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ABSTRACT: Understanding the size-dependent electronic properties of germanium nanocrystals (Ge NCs) is of fundamental
importance for improving the efficiency of optoelectronic devices based on such NCs. Here, Ge NCs with a tunable size were
synthesized by magnetron-sputtering cluster-beam deposition, where the size of the as-deposited Ge NCs can be finely controlled
between 6 and 36 nm by helium gas flow rates and variable magnetic field configurations above the target surface. Because the size of
the as-deposited Ge NCs highly depends on the nucleation process inside the plasma region, a detailed comparison between these
two process parameters on the size control was formulated from the perspective of the growth kinetic mechanism. Furthermore, the
local surface potential of different-sized Ge NCs deposited on n-type silicon substrates was measured by Kelvin probe force
microscopy. The surface potential fluctuation of n-type Si covered by Ge NCs shows a strong size-dependent relationship with the
size of the Ge NCs, whereas the surface potential fluctuation increases when their size reduced. Because the surface potential
fluctuation between the intrinsic Ge NCs and the n-type silicon substrate tends to get smaller as the NCs’ size decreases due to the
quantum confinement effect, the number of charges transferred between the electronic bands will reduce as the size of Ge NCs
decreases. The latter exactly explains the observed experimental results. Therefore, this work offers a perspective to understand the
behavior of charge transfer, which plays an important role in the performance of optoelectronic devices.

1. INTRODUCTION

Semiconductor nanocrystals (NCs) have been the subject of
relentless research due to their size-dependent physical
properties, which make them potential candidates for
electronic and optoelectronic applications.1,2 Based on the
quantum confinement theory, when the radius of NCs is scaled
down below their Bohr exciton radius, the band gap energy of
semiconductor NCs can be tuned by varying their size.3

Although the binary NC systems that are made up of group
III−V or II−VI elements have been well developed, the group
IV semiconductor NCs also remain of strong interest that
continue to inspire intense research. One main interest that
arises for group IV NCs, especially for Si NCs, stems from the
fact that they are compatible with the existing microelectronic
industry and as a result reduce the cost of technological
integration. Moreover, because group IV NCs exclude the use
of toxic heavy-metal elements, for example, Cd and Pd, they
are deemed suitable for further biological applications.4,5

Among the group IV NCs, germanium (Ge) NCs are highly
promising due to their relatively larger Bohr exciton radius6

(∼24 nm) and absorption coefficient7 (∼2 × 105 cm−1 at 2
eV), which make them attractive, especially for optoelectronic
applications, such as light-emitting devices8 and solar cells.9

Furthermore, in many microelectronic applications, the
exchange of charge at the interface of the device is one of the
essential processes for further development.10,11 In the case of
a quantum dot (QD)-sensitized solar cell, the process of carrier
dissociation and charge transport at the interface between the
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QD and the carrier transportation layer is crucial for the overall
efficiency of the device.12,13 Hence, improving the efficiency of
such devices strongly depends on the level of understanding of
the relationship between the nanostructure and its electronic
properties. Therefore, the work function of nanoobjects is an
important parameter for devices because it is relevant for the
barrier height that affects the carrier mobility.14 However,
when the bulk materials are reduced to nanometer-sized
objects such as NCs, the investigation of the local electronic
properties of these nanoobjects becomes increasingly challeng-
ing.15 In addition, due to the inevitable imperfections during
the fabrication of NCs, the electronic properties of NCs are
also affected by defects and impurities.16

Although the surface potential or work function can be
characterized by conventional spectroscopic techniques such as
photoelectron spectroscopy (PES),17 due to the limitations in
the spatial resolution of spectroscopic methods, the properties
of the individual nanostructure cannot be resolved. Never-
theless, in recent years, scanning probe techniques, such as
Kelvin probe force microscopy (KPFM) and/or electrostatic
force microscopy (EFM), have been widely used to character-
ize the electronic properties of semiconductor NCs13,18 and
biological materials.19 Even though scanning tunneling
microscopy is a prevalent method for studying the electronic
properties of NCs,20−22 it is restricted to conductive materials
(i.e., metal or highly conductive semiconductor). Moreover,
the presence of tip-induced band bending can result in the
inaccurate interpretation of results. On the other hand, KPFM
measurements can overcome these limitations. Because the
latter is an atomic force microscopy (AFM)-based technique, it
is appropriate to investigate the electrical properties of various
systems such as metallic nanoparticles,23,24 semiconductor
NCs,25,26 and organic materials27 from the meso- to nano-
scopic levels.10,17 Currently, several studies have demonstrated
that KPFM can be applied to characterize the electrostatic
properties of semiconductor NCs,28 involving the size-
dependent work function of InAs NCs grown on GaAs14 and
the charge states of Si NCs.29 However, most of the studies
investigated mainly homogeneous thin films of colloidal NCs,
from which it is hard to access information on individual NCs,
and they also cannot exclude the side effects of ligands.13,16

Therefore, so far, only limited research has been focused on
the investigation of electrostatic properties of Ge QDs grown
by molecular beam epitaxy, which shows only one-dimensional
confinement below the Bohr exciton radius of Ge.30,31 Hence,
gas-phase Ge NCs represent a desirable three-dimensional
(3D) model that enables the study of the properties of free-
standing Ge NCs forming 3D confined QDs. In this regard, the
routes for synthesizing Ge NCs can be divided into solution-
phase methods, such as the sol−gel process,32,33 microwave-
assisted reduction,34,35 thermal decomposition,36,37 and gas-
phase methods, including nonthermal plasma,38 and cluster-
beam deposition.39,40 The several advantages of the gas-phase
method compared to the solution-phase method for synthesiz-
ing Ge NCs include environmentally friendly routes, easy size
control, and ligand-free NCs. The elimination of the side-
effects of surface ligands enables the investigation of the
electrostatic properties of individual Ge NCs.
Therefore, in this work, the gas-phase Ge NCs were

synthesized by a high-pressure magnetron-sputtering cluster
source, and they were used as a model candidate to investigate
the size-dependent electrical properties of free-standing NCs
by KPFM. Initially, the size of as-deposited Ge NCs can be

tuned by changing the helium gas flow rate and placing backing
plates behind the target during the deposition.39 The effect of
these two parameters on the size and crystallinity of the NCs
was analyzed and discussed from the growth kinetic
mechanism point of view. Subsequently, the work function of
Ge NCs deposited with different sizes on n-type Si substrates
was studied by KPFM, demonstrating a shift of the Fermi level
as a function of the size of the NCs. The results obtained by
KPFM can be well interpreted as a function of the size of the
Ge NCs by the quantum confinement theory.

2. METHODS
2.1. NC Synthesis. The different-sized Ge NCs were

directly deposited on Si substrates by a home-modified
nanoparticle system Nanogen 50 obtained from Mantis
Deposited Ltd. (www.mantisdeposited.com).39 The Ge NCs
were directly synthesized by high-pressure magnetron
sputtering from a Ge target (50.8 mm diameter, 3 mm
thickness, and purity of 99.99%) under Ar gas flow (99.9999%)
and a 0.20 A discharge current. The main chamber, where the
substrate was placed, was initially evacuated to a base pressure
of ∼1 × 10−8 mbar. The deposition yield can be monitored by
a quartz crystal microbalance (QCM) placed next to the
substrate holder. The average size of Ge NCs could be tuned
from 36 to 20 nm by controlling the ratio of added helium
(He) gas flow with respect to main sputtering gas (Ar), and
without putting any backing plates. However, for smaller Ge
NCs (<16 nm), various copper backing plates, with their
thickness varying between 1.5 and 6 mm, were placed in-
between the Ge target and the magnetron head, as well as the
Ar flow rate was maintained at 20 sccm, to achieve the desired
size tuning of the as-deposited NCs. The latter is achieved
because one can adjust the magnetic field strength on the
target surface where the sputtering takes place.39

2.2. Transmission Electron Microscopy. The morphol-
ogy and crystalline structures of the Ge NCs deposited on
carbon films were directly characterized after deposition using
a transmission electron microscope (JEOL 2010) operated at
200 kV. High-resolution transmission electron microscopy
(HRTEM) images were also recorded using a Thermo Fisher
Scientific Themis Z S/TEM with a probe and an image
corrector operating at 300 kV.

2.3. Atomic and Kelvin Probe Force Microscopy. The
morphology and electrical properties of as-deposited Ge NCs
were characterized using a Multimode 8 AFM system (Bruker,
Santa Barbara, CA) under ambient conditions. The morphol-
ogy of as-deposited Ge NCs was imaged in tapping mode using
a sharp silicon tip (cantilever resonance frequency ∼ 325 kHz
and spring constant 40 N/m). For the KPFM measurements,
the samples were imaged in a lift mode, also known as
amplitude-modulation KPFM (AM-KPFM), using a Pt-coated
silicon tip (cantilever resonance frequency ∼ 75 kHz and
spring constant ∼ 2.8 N/m). The typical radius of a coated tip
is below 20 nm, and it has a similar size as the Ge NCs under
investigation. In this case, because the local electrostatic
interaction from the cantilever surface can be minimized in the
lift mode, reasonable accurate results could be expected.41,42 In
the lift mode, during the first pass, the sample is scanned to
obtain the topographical information. Subsequently, during the
second pass, the cantilever is raised to a user-defined height,
following the stored topography data, where the surface
potential is measured. In order to minimize the error of the tip
convolution that originates from the side-capacitance effect43
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and maintain a sufficient signal-to-noise ratio when the lift
height is too high, as well as to avoid topography contributions
due to van der Waals interactions at shorter ranges, several
experiments at different lift heights were conducted. The result
of the relationship between the measured ΔCPD and the lift
height is shown in the Supporting Information (Figure S2),
which indicates that 25 nm is an effective lift height for the
KPFM measurements.
During the KPFM measurement, both a DC voltage Vdc and

an AC voltage Vac sin(ωt) were applied to the tip, as shown in
Figure S6.17 The Vdc is adjusted to compensate for the
electrostatic forces (by nullifying the first harmonic), and this
is recorded as the contact potential difference (CPD) between
the AFM tip and the sample. The latter is defined as

=
Φ − Φ

V
eCPD

sample tip

(1)

Furthermore, the surface potential fluctuation of n-type Si
covered by Ge NCs is termed as ΔCPD for the Ge NCs. Also,
the ΔCPD of the Ge NCs with respect to the substrate can be
defined as

Δ =
Φ − Φ

−
Φ − Φ

=
Φ − Φ

V
e e

e
( )

CPD(NC/sub)
sub tip NC tip

sub NC
(2)

where the Φsub and ΦNC are the work functions of the substrate
and as-deposited Ge NCs, respectively. In practice, the tip−

sample can be considered as a capacitor, and the electrostatic
force of the tip−sample is expressed as

ω= − [ − + ]F
C
z

V V V t
1
2

d
d

( ) sin( )es dc CPD ac AC
2

(3)

where the dC/dz is the gradient of the capacitance between the
tip and the sample surface. Fes can be divided into three
components, wherein the first harmonic component of Fes, Fω,
depends on the VCPD as

ω= − −ωF
C
z

V V V t
d
d

( ) sin( )dc CPD ac AC (4)

Therefore, the feedback loop is employed to nullify Fω by
adjusting Vdc and measuring the VCPD between the tip and the
sample.

3. RESULTS AND DISCUSSION
Overview TEM images of different-sized as-deposited Ge NCs
are shown in Figure 1a−c, which also showcase the
dependence of the average size evolution on the ratio of the
He/Ar gas mixture for a constant total gas flow rate. The insets
of Figure 1a−c show the corresponding statistical analysis of
the size distribution with both the mean size and standard
deviation, indicating relatively monodisperse size distributions.
These results demonstrate that the size of Ge NCs decreases
with increasing the rate of the He gas flow. The mean sizes of
as-deposited Ge NCs, as derived from the TEM images, are
36.8 ± 3.5, 32.2 ± 3.0, and 24.4 ± 2.5 nm for 0 (Ar/He: 30/
0), 10 (Ar/He: 20/10), and 25 (Ar/He: 5/25) sccm gas flow

Figure 1. Size distribution analysis of the Ge NCs deposited by gas-phase condensation via tuning the Ar/He gas ratio: 30/0 sccm (left column);
20/10 (middle column); and 25/5 (right column). (a−c) Overview TEM images of three different-sized Ge NCs (scale bar is 100 nm) and (e−g)
AFM height topography image of the Ge NCs measured in the tapping mode (scale bar is 1 μm). Inset: Size histograms of the Ge NCs with curves
fitted to the Gaussian size distribution model.
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rates, respectively. Moreover, the different-sized Ge NCs were
simultaneously deposited on n-doped Si substrates, where their
size was characterized by AFM (Figure 1d−f). The resulting
mean sizes calculated by the AFM topography images are 36.0
± 3.5, 32.5 ± 2.7, and 21.0 ± 2.1 nm, respectively. Table 1
shows a comparison of the results obtained after analysis of the
size distributions from both the TEM and AFM images
demonstrating a good agreement between both techniques.

The explanation for the influence of the He gas flow rate on
the size distribution of as-deposited Ge NCs is that the drift
velocity of NCs increases by increasing the He gas rate, which
leads to a decrease of the residence time of Ge nanoclusters in
the growth area.44,45 As extensively described in the
literature,46,47 the free gas-phase Ge atoms are generated by
the impact of accelerated Ar+ ions on the target surface
resulting in plasma confinement on the target surface.
Afterward, the formation process of nanoparticles can be
divided into three regimes. In the initial stage, a three-body
collision between sputtered Ge atoms and cold Ar atoms
induces the formation of unstable nuclei seeds (e.g., dimers),
where Ar atoms are more efficient than the He atoms for the
formation of the dimer bond. Subsequently, the dimers serve as
the nuclei seeds for more Ge atoms in the supersaturated state
landing on their surface. The latter contributes to the rapid
growth of stable nanoclusters. Finally, the collision between
nanoclusters leads to further growth of nanoparticles. Hence,
the tunable size of as-deposited Ge nanoparticles can be
achieved by interrupting the condensation process at a specific
stage. During the condensation process, the primary role of He
gas is to serve as the transport gas for nanoclusters, which can
entrap the clusters more effectively in the gas streamlines
reducing the residence time of clusters in the aggregation
volume.48 However, as stated above, due to the comparatively
lower efficiency of He for dimer formation than Ar, as shown
in Figure S1, with an increase in the supply rate of He gas, the
deposition yield of Ge NCs will decrease. Because the function
of Ar gas is not only to serve as the carrier gas for drifting
nanoparticles to the exit of the source but also as the sputtering
gas for facilitating the nucleation process, there is a nonobvious
effect of the Ar flow rate on the size of the synthesized
nanoparticles.48

Furthermore, as in our previous report,39 the size
distribution of Ge NCs can also be tuned by adjusting the
magnetic field strength above the target surface. This is
achieved by placing copper backing plates with different
thicknesses behind the target. Figure 2 shows an overview of
the tunable size range of as-deposited Ge NCs, from ∼36 to
∼7 nm, by adjusting the two relatively effective parameters
(He/Ar gas mixture and magnetic field strength) for cluster
beam deposition. In general, the size-control mechanism of the
two methods is similar, which is by the modification of the
nucleation process of nanoparticle growth that takes place

within the plasma region. Unlike the effect of helium gas flow,
a stronger magnetic field induces an increased ionization of gas
atoms (Ar+) and reduces the diffusion rate of Ge atoms away
from the source resulting in bigger Ge nanoparticles.49,50 Note
that there is a clear lower limit for the tunable size range for the
as-deposited Ge NCs by regulating the individual parameters.
For instance, the size of Ge NCs cannot be further decreased
when the Ar/He ratio exceeds 25/5 sccm because dimers
cannot be formed by sputtering in pure He gas. Similarly, when
the magnetic field above the target surface is too weak, by
inserting a relatively thicker backing plate, then achieving a
confinement region with stable plasma is extremely challenging
and the nuclei “seeds” cannot be formed in the plasma region.
Certainly, the smaller size of Ge nanoparticles can be

achieved by integrating these two approaches by both
increasing the He gas rate and using copper backing plates.

Table 1. Comparison of the Resulting Mean Size of Ge NCs,
as Obtained from TEM and AFM Images, Using Different
He Gas Flow Rates (for a Constant Total He + Ar Gas Flow
Rate) during Ge NC Production

helium gas flow rate (sccm)

0 10 25

DTEM (nm) 36.5 ± 3.5 32.2 ± 3.0 24.4 ± 2.5
DAFM (nm) 36.8 ± 3.5 32.2 ± 2.7 21.0 ± 2.1

Figure 2. (a) Average diameter of the Ge NCs synthesized by tuning
the He gas flow rate (left panel) and the thickness of the backing plate
(right panel), individually. The size distribution analysis is based on
TEM images. (b−d) HRTEM images of Ge NCs with different sizes
as obtained from different experimental conditions marked in (a). (e)
SAED images of as-deposited Ge NCs.
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Nevertheless, in this scenario, the as-deposited Ge nano-
particles tend to appear to be in an amorphous state. Because
the magnetic field projection on the Ge target decreases by
placing a thicker backing plate, the accelerating path of the
ionized gas atom will be shortened leading to less kinetic
energy for the atoms in the plasma. As previously reported, the
lower kinetic energy induces the formation of amorphous
Ge2Sb2Te5 nanoparticles.

51 On the other hand, in a previous
work for the deposition of Si nanoparticles, it was indicated
that a critical ratio of the number density of the Si and Ar
atoms (ρSi/ρAr) is essential for heating over the crystallization
temperature during the condensation process.44

Furthermore, the crystalline structure of as-deposited Ge
NCs with different sizes was characterized by HRTEM and
selected area electron diffraction (SAED). As shown in Figure
2b−d, the HRTEM images of Ge NCs deposited by three
different conditions, which are marked in Figure 2a, indicate
that Ge NCs of all sizes are crystalline. Specifically, Figure 2b
shows the typical single crystalline Ge NCs, here, for example,
oriented along the [113] zone axis. Consequently, the
interplanar d-spacings of the NC calculated from the fast
Fourier transform, as shown in the inset of Figure 2b, are
0.326, 0.283, and 0.202 nm corresponding to the (111), (200),
and (220) crystal planes of Ge. In addition, the SAED pattern
in Figure 2e reveals the {111}, {220}, and {311} planes, which
demonstrate that the as-deposited Ge NCs have the diamond
cubic (Fd3̅m) crystal structure. Although the majority of as-
deposited NCs are single crystals, Ge NC with a partial
amorphous state is also found in the HRTEM image in Figure
2d. The latter can lead to some deviation of the band structure.

In order to correlate the size of the NCs and electrical
properties, Figure 3 shows typical AFM topography and the
corresponding KPFM images of as-deposited Ge NCs on the
n-doped Si substrate. Similarly, as shown in Figure 1,
monodisperse Ge NCs of ∼7 nm height are observable in
Figure 3a. Note that due to the convolution effect from the tip
shape, the lateral dimensions of Ge NCs are inaccurate to
obtain their sizes from the AFM images. Because the majority
of as-deposited Ge NCs are monodisperse with a spherical-like
shape in the TEM images (Figure 1), the NCs can be
considered as nanodots in the AFM images. Thus, their
diameter can be calculated by fitting a parabolic function to the
peak of the height (Figure 3c). Similarly, the Ge NCs are also
distinct in the KPFM images as dark spots (Figure 3b). The
latter can be interpreted as the negative charging of the Ge
NCs by the free carriers from the n-type Si substrate, even if
the n-type Si substrate has a very thin native oxide layer. This is
because for a very thin oxide layer, sufficient charge carrier
transport can take place by tunneling through the SiOX layer,
which has been proven by the experiment and simulation.52 In
addition, for the relatively thick oxide layer (2−5 nm), the
defects inside the oxide layer can act as the pathway for carrier
transportation.52,53 Furthermore, Figure S3 in Supporting
Information shows the result of KPFM measurements for Ge
NCs deposited on a p-type Si substrate. In contrast to Figure
3b, where the Ge NCs manifest as dark features, the Ge NCs
deposited on a p-type Si substrate manifest as bright features in
the KPFM image. As the Fermi level of the p-type Si is lower
than that of the Ge NCs, the positive carriers would be
transferred from the p-type Si substrate to the Ge NCs. For

Figure 3. Determination of the height and ΔCPD for individual Ge NCs. (a) AFM image and the corresponding ΔCPD map (b) of the Ge NCs
deposited on an n-type Si substrate. Example cross-section (c) and surface potential (d) profile of the lines marked in (a,b).
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Figure 4. Simultaneously measured height topography (a) and the corresponding CPD image (b) of different-sized Ge NCs deposited on an n-type
Si substrate. The scale bar is 200 nm. The fitted curves of the cross-section height profiles (c) and the corresponding CPD profiles (d) for five
differently sized NCs marked in (a,b). (e) Dependence of the ΔCPD on the height of the NCs.
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simplicity, the average CPD value of the n-type Si substrate
was set to be zero in all results, and a similar approach was
applied to measure the ΔCPD of the NCs with respect to the
n-type Si substrate (Figure 3d).
The nominal size range to synthesize Ge NCs by adjusting

the ratio of the Ar/He gas rate is roughly 16−30 nm, and this
leads to some NCs with a size above the Bohr exciton radius of
Ge (∼24 nm). According to the quantum confinement effect,
the band gap for this size of NCs cannot be tuned by varying
their sizes. In this case, the Ge NCs below 16 nm in diameter,
which were deposited by tuning the thickness of the backing
plate, were considered for further KPFM measurements. In
order to avoid interference from any discrepancy from the
substrates and deposition, the Ge NCs with different sizes were
deposited together onto single substrates. Figure 4a,b shows
topographic and surface potential fluctuations of the n-type Si
covered by Ge NCs, which are simultaneously measured by
KPFM. In Figure 4c, a size variation between 5 and 16 nm is
shown from the fitted results of the height profile for five
typical Ge NCs. Accordingly, the corresponding ΔCPD fitted
value of these NCs is shown in Figure 4d, which reveals a clear
correlation with the size of Ge NCs. To investigate the
observed size dependence, a systematic analysis of the ΔCPD
values was performed on 30 differently sized NCs. As shown in
Figure 4e, where the ΔCPD values of the NCs are plotted as a
function of their height (which represents also the size of the
NCs), the surface potential fluctuation increases with the
decreasing size of the NCs.
The size dependence of the surface potential fluctuation for

the Ge NCs can be explained by the quantum confinement
theory. Recently, several similar phenomena have been shown
by the quantum confinement theory for other systems such as
Si NCs,11 metal chalcogenide NCs,13 and InAs NCs.14,25 For
instance, by fitting the X-ray photoelectron spectra into a
calculated density of states model, it was demonstrated that the
Fermi position of the PbS QD film depends on the QD size,54

and similar results were also observed by KPFM measure-
ments.13 According to the quantum confinement theory, when
the size of the Ge NCs is smaller or comparable to the Bohr
exciton radius (∼24 nm), the valence and conduction bands
(VB/CBs) will shift to yield a wider band gap for the Ge NCs.
Consequently, based on the sp3 tight-binding calculation,55,56

the energies of the VB maximum (Ev) and CB minimum (Ec)
as a function of the Ge NCs’ diameter can be described
quantitatively as follows

= −
+ +

E d
d d

( )
15,143.8

6.465 2.546
meVv 2 (5)

= +
+ +

E d E
d d

( ) (bulk)
11,863.7

2.391 4.252
meVc g 2 (6)

where d is the diameter (in nm) of the Ge NCs. The calculated
trends of the energies for the VB maximum and the CB
minimum from the tight-binding model are plotted in Figure 5.
The latter demonstrates that the shift of the CB is, for the size
range from 2 to 12 nm considered here, more pronounced
than the shift of the VB. Because no doping elements were
incorporated during the deposition process of Ge, the as-
deposited Ge NCs can be considered as intrinsic semi-
conductors with their Fermi level close to the middle of the
band gap. In this case, the Fermi level of the as-deposited Ge
NCs will increase with the decrease of their diameter. Because
the Fermi level of the n-type Si substrate is pinned, the amount

of the negative charge transfer from the substrate to the NCs
depends on the variation of the Fermi levels for different sized
Ge NCs. Consequently, as the energy diagram in Figure 5
illustrates, when the Ge NCs reduce in size, the Fermi level of
the NCs is shifting increasingly closer to the Fermi level of the
substrate, resulting in the decrease of the electrostatic energy of
the ionized Ge NCs. In this case, the size-dependent effect
manifests itself by increasing the surface potential fluctuation
in KPFM images as the size of the Ge NCs decreases.
Furthermore, Figure S4 in Supporting Information, which

shows the comparison between the normalized surface
potential fluctuation for various sizes of Ge NCs and the
theoretical model, demonstrates that the surface potential
fluctuation for different-sized Ge NCs is comparable to the
calculated results by the tight-binding model. However, the
accurate extraction of the electrostatic potential for Ge NCs is
affected by several factors including the side-capacitance and
experimental conditions. For the lift mode KPFM, as the
magnitude of the measured electrostatic potential is highly
dependent on the geometry of the probe and lift height, the
observed surface potential is a weighted average over all
potentials from the localized sample surface. Despite the fact
that the optimal experiments for the effects of lift height are
carried out, and the results are shown in Figure S2, the side-
capacitance effects cannot be fully excluded during the
measurement, making the quantitative analysis for the
electrostatic potential relatively difficult. Although the surface
potential fluctuation can be interpreted as the charging of the
Ge NC surface states by the free carriers from the Si substrate,
the behavior of the charge carriers in semiconductors is
influenced by the temperature, which causes an offset between
the theoretical calculation and the experimental data.
Notably, the difference of the surface potential fluctuations

for similar sized NCs originate from several deficiencies such as
defects and surface oxidation during their deposition, which
can be considered as the trap states for surface charges.
Because the topography images of the Ge NCs were performed
by tapping mode, these trap states from the deficiencies of Ge
NCs could be continuously induced by the charges from the
tip, and the surface itself could manifest the surface potential

Figure 5. Predicted energy of the CB maximum and the VB minimum
of Ge as a function of the diameter of the NCs based on the tight-
binding model calculation. Inset: schematic diagram of the relative
position of the Fermi level between the substrate and the Ge NCs
with different sizes.
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fluctuations due to the local variation in the oxide charges.
However, unlike the other semiconductor NCs such as Si NCs,
based on the experimental observation (as it is shown in Figure
S5), the partial Ge NCs remain in unoxidized states after 1
month of storage in air. Besides, doping for NCs would lead to
a reduction of surface potential fluctuations due to the internal
passivation mechanism, where the surface states could be
occupied by donors of the NCs. In contrast to intrinsic NCs,
where the net charges of the NCs generate a dipole
perpendicular to the substrate,57 the doping NCs would
form a dipole with a random distribution inside the NCs.

4. CONCLUSIONS
In summary, tunable size Ge NCs were synthesized by
magnetron-sputtering-based cluster-beam deposition, where
the size of the as-deposited Ge NCs can be finely controlled by
He gas flow rates and variable magnetic field configurations
above the Ge target surface. Specifically, Ge NCs with a
reduced size were obtained by an increase of the He gas flow
rate during the deposition, which modifies the condensation
process of the NCs. In addition, by comparing the effects of
varying the He gas flow rates and the thickness of backing
plates between the target and the magnetron head on the
growth mechanism of the NCs, we discussed their influence on
NC size and crystallinity. The analysis of HRTEM images and
SAED patterns revealed that the Ge NCs have a diamond
cubic crystal structure. Furthermore, the local electrical
properties of different-sized free-standing Ge NCs were
characterized by KPFM. The latter revealed a clear size-
dependent relationship of the surface potential of the NCs. In
particular, the surface potential fluctuation of n-type Si covered
by Ge NCs increased linearly with a decrease of the NC height
in good agreement with the quantum confinement effect. The
measured size-dependent relationship can be explained as an
increase in the number of charges transferred from the
substrate to the NCs, which can be tuned by the size of Ge
NCs. Based on the band energy calculation from the tight-
binding theory, the energy of the Fermi level of the intrinsic Ge
NCs will increase when their size reduces, which is consistent
with the experimental results. The results obtained here are
essential for pushing forward the understanding of charge
exchange at the interfaces between semiconductor QDs and
substrates that are of high importance to current and future
nanoscale electronic devices.
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