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ABSTRACT: Electrostatic interactions at the nanoscale can
lead to novel properties and functionalities that bulk materials
and devices do not have. Here we used Kelvin probe force
microscopy (KPFM) to study the work function (WF) of gold
nanoparticles (NPs) deposited on a Si wafer covered by a
monolayer of alkyl chains, which provide a tunnel junction. We
find that the WF of Au NPs is size-dependent and deviates
strongly from that of the bulk Au. We attribute the WF change
to the charging of the NPs, which is a consequence of the
difference in WF between Au and the substrate. For an NP
with 10 nm diameter charged with ∼5 electrons, the WF is found to be only ∼3.6 eV. A classical electrostatic model is derived
that explains the observations in a quantitative way. We also demonstrate that the WF and charge state of Au NPs are influenced
by chemical changes of the underlying substrate. Therefore, Au NPs could be used for chemical and biological sensing, whose
environmentally sensitive charge state can be read out by work function measurements.
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When bulk materials are scaled down to the nanoscale,
novel properties emerge, such as size-dependent

bandgaps due to quantum confinement,1,2 enhanced catalytic
properties due to the large surface area and rich surface
structure,3,4 and plasmonic effects due to localized collective
electron oscillation.5,6 Another property that is often over-
looked is the electrostatic interactions that lead to changes in
work function, which is defined as the minimum thermody-
namic work needed to extract an electron from a material to a
point in vacuum immediately outside the surface.7 As an
example, Au nanoparticles from 3 nm to tens of nanometers are
metallic,8,9 although their WF deviates from that of the bulk Au,
due to electrostatic effects.10,11 For isolated neutral metal NPs,
this is due to image force and Coulomb interactions.10

However, when these NPs are interacting with the nearby
environment, as is inevitable in device applications, their WF
diverges from that of free particles.12 In this case, the WF is no
longer an intrinsic property of the NPs but depends critically
on the chemical composition and electronic properties of the
adjacent materials. Although electrostatic charge transfer was

assumed to be responsible for the environmental dependence
of the WF of metal NPs,12 there has been no evidence or
explanation of this effect. Here we report measurements of the
change in the WF of Au NPs as a function of their size and
explain the nature of the phenomenon by deriving a
quantitative expression of the charge transfer. In contrast to
atomic and molecular adsorbate systems that modify the WF of
the substrate by the formation of electric dipole moments,13,14

metal NPs exhibit unique nanoscale Coulomb confinement
effects determining their WF.
Au NPs were deposited on a heavily n-doped silicon

substrate precovered with an insulating monolayer film of
alkyl chain molecules that provide a tunnel junction coupling
between the NPs and the substrate. We expect that electrons
will transfer from the Si to Au (due to their WF difference) by
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tunneling through the junction. The chemical inertness of Au
and the ability to controllably oxidize the Si substrate make our
sample an ideal platform to observe the effect of environmental
factors on the charge state of Au NPs, and the consequent
effect on WF change.
The gold nanoparticles were synthesized by reduction of a

gold salt with ascorbic acid (see Supporting Information).
Figure 1a shows transmission electron microscopy (TEM)
images of three representative Au NPs. The NPs have a size
distribution ranging from 3 to ∼25 nm (Figure 1b) and are
roughly spherical in shape. They were deposited on an amine-
terminated C7 alkane monolayer grafted on heavily n-doped
oxide-free Si(111) (phosphorus doped, 2 × 1018 cm−3).15,16

The amine group provides binding to the Au NPs. This grafted
organic monolayer will be referred to as GOM. The ascorbic
surfactants capping the NPs were removed prior to KPFM
measurements with a 30 min annealing in vacuum at 150 °C.
The GOM layer remained intact after this annealing process.16

The GOM surface was not modified after annealing and the NP
surface coverage remained ∼1 × 109 cm−2 (10 NP/μm2) as
evaluated with atomic force microscopy (AFM).
The schematic setup of the KPFM measurement is shown in

Figure 1c. The home-built single pass, frequency modulation
KPFM has a resolution of ∼10 mV.17 During KPFM
measurements, the sample was grounded, while a bias VDC +
VAC cosωt was applied to the conductive AFM tip with VAC = 2
V and ω = 2 kHz. The electric field between the tip and surface,
due to the contact potential difference and applied voltage,
shifts the frequency and phase of the oscillating cantilever away

from its free resonant value (ω0 ≈ 75 kHz). It can be shown
that the cantilever phase shift at ω is18

Δ ∝ ∂
∂

−ω −f
C

z
V CPD V( )

2

2 DC tip sample AC (1)

where CPDtip−sample is the contact potential difference between
the tip and the sample. C is the tip−sample capacitance, and z is
the tip−sample distance (typically <5 nm during imaging). VDC
is adjusted by the feedback control to maintain Δfω = 0, so that
its value is equal to the tip−sample contact potential difference.
This compensation of the CPD also minimizes tip−sample
electrostatic forces, allowing determination of the true sample
topography.18−21 For simplicity, in all the results shown here
the CPD was calibrated by setting the average CPD of the
GOM to zero. The calibrated CPD signal of the NP is related
with its work function via the following relation:

=
−W W
e

CPD(NP)
( )GOM NP

(2)

where WGOM and WNP are the work functions of the GOM and
the Au NPs, respectively. e is the absolute value of the
elementary charge. This relation shows that the changes in
CPD and work function are of opposite sign.
With our setup, we obtain the surface topography and CPD

images simultaneously in noncontact mode, allowing for a
direct determination of NP size and WF. In contrast to
electrostatic force microscopy, which can be utilized to
manipulate the amount of charge in a tunnel junction,22

KPFM can detect the WF of the NPs without changing their

Figure 1. Au nanoparticles and work function measurements. (a) High-resolution TEM image showing three Au NPs. (b) Size distribution
histogram analyzed from TEM images of 103 particles. (c) Schematic diagram of the KPFM measurements of the Au NPs deposited on a Si substrate
covered with a grafted organic monolayer (GOM).

Figure 2. Nanoparticle work function versus size. (a,b) Simultaneously obtained topography and CPD images of NPs on the GOM covered Si
substrate. Six NPs are labeled 1 to 6. Scale bar: 200 nm. The cross section profiles of topography (c) and CPD (d) indicate that in general the CPD
is more negative when the NP size is larger. (e) CPD as a function of NP diameter (left scale). The right scale is the corresponding WF calibrated
with the value determined by UPS on the GOM covered Si surface.
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charge state, because the CPD is balanced by the tip bias to
nullify the electric field.
Figure 2a,b shows topography and CPD images of one area.

The height profile through 6 NPs shows a variation between 6
and 17 nm, which is in agreement with the NP size distribution
measured by TEM. In the CPD image, the NPs appear as
depressions (negative CPD), revealing that their WF is higher
than that of the GOM on the Si(111) substrate. The GOM
layer is electrically homogeneous, with a CPD fluctuation of
less than 40 mV over the scanned area. As we can see in the
profiles c and d, particle #5 has a size of 17 nm and a CPD of
−310 mV, and particle #6 with a size of 7 nm has a CPD of
−160 mV. Except for particle #4, the larger the NP, the more
negative its CPD. A systematic study was carried out on 27
different NPs with sizes varying from 5 to 18 nm. A plot of the
CPD (left scale) as a function of NP diameter (Figure 2e)
shows that the CPD increases (i.e., WF decreases) when the
NP diameter decreases. The work function of the GOM, found
to be 3.4 eV by ultraviolet photoelectron spectroscopy (UPS),
was used to obtain the WF of Au NPs (eq 2), as shown in the
right scale in Figure 2e. We can see that the WF of Au NPs
deviates substantially from that of the bulk Au (WAu ≈ 5.1
eV).23 We note that our KPFM setup can only accurately
measure the WF of NPs larger than 5 nm due to the limited
spatial resolution imposed by our tip radius and imaging
distance (Supporting Information). For this reason, the values
for NPs smaller than 5 nm are not included. The data points for
NPs larger than 20 nm are not included either due to their
irregular shape. The observed 0.1−0.2 eV WF fluctuation of
NPs with the same size can be due to the variation in particle
shape and the orientation of the exposed facets24 as well as
from the presence of steps and kinks.25

Our results can be explained by the charge transferred
between the substrate and the Au NP as a result of the
mismatch between their work functions. The value of this
charge is determined by the capacitance between the NP and
the substrate. The charge produces an electrostatic field that
leads to a change in the WF of the NPs. If instead of the NPs
we had a metal film over the GOM, the Coulomb field would
be zero above it (the field is confined between the film and the
substrate). However, in the case of isolated nanoparticles the
field extends outside with a value that depends on its size.
To calculate the Coulomb potential and to extract the charge

state we start with Wood’s formula10 for neutral isolated metal
nanospheres and modify it to derive the WF change of

grounded charged metal nanospheres. The WF difference
between a metal NP and the corresponding bulk metal (ΔW)
arises from a difference in image force fields (ΔWim) and from
the Coulomb field near the surface of the NP due to the stored
charges inside (ΔWc)

Δ = Δ + ΔW W Wim C (3)

The first term is the difference between the image potential
energy at the surface of a sphere and that of a flat metal plane
(Supporting Information)

πε
Δ = −W

e
R

1
8

1
4im

0

2

(4)

where ε0 is the vacuum permittivity, and R is the radius of the
sphere. The charges inside the metal nanosphere, considered to
reside at its center,26 induce a Coulomb potential energy at the
surface

πε
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where N is the charge state of the NP, which can be either
positive or negative. As we discuss in the Supporting
Information, the contribution to N of the image charges from
the depletion region in the Si substrate is negligible. Combining
ΔWim and ΔWc we get

πε
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where D is the diameter of the sphere.
Using eq 7, we can extract the charge state of the Au NPs as a

function of their diameter. The results are shown in Figure 3a.
We can see that all the Au NPs are negatively charged, and the
number of charges increases with the NP diameter.
To understand the mechanism of the charge storage we

consider the band diagram shown in Figure 3b. The bulk work
function of the n-doped Si is WSi = 4.15 eV. There is a
depletion region near the surface of the Si which contains
positive charge as a result of electron transfer to the Au NP. In
the region containing the GOM there is a potential energy drop
of δ ≈ −0.6 eV due to the dipole moment at the Si-GOM
interface and inside the GOM.27−29 Since our NPs are larger

Figure 3. Charge state sensing and its mechanism. (a) Charge state of the Au NPs as extracted from the measured CPD and from calculations based
on band diagram and capacitance analysis. (b) Band alignment diagram of the Au NP-GOM-Si junctions. The WF difference between charged Au
NP and bulk Au (ΔW) arises mainly due to the Coulomb field produced by the charges inside the NP. The KPFM tip senses the WF of the NPs by
applying a DC tip bias (VDC) to align their vacuum level with that of the tip (eq 1). EF, Fermi level; Evac, vacuum level. ψs: band bending inside Si.
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than 3 nm, their electronic properties are similar to those of
bulk Au.8,9 Therefore, the energy separation between vacuum
level and Fermi level in the NP is nearly the same as that in
bulk Au. Using a Poisson solver (Supporting Information), we
calculated the built-in potential between the Au and the Si
surface to be ϕ = 0.6 V.
To calculate the value of the charge in the Au NP (eN) for

comparison with the measured results, we calculate the
capacitance (C) of a gold sphere separated from a Si surface
by a thin dielectric using a semianalytical formula (Supporting
Information).30 The charge state of the Au NPs was then
calculated using N = −ϕC/e, shown in Figure 3a (blue line).
The calculated values matches with those obtained from the
CPD measurements. The small discrepancies for NPs larger
than 15 nm may arise from the deviation of the NP shape from
a sphere, as we have seen in TEM images (Supporting
Information).
Because the charge state of metal NPs depends on the local

electronic environment, their WF will also reflect local chemical
changes. According to eq 6, the sensitivity of the WF on the
charge state is 2.88 nm·eV/D per charge, which for a 5 nm NP
amounts to ∼0.6 eV. To demonstrate this effect we modified
the surface chemistry of the Si substrate by oxidizing the sample
by exposure to oxygen and measured the resulting change of
WF of the Au NPs. We observed by X-ray photoelectron
spectroscopy (XPS) and UPS that the Si(111) surface was fully
oxidized after 3 days exposure to air, while the Au NPs remain
intact. UPS also showed that the WF of the GOM-covered
surface increased by 0.3 eV. With KPFM we imaged the CPD
of the sample at different oxidation stages, and observed that
the CPD of the GOM surface becomes inhomogeneous when
partially oxidized (Figure 4a), and homogeneous again when
the surface oxidation is complete (Figure 4b). The height
distribution and shape of the Au NPs did not change with
substrate oxidation.
We analyzed the WF and the extracted charge state of the

fully oxidized sample as shown in Figure 4c,d. We observed an
increase of WF for small NPs (5−15 nm), corresponding to a
slight decrease in the amount of stored electrons. This can be
explained by the decrease of capacitance between the Au NPs
and the Si surface, as a result of the increased tunnel barrier
thickness after Si surface oxidation (a quantitative calculation is
shown in the Supporting Information). The WF is weakly
dependent on the size of the NPs after substrate oxidation,
while the charge state is more linearly dependent on the
particle diameter (as shown by eq 7, a size-independent ΔW
leads to N ∝ D). This is a result of the linear dependence of C
on NP size, which approaches the self-capacitance of the NP, as
a result of the decreased coupling between the NP and
substrate when the dielectric thickness increases. The change of
the size-dependence of WF is more pronounced than that of
the charge state, indicating that WF is very sensitive to changes
of charge state. We therefore expect sensing applications where
the chemical environment induces charge state changes of the
metal NPs, which is amplified and detected by WF measure-
ments.
In summary, we found that the work function of Au NPs is

dominantly determined by their charge state and can deviate
strongly from that of bulk Au. We can envision sensing
applications based on this novel phenomenon, where scalable
devices can be made using metal NPs, and the change of their
WF can be detected via nanomechanical or capacitive
measurements. Compared to the previously demonstrated

single electron transistor devices31 that require three terminals
(source and drain need to be within tunneling range to the
nano-island) and low-temperature operation, the WF-based
charge sensing device only requires two terminals (source is
within tunneling range to the NP, while sensing electrode can
be a few nanometers away) and can operate at room
temperature, opening up potential in situ chemical and
biological sensing applications.
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Figure 4. Effect of Si oxidation on the charge state and WF of the Au
NPs. (a,b) CPD images of the sample after exposure in AFM chamber
for 2 days (nitrogen purged, relative humidity below 0.5%) (a) and 3
days in air (b). Scale bar: 200 nm. In (a), the areas circled by white
dashed lines and several other low CPD areas (blue/cyan areas)
correspond to local oxidation spots. In (b) the surface is uniformly
oxidized. (c) WF versus NP size for the fresh sample (same as Figure
2e) and for the fully oxidized sample (3 days exposure to air). (d)
Charge state extracted from the WF in (c) with linear fits.
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