the thickness of the wetting
layer (that we estimate at 2 0.8 nm) leads to a quan-
tum confinement effect, which increases the interband
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Fig. 3. PL spectra from capped sample 1680b. The lower spectrum
performed at 9 K and 50 W/cm? exhibits two peaks due to the
wetting layer (WL) and the island PL emission. The two upper
spectra were carried out respectively at 70 K, 50 W/cm?® and 300 K,
500 W/em®. They show only one peak coming from islands PL signal.

recombination energy. Even with an enhanced Si con-
tent as resulting from AFM investigations. islands PL
emission is still detectable at 300 K. This means that
the lower Ge composition does not contribute suffi-
ciently to reduce the valence band oftset and allows to
keep a good hole confinement.

To study the PL peak from islands in detail. we have
investigated the excitation power dependence of this
peak as shown in Fig. 4. A temperature of 70 K was
chosen to avoid the wetting layer PL contribution while
keeping the presence of excitons. The widening of the

peak when the excitation power increases from 1 to
3000 W/ecm? and the shift towards higher energies result
from a band filling effect [10].

In Fig. 5. we have plotted the integrated PL intensity
of the island PL peak against the excitation power.
Results were fitted with Eq. (1)

Ip 2 P™, (1)

where [, is the integrated PL intensity, P is the excita-
tion power and m is the power exponent. The slope
m=0.79 is smaller than 1 which is the expected value
for pure excitonic recombinations. This slightly sublin-
ear exponent cannot be explained by bounded exciton
recombinations since all excitons are free at 70 K. This
indicates that non-radiative pathways consumes carriers
[11]. However. m remains constant between 1 and 3000
W/em?. This trend has already be observed by others
authors [11] and reveals that non-radiative channels
have been quenched. Consequently, the luminescence
comes mainly from radiative recombinations.

4. Conclusion

Ge islands have been grown on Si(1 1 0) substrates.
Their structural and optical properties were determined
from AFM and PL investigations. A monomodal island
size distribution shows the presence of only one kind of
nanostructures, which are multifaceted domes. A plot
of the height as a function of the base width reveals
that islands are mainly free of dislocations. The evolu-
tion of PL spectra versus the temperature and the
excitation power allows to identify PL peaks and to
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Fig. 4. Evolution of the sample capped 1680b spectrum as a function of the excitation laser power at 70 K (capped sample 1680b).
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Fig. 5. Excitation power dependence of integrated PL intensity for capped sample 1680b. This graph is deducted from spectra shown in Fig. 4.

The slope m =10.79 reveals the presence of non-radiative channels.

conclude that the island luminescence comes from exci-
tonic recombinations. Although AFM investigations
have shown that islands have an enhanced Si content,
the PL of these islands is still observable at room
temperature.
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