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The authors combine nanostenciling and pulsed laser deposition to pattern germanium �Ge�
nanostructures into desired architectures. They have analyzed the evolution of the Ge morphology
with coverage. Following the formation of a wetting layer within each area defined by the stencil’s
apertures, Ge growth becomes three dimensional and the size and number of Ge nanocrystals evolve
with coverage. Micro-Raman spectroscopy shows that the deposits are crystalline and epitaxial. This
approach is promising for the parallel patterning of semiconductor nanostructures for optoelectronic
applications. © 2007 American Institute of Physics. �DOI: 10.1063/1.2783473�

The growth of germanium �Ge� thin films and structures
on silicon �Si� surfaces has been the subject of extensive
study due to the prospective device applications1,2 and the
fundamental research importance vis-à-vis the understanding
of growth processes.3–7 In the quest to expand integrated
silicon technology, in particular, to applications in optoelec-
tronics, Ge/Si nanoheterostructures8 with engineered band
structures have come under intense investigation as impor-
tant candidates for light-emitting quantum dot �QD� based
devices.

Abundant research efforts have been dedicated to the
exploration of “dotlike” structures obtained via the Stranski-
Krastanov �SK� growth mode, which comprises the forma-
tion of a wetting layer �WL� followed by three-dimensional
island �“dot”� formation that relaxes the strain induced by the
4.2% lattice mismatch between Ge and Si. To control the
size, shape, and density, but mostly the spatial positioning of
Ge dots, many strategies including combinations of
lithography-based �top down� and spontaneous self-
organization approaches �bottom up� have been pursued.9–14

Much work has focused on the assisted organization of Ge
dots grown on prepatterned Si or SiO2 substrates either by
chemical vapor deposition15,16 �CVD� or molecular beam ep-
itaxy �MBE�.17–19

While CVD and MBE have been extensively used,
pulsed laser deposition �PLD� emerged just recently20 as a
versatile tool to study the structural21 and functional22 prop-
erties of self-assembled Ge QDs on silicon substrates. A
well-established technique developed mainly to grow high-
quality epitaxial films of complex materials,23 PLD offers
additionally the possibility of fine tuning and controlling
deposition parameters rather easily in the case of elemental
materials. We previously investigated a promising unconven-
tional patterning approach based on direct, selective PLD of
functional materials at room temperature through solid-state,
reusable nanostencils. This strategy leads to the organization

of nanostructures without any pre patterning or complemen-
tary invasive process prior applied to the substrates.24

In this letter we describe the patterning of Ge/Si semi-
conductor heterostructures via PLD nanostenciling at high
temperature �600 °C�. The intent of this approach is two-
fold: first, to investigate the kinetic processes of PLD of Ge
nanodots and ultimately to compare it with more studied
processes such as MBE or CVD, and, second, to demonstrate
a flexible approach to gain control over the positioning of
ordered arrays of nanostructures with potential applications
in device engineering.

To achieve precise positioning of Ge on Si�100�, we
used nanostencils with hexagonal arrays of circular apertures
opened in freestanding, low-stress SiN membranes.25 These
miniature shadow masks were mechanically clamped onto
the substrate and the substrate-stencil assembly mounted in
front of a rotating Ge solid target �99% purity� �Fig. 1�a��.
Prior to deposition, Si�100� substrates �n type, Sb doped re-
sistivity of 0.015 � cm� were cleaned in ultrasound solvent
baths. The native oxide layer was chemically removed in a
5% HF solution. Ge deposition was performed in high
vacuum ��10−5 mbar�, using a GSI Lumonics KrF excimer
laser ��=248 nm, �=15.4 ns� at a repetition rate of 10 Hz
and laser fluence on the target of 4 J /cm2. The substrate
temperature was set at 600 °C and the same stencil was used
in consecutive depositions.26

Swift fabrication of ordered arrays of Ge structures was
achieved in a single deposition step �Fig. 1�b��. In the initial
stages of growth �up to 250 laser ablation pulses� ordered
arrays of Ge structures are formed as flat circular mounds,
350 nm in diameter and with a 700 nm periodicity �Fig.
1�c��, i.e., the replica of the design defined by the sieve’s
apertures. In Fig. 2, scanning electron microscopy �SEM�
micrographs for four samples illustrate the patterned Ge is-
lands obtained on Si�100� by varying the number of laser
pulses between 250 and 1500 with an estimated rate of
�0.28 Å/pulse. SEM micrographs show that with increasing
Ge thickness, the shapes of the obtained structures evolvea�Electronic mail: rosei@emt.inrs.ca
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from the flat “two-dimensional �2D�-mound” type �Fig. 2�a��
to three-dimensional �3D� nanocrystalline agglomerations
�10–100 nm in lateral size� formed on top of these mounds
�Fig. 2�b��, undergoing further a transition to a “coffee-bean-
like” grained structure �Fig. 2�c��, and finally coalescing into
single nanocrystals �Fig. 2�d��. Atomic force microscopy
�AFM� and SEM images from Figs. 1 and 2 show that all
islands are perfectly separated and well defined. The lateral
extent of the deposits is always restricted to the range of the
aperture areas defined in the stencil.

Micro-Raman spectroscopy was used to provide a struc-
tural characterization of the Ge clusters. The optical mea-

surements were carried out by probing the patterned area
with the 514.5 nm line of an Ar+ ion laser focused with a
spot size of about 1 �m, i.e., each Raman spectrum �Fig. 3�
is collected from the region of two to three apertures. The
spectral position and shape of the Ge–Ge phonon mode re-
veal that the Ge clusters are crystalline, and the absence of
the Si–Ge phonon band around �400 cm−1 �inset in Fig. 3�
clearly indicates that there is no Si intermixing. Further, the
Ge–Ge phonon peak becomes more intense with increased

FIG. 1. �Color online� Experimental setup used for stencil deposition and further characterization of Ge ordered arrays: �a� schematic drawing of the
PLD-based Ge direct patterning process achieved at high temperature through SiN stencils attached to the Si�100� substrates; �b� SEM micrograph showing
an AFM tip scanning across the Ge patterned area in a JEOL-4500 UHV AFM-STM-SEM microscope. The inset shows a detail of a perforated freestanding
SiN membrane built in the stencil chip; �c� AFM topography and Ge mound height profile obtained for 250 pulses deposited at 600 °C using a stencil with
the architecture shown in the inset �b�.

FIG. 2. Coverage dependence of Ge morphology: SEM micrographs show-
ing ordered Ge nanostructures replicated on Si�100� by PLD at 600 °C, for
�a� 250, �b� 750, �c� 1250, and �d� 1500 laser pulses with a fluence of
4 J /cm2, for a target-substrate distance of 6.5 cm.

FIG. 3. �Color online� Raman spectra acquired by probing the Ge patterned
areas with the 514.5 nm line of an Ar+ ion laser. The absence of the Si–Ge
phonon band around �400 cm−1 �see inset� indicates no trace of Si
intermixing.
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Ge coverage. Spectra recorded after the initial stages of
growth exhibit a blueshifted Ge–Ge phonon frequency
��303 cm−1� attributed to compressive strain ���−1% � at
the island-substrate interface.27 The strain is progressively
relieved for taller clusters �i.e., higher Ge coverage� whose
phonon frequency approaches the value expected for bulk Ge
�300.8 cm−1�. The presence of built-in strain suggests that
the Ge nanostructures match the Si substrate lattice. In fact,
they retain the substrate crystallographic orientation, as con-
firmed by the phonon selection rules in polarized Raman
measurements �not shown here�.

The 2D mounds are reminiscent of the thin WL which
normally precedes islanding in classical SK growth. AFM
topographies indicate that the 2D mounds grow to a maxi-
mum height of 6–7 nm, roughly ten times thicker than the
critical value for a conventional Ge WL.28 The anomalous
critical thickness for the onset of 3D nucleation can be ex-
plained by invoking the finite size of the deposited areas: the
2D mounds, acting as a WL, relieve strain at their periphery,
delaying the strain-induced 3D nucleation of structures.
Similar phenomenology was discussed in the case of self-
assembling of Ge on lithography-patterned windows opened
in ultrathin silicon oxide layers.29

The dots that initially nucleate on top of the 2D mounds
�Fig. 2�b�� are round shaped and their aspect ratios �defined
as the dot’s height divided by the square root of the base
area� range from �0.16 to �0.20. These dots are reminiscent
of the dome-shaped islands observed in Ge/Si�001�
heteroepitaxy.30 The average aspect ratio of the dots in-
creases with coverage to allow for more efficient strain re-
laxation. Above 500 pulses, we observe a shape transition
from rounded to “coffee-bean” dots �Fig. 2�c��. At this stage
of growth, we detect both coalescence of grains and the for-
mation of a depletion region at the center of the underlying
2D mounds, where we expect higher elastic compression.
Finally, at higher Ge coverage �above 1000 ablation pulses�,
the depletion region disappears and is replaced by a single
rounded cluster.

The number of Ge dots is of the order of tens per aper-
ture for the samples deposited from 250 up to 500 pulses.
For samples deposited up to 1000 pulses, the dots are larger
and less numerous �e.g., three to five dots/aperture as shown
in Fig. 2�b��. This implies a feasible control over the number
of dots per nominal location and thus their density in the
whole patterned area.31

In summary, we showed that combining nanostenciling
with PLD provides a flexible approach to grow and pattern
crystalline Ge/Si nanostructures. The location of the Ge
clusters is entirely controlled by the pattern of the nanosten-
cil, and the density and physical dimensions of the dots can
be further adjusted by varying the deposition parameters.
The morphological evolution of the structures with coverage
follows a modified Stranski-Krastanov growth mode due to
the finite size of the WL in each aperture location. Raman
spectroscopy indicates that the nanostructures are crystalline
Ge and that they follow the substrate’s crystallographic ori-
entation. In future work we will establish a correlation be-
tween the deposition parameters such as laser fluence, sub-
strate orientation and temperature, and the Ge dots’ density
per deposited site.
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