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Charge storage in Co nanoclusters embedded in SiO 2 by scanning
force microscopy
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Scanning force microscopy was used to study localized charge deposition and subsequent transport
in Co nanoclusters embedded in SiO2 deposited on ann-type Si substrate. Co nanoclusters were
charged by applying a bias voltage pulse between tip and sample, and electrostatic force microscopy
was used to image charged areas, to determine quantitatively the amount of stored charge, and to
characterize the discharging process. Charge was deposited controllably and reproducibly within
areas;20–50 nm in radius, and an exponential decay in the peak charge density was observed.
Longer decay times were measured for positive than for negative charge; this is interpreted as a
consequence of the Coulomb-blockade energy associated with single-electron charging of the Co
nanoclusters. ©1999 American Institute of Physics.@S0003-6951~99!01803-3#
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Discontinuous metal/insulator multilayers exhibit a va
ety of properties of importance for potential applications
magnetic recording, the most notable being negative mag
toresistance due to spin-polarized tunneling between
metal particles and saturation of this magnetoresistanc
low magnetic fields.1,2 The transport properties of these m
terials are of key importance for sensor applications, but
usually observed globally due to the large electrode a
typically employed. However, the scanning pro
microscope3 ~SPM! provides a method to characterize the
properties locally: previous studies have demonstrated l
charging of insulator films4,5 and nitride-oxide-
semiconductor structures,6,7 and imaging of the deposite
charge by scanning probe techniques.

In this letter, we describe local charging by a conduct
scanning probe tip of a thin film consisting of Co nanoclu
ters embedded in insulating SiO2, deposited on a Si sub
strate. Electrostatic force microscopy~EFM! was used to
characterize the local charge density in the Co layer, and
carrier transport both within the discontinuous Co layer a
between the Co layer and the Si substrate. Controlled de
sition of small numbers of electrons by a proximal probe
demonstrated and quantified; charge decay time is chara
ized as a function of carrier type and layer structure, a
evidence of Coulomb-blockade effects is observed at ro
temperature in the dynamics of charge decay for positiv
and negatively charged nanoclusters.

Samples were prepared by alternating sputtering fr
two separate targets onto ann-type Si ~100! substrate cov-
ered with a native oxide layer~;2.5 nm in thickness!. The
Co was direct current~dc! sputtered and the SiO2 was radio
frequency~rf! sputtered. Deposition was performed at roo
temperature with 2 mTorr Ar pressure. The base pressur
the sputtering system was;1027 Torr. The nominal depos

a!Electronic mail: ety@ece.ucsd.edu
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ited film structure is SiO2~3 nm!/Co~1.4 nm!/ SiO2~3 nm!, as
determined from the deposition rates~0.9–1.3 nm/min for
the Co and 2.0–3.0 nm/min for the SiO2), calibrated by low-
angle x-ray reflection. Transmission electron microsco
~TEM! studies have shown that, when deposited on SiO2, the
Co layer is discontinuous with formation of C
nanoclusters,8,9 as depicted in Fig. 1.

Scanning probe studies were performed at room te
perature under ambient conditions using a Digital Inst
ments MultiMode™ Scanning Probe Microscope10 with a
heavily dopedp1-Si tip. Sample charging was achieved du
ing TappingMode™ operation9 by holding the tip at the cen
ter of the scan area for 10 s with a bias voltage applied to
tip and the sample grounded, as shown in Fig. 1, caus
carriers to tunnel between the tip and the Co layer. Lit
variation in sample charging was observed for charg
times ranging from 5 to 30 s. EFM was used to ima
charged regions and to estimate the total stored charg
series of EFM images obtained before and after chargin
different bias voltages is shown in Fig. 2. Charged areas
observed as peaks or dips in the EFM images, dependin
the relative sign of the charging and imaging voltages.

FIG. 1. Schematic diagram of the SiO2 /Co/SiO2 /Si sample structure, probe
tip, and voltage bias connections. The chargeQ deposited in the Co layer
induces image charges2Qi in the Si substrate and2Qi8 in the tip.
© 1999 American Institute of Physics
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charging was observed in a control sample in which no
layer was present.

The contrast observed in the EFM image may be use
calculate the total stored chargeQ. Specifically, the shiftD f
in the resonant frequency of the cantilever is related to
force gradient F8[dF/dz by expression D f
52 f 0f 8(z0)/(2k),11 wherez0520 nm is the lift height dur-
ing EFM imaging,f 05232 kHz the cantilever resonant fre
quency, andk the cantilever spring constant, which was e
timated from the lever geometry to be 90610 N/m. The
force F(z) arises from Coulomb interactions of the stor
charge, its image charges in the tip and Si substrate, and
induced charges due to the voltageVEFM applied during im-
aging. From an electrostatic analysis of the tip-sample s
tem modeled using a simple parallel-plate geometry,
force is found to be given by

F~z!5
1

~z1~d11d2!/eSiO2
!2

3S 2
d2

2Q2

eSiO2

2e0A
1

2d2QVEFM

eSiO2

1
e0AVEFM

2

2 D , ~1!

whered1 and d2 are the thicknesses of the top and botto
oxide layer, respectively,eSiO2

the relative dielectric constan
of SiO2, z the tip-sample separation, andA the area of the
charged region. Model calculations suggest that the first t
in the bracket in Eq.~1! is small, a conclusion supported b
measurements withVEFM50 V showing no contrast differ-
ence between charged and uncharged regions. The third
in the bracket is independent of the stored charge and yi
a constant background frequency shift at all points in
EFM image. Thus, the final contrast observed is proportio
to the stored chargeQ and to VEFM. Using the value for
f 0 , k, z, d1, andd2 given above, the total chargeQ is then
given byQ51862 eV HzVEFM D f .

Figure 3 shows the charge deposited in the Co lay
calculated from the contrast measured in EFM images in
manner described above, as a function of the charging v
ageVch. A positive bias applied to the tip results in a pos
tive charge in the Co layer, from which we conclude th
charge transfer occurs between the tip and the Co la
rather than from the Si substrate. The measured depend
of deposited charge onVch, shown in Fig. 3, yields a value
for the tip-sample capacitanceCm51.7660.02 eV. The
charged areaA may then be deduced from an analysis of t

FIG. 2. EFM images obtained with positive and negative bias~a! before
charging, and after charging with~b! 12 and~c! 212 V. Charged areas ar
observed as bright and dark spots for EFM bias and charging voltages o
same and opposite sign, respectively.
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tip-induced charging process. Charging occurs while the
is oscillating, with an average capacitance given by

c̄5
e0A

2B E
0

2B 1

z1~d11d2!/eSiO2

dz, ~2!

whereB590 nm is the measured amplitude of the tip osc
lation. By requiring thatC̄5Cm we deduce a value for the
charged areaA of ;1300 nm2, corresponding to a disk with
a radius of;20 nm, which is in reasonable agreement of t
radius of the charged region of 70–100 nm in the EFM i
ages minus the tip radius of 10–20 nm. TEM images
similar samples show that approximately 20–40 Co na
clusters are present within an area of the size.8,9 Thus, charg-
ing at 612 V deposits or removes approximately one ele
tron per Co nanocluster.

Figure 4 shows EFM images of a charged region
150, and 330 s after charging. The charged region can
seen to increase slightly in area over time, with the contr
between charged and uncharged regions decreasing stro
These observations indicate that most of the stored ch
tunnels into the Si substrate, with some carrier transport a
occurring between Co nanoclusters. This conclusion is s
ported by measurements performed on structures with a t
SiO2 layer beneath the Co layer, in which much long
charge decay times were observed. Figure 5 shows the d
in charge for regions charged at 12 and212 V. The charge

he

FIG. 3. Initially deposited charge as a function of charging voltage. The
represents a linear fitQ5CmVch with Cm51.7660.02 eV.

FIG. 4. EFM images~a! 30, ~b! 150, and~c! 330 s after charging at 12 V
showing a gradual decrease in peak charge density and slight increa
area.
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decay appears exponential in both cases, but with diffe
decay timest1 and t2 for positive and negative store
charge, respectively.

We interpret the difference in the decay times for po
tive and negative charging as a consequence of the Coul
blockade energy for charging of the Co nanoclusters. To t
nel from a Co nanocluster with a single negative charge
the Si substrate, an electron must overcome a potential
rier f15fCo2exSiO2

2E0 wherefCo is the Co work func-
tion, xSiO2

the SiO2 electron affinity, andE05e2/(2CCo) the
single-electron charging energy12 of a Co nanocluster with
capacitanceCCo. To escape from a nanocluster with a sing
positive charge, a hole must overcome a potential bar
f25fCo2exSiO2

1E0. Since the tunneling probabilityT
varies with barrier heightf and barrier thicknessd as T
;exp(22dA2mef/\), the relation between the decay tim
is given approximately by

t1

t2
'e

2d2A2me

\
~Af22Af1!, ~3!

wherem is the electron mass andd2 the lower SiO2 layer
thickness. Solving Eq.~3! for the charging energy and usin
the measured values fort1 and t2 , we obtainE053366
meV. TEM images of similar structures show spherical
particles;1.5 nm in radius in chain-like arrangements wi

FIG. 5. Decay of stored charge forVch512 ~top! and 212 V ~bottom!.
Symbols are experimental data, and the solid lines are fitted curves
functional formQ(t)5Q0 exp(2t/t6).
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typical lengths of 3–6 particles.8,9 The charging energy o
such nanoclusters is approximately 31610 meV, which is in
very good agreement with the value estimated from m
sured decay times. Measurements on samples with large
clusters show that the difference betweent1 and t2 de-
creases as the Co cluster size increases, as expected
E0, and thereforef22f1, decrease with increasing cluste
size.

In summary, we have used scanning probe technique
demonstrate and characterize local charge deposition
transport in Co nanoclusters embedded in an insulating S2

matrix. Positive and negative charge can be deposited c
trollably and reproducibly in such nanoclusters, typically
quantities of;5–20 electrons within areas 30–50 nm in r
dius. The charge decays over several minutes, with the de
time for positively charged nanoclusters being substanti
larger than that for negatively charged nanoclusters. This
ference is interpreted as a consequence of the Coul
blockade energy associated with single-electron chargin
Co nanoclusters.
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