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We have used seanning force microscopy to study localized charge injection and
subsequent charge transport in discontinuous Co/Si0, multilayer structures,
Charge was injected by applying a bias voltage pulse between a conductive
proximal prabe tip and the sample. Electrostatic force microscopy was used to
imapge charged areas, to determine quantitatively the amount of stored charge,
and to characterize charge transport. Charge was deposited controllably and
reproducibly within arcas -20-50 nm in radius and an exponential decay in the
peak charge was observed. The decay times were observed to be dependent on the
nominal Co film thickness and on the sign of the deposited charge, with longer
decay times for positive charge than for negative charge. These results are
interpreted as a consequence of Coulomb-blockade effects, considering charge
transport both within the Co layer as well as from the Co layer into the Si
substrate.
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INTRODUCTION

Dizcontinuous metalfinsulator multilayvers and re-
lated thin-film structures exhibit a variety of proper-
ties of importance for potential applications in high-
density information storage and magnetic field sens-
ing. These materials consist of metal nanoclusters
embedded within an insulating matrix, and in spe-
cific cases, e.g. [Si0,/Col,~5i0,, have been shown to
exhibit negative magnetoresistance due to spin-po-
larized tunneling between the metal particles, satu-
ration of this magnetoresistance at low magnetic
fields'* and storage of electrical charge in the
nanoclusters,” A novel highly-sensitive magnetic field
sensor based on the combination of these charge
storage effects with tunnel-magnetoresistance has
recently been proposed and demonstrated.* The de-
sign and optimization of devices incorporating these
materials require a detailed understanding of the
relevant electrical transport properties, which are
usually investigated in a global manner due to the
large electrode area typically employed. However,
scanning probe techniques make possible the charac-
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terization and manipulation of these properties on a
highly localized basis.

In this paper, we describe detailed characterization
and analysis of proximal-probe-induced local charge
deposition into and removal from Co nanoclusters
embedded in an insulating Si0, film deposited on a i
substrate. Electrostatic force microscopy (EFM) was
used to image charged areas, to determine quantita-
tively the amount of stored charge, and to character-
ize charge transport within the Co layer and into the
Si substrate. Controlled deposition of small numbers
of electrons by a proximal probe is demonstrated and
quantified. Measurements of decay times for positive
and negative charge as a function of nominal Co layer
thickness are presented, and the dynamics of the
charge decay for positively and negatively charged
nanoclusters is analyzed as a consequence of Cou-
lomb-blockade effects at room temperature, consider-
ing a detailed model for charpe transport within the
Co layer as well as from charge Co nanoclusters into
the Si substrate.

SAMPLE PREPARATION AND STRUCTURE

Samples for the charging experiments were pre-
pared by alternating sputtering from two about
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-2.5nmin thickness. The Cowas de sputtered and the
8i0, was rf sputtered. Deposition was performed atl
room temperature with 2 mtorr Ar pressure; the base
pressure in the sputtering system was ~ 10~ torr. The
nominal deposited film structures were Si0.3 nm )/
Co(1.0-2.0 nm¥Si0.(3 nm) as determined from the
deposition times and rates(0.9=1.3 nm/min for the Co
and 2.0-3.0 nm/min for the Si0,), which were eali-
brated by low-angle x-ray reflection. Transmission
electron microscopy (TEM) studies have shown that,
when deposited on Si0,, the Co layeris discontinuous,
as depicted schematically in Fig. 1.9 The nanoscale
structure of the Co layer depends senzitively on the
nominal Co film thickness, and consists of isolated
spherical Co nanoclusters for films with a nominal
thickness of approximately less than 1.4 nm and of a
chain-like arrangement of spherical Co nanoclusters
for nominal thicker films,

EXPERIMENTAL PROCEDURE

Scanning probe studies were performed at room
temperature under ambient conditions using a Digi-
tal Instruments MultiMode ™ Scanning Probe Micro-
scope’ with a heavily doped p-type Si tip. Sample
charging was performed during TappingMode™ ap-
eration by holding the tipat the center of the scan area
for 10 sec with a bias voltage applied to the tip and the
sample grounded, as shown in Fig. 1. During the
charging process, current flows from the tip into the
Colayer as well as from the Colayerinto the substrate
in a manner analogous to the charging process in a
Meating-gate MOS structure. These currents are ini-
tially different due to the different oxide thicknesses
and equilihr.-m- over time ns o CONSHUence of the
adjustments in the eleetrie ficlds across the oxide
layers due to the charpe build-up in the Co cluster.®
Once equilibrium is reached, the charge in the Ca
cluster does not inerease any Turther and its value is
determined by the tip-sample capacitance. We ob-
served little variation in sample charging for charg-
ing times longer than 5 see.

EFM was v=ed 1o image charged pegions and to
estimate the total stored charge, A series of EFM
il'l'i.':lgl_‘s aobtaincd belore and allor charging ot dilfer-
ent bias voltages iz shownin Fig, 2. Charged arcas are
observed ag peaksor dips in the EFM images, depend-
ing on the reliative sigm ol the charging and imaging
voltages. Nocharging wazobserved in o control sample
in which no Co Liver was present. Due to the differ-
ence in retention times, application of a voltage pulse
of opposite sign 1+ 10V for 10 =eci to the charged area
about 30 sec after charging erases the positive charge
almost completely, while the negative charge is over-
written by positive charge, as shown in Fig, 2¢

The contrast observed in the EFM image may be
used to caleulate the total stored charge, Specifically,
the shift Afin the resonant frequency of the cantilever
is related to the force gradient F° = dFidz by the
expression Af=—{ iz Mi2k), where z,= 20 nm is the lift
height during EFM imaging, f, = 232 kHz the cantile-
ver resonant frequency, and k the cantilever spring
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Fig. 1. Schematic diagram showing the S0 /Co/Si0./5 sample
structure and ihe sampie and tip geomelry in the scanning probe
microscope. The charge O deposited in the Co nanocluster layer
induces image charges -0i in tha Si substrate and -0 in the fip,
Additional charges q and —q are present due to the vallage VEFM
applied during imaging

R
(a)
B

. B

Fig. 2, EFM images obtained with imaging voliage VEFM = 1 V
(a) before charging, (b) after charging with + 12 V (laft) and - 12 V right)
tor 10 sec. and (c) after erasing with bias vollages of =10 V (left) and
+10V (right) for 10 sec. respectively, Charged areas are obsarved as
Eright and dark spols

250 nm

constant, which was estimated from the eantilever
peometry to he 90 & 10 N, The foree Fiz) arizes from
Coulomb interactions among the stored charee, its
image charges in the tip and Si substrate, and the
induced charges due to the voltage Vi applied dur-
ingimaging. From an electrostatic analysis of the tip-
sample system modeled using a simple parallel-plate
geomelry, the foree gradient, which contributes to
contrast differences between charged and uncharged
areas, is found to be given approximately by

. I
Figha— 2WQViy 1
by f2+id, +d) e, P

where d, and d. are the thicknesses of the top and
bottom oxide laver, respectively, €0 the relative
dielectric constant of Si0,, and z the tip-sample
distance. Thus, the final contrast observed is
proportional to the stored charge Q and to V. Using
the values for f, k, 2, d,, and d. given above, the total
charge Q is then given by @ = 18 e/V:-Hz Vi, AL
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Fig. 3. Retention limes t, for positive chiarge and ©_for negative charge
and the ratio ¢, /1, plofled as functions of nominal Co lim thickness, as
determined from exponential fits to the peak-height decrease in the
EFM imagas after charging with +12 V and -12 V for 10 sec.
respectively. Because a fixed time window was used o determine the
retention imas, the éxpanential it la the slow decay in posilive charge
tor dg, = 1.8 nm resulted in a large eror bar,
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Fig. 4. Band diagram for charge transpon within the Co film, whera E,
is tha Coulomb-blockade enargy, dsp the spacing betweoen Co clus-
ters, 0. the Co workiunction, X« q the SO, electron alfinity, and q the
electron charge. Holes and electrons experience differant barrier
heights inthe tunneling process due to the Coulomb-blockads energy

RESULTS AND DISCUSSION

We have previously shown, for a sample with a Co
film nominally 1.4 nm in thickness, that charging at
+12Vdeposits or removes approximately one electron
per one to two Co nanoclusters; in addition we ob-
served exponential charge decay with the retention
time 1, for positive charge being significantly larger
than the retention time T for negative charge.® Dis-
charging was assumed Lo occur primarily via tunnel-
ing from the charged Co clusters into the Si substrate.
The difference in retention times for positive and
negative charge was interpreted as a consequence of
the difference in barrier heights for escape of positive
and negative charge, given, respectively, by 6. =9, + E,
and ¢_=¢,- E,, where ¢, = {¢c" + X — Eijf 2 is the
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barrier height of the Co - S10. — 5i tunnel barrier, 6.,
the Co workfunction, . the Si electron affinity, ¥,

the Si0, electron affinity, and q the electron charge,
This difference arises from the non-negligible Cou-
lomb-blockade energy E, = g*i2C,.) of a single Co
cluster with capacitance C,.. Since the dependence of
the tunneling probability T on barrier height ¢ and
barrier thickness d is given approximately by
T« exp(-2d{2mqo / ;) and the retention time is in-
versely proportional to T, the relation between the
decay times should be given approximately by

T BNy g BT L |
— B
T
2y2m d,,
- I+2\'m ——E,
fi I
for K, << qa,, (2

where m iz the electron mass and d.,, the thickness
ofthe lower 8i0, layer. The Coulomb-blockade energy
E, depends strongly on the size and shape of the Co
cluster, and it was therefore expected that the
retention times would depend sirongly on the
nanoscale structure of the Co laver, Specifically, this
simplified model suggests that the difference in
retention times should be large for small nominal Co
film thickness d.,, where the Coulomb-energy E, is
large, and should decreaze with increasing d;, as E,
decreazes.

To test the above model. we measured the charge
retention times T, and 1, as well as their ratio t/1_, ns
funetions of nominal Co film thickness d-,. The reten-
tion times were determined from exponential fits to
the peak-height deerease over time after charging
with a £12V bias voltage pulse 10 secin duration. The
results of these measurements are shown in Fig. 3. ©.
first increases with inereasing d-,, reaching a maxi-
mum for d. = 1.6-1.8 nm, and then decreases and
approaches 1., In contrast, the negative charge reten-
tion time t_shows the opposite hehavior, first decreas-
ing with increasing d,.,, reaching a minimum for d,, =
1.4 nm, and then increazing with increasing d.... As
expected, the retention time for positive charge is
larger than that for negative charge over the entire
range of values of d., and the difference in retention
times becomes smaller as d, inereases, However, the
simplified model deseribed above does not predict the
observed retention time behavior for nominal Co film
thicknesses d., < 1.6-1.8 nm.

To explain more completely the dependence of the
retention times on d;.,, we must consider that dis-
charging can occur within the Co layer as well as from
the Co particles into the Si substrate. The total
retention times t, and © will then be given by

—_—

1 L -t I.II Tl.llli

where t and t are the characteristic retention
times forcharge transport within the Colayverand 1ot
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Fig. 5. Band dragrams for escape of positive charge from a Co cluster
into the Si substrate, where W is the depletion width, ¥, tha build-in
potential, E; the canduction band level, and E, the valence band level

{a) For small Coulomb-blockade energies, inelastic lunnefing of a hole
from the Co cluster info tha conduction band of the semiconductar is
possible. (b) For moderate Coulomb-blockade energies, na hole
stales exisl in the Si layer al energies near the hole energy, making
tunnaling much less probable. (c) For large Coulomb-blockade ener-
gies, tunneling of holes into the valence band of the semiconducior
becomes possibie

and 1 pertain to charge transport from the Co layer
into the 5i substrate, Since the retention times de-
pend strongly on the barrier width as well as the
Coulomb-blockade energy, it is necessary to account
for the nanoscale structure of the Co layer, It is known
from TEM micrographs that the Co layer consists of
isolated spherical clusters for a nominal layer thick-
ness of about 1.4 nm and below, and of chain-like
arrangements of connected spherical particles for

Fig. 6. Band diagram for escape of negative charge from a Co cluster
inlo the Si substrate. Due 1o the band bending in the semiconduclor,
the lunnel barriar widih depends on the Coulomb-blockade energy.
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Fig. 7. Computed values ol 1, and t_ as functions of nominal Co film
thickness, obtained using Egs. 3-7. The compuled resulis are in
qualitative agreamant with the discharging behawviar shown in Fig. 3,
Due to the uncerlainlies in the Coulomb-blockade energy, the spatial
dimensions and experimental measurements, the expenmantally
measured retention times are not guantilatively reproduced,

nominally thicker films.*® Since the Co clusters in-
creasein size with increasing nominal thickness above
L4 nm, the capacitance of these clusters increases
and thus the Coulomb-blockade enerpgy decreases, As
the nominal film thickness decreases below about
1.4 nm, the Co particles remain spherical and the
spacing between the particles increases. Thus, the
Coulomb-blockade energy remains fairly constant
below nominal thicknesses of about 1.4 nm.

The band diagram for discharging within the Co
layer is shown in Fig. 4. For discharging within the Co
layer, the retention times are given hy

J.l'.'m,‘_;
g ¥
where d, is the spacing between the Co clusters and
mg,, and mg,, are the effective masses of holes and
electrons in Si0,, respectively. ™ and 1= increase
exponentially with increasing d,, as the nominal Co
film thickness decreases below 1.4 nm, and approach

- e g
il s (4]
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Equation 5

]
':J-ul = e 'l

Thap s ™ . T 3 e W = L —
!-_J'IE LRl = == ] g e e Ko :'l-\-t-."-. [ - W dmiE
o -

each other as E, decreases for Co films with nominal
thickness above 1.4 nm.

Band diagrams for discharging from a positively
charged Co cluster into the Si substrate are shown in
Fig. 5. We must consider three cases. For small
Coulomb-blockade energies E, kT, where k is the
Boltzmann constant, a hole will tunnel from the Co
cluster into the conduction band of the Si substrate as
shown in Fig. 5a, and T is given in Eq. 5. Equation
5 shows that the barrier hejght is given by
olx) =&y, — Leu, +E,/q+ I:-.'oq'.jx"d-w for
0<x<d., and 0x) =V, +E /q-V,ix-dg, */W?
for 0 <x<dy, + W, ml is the effective hole mass
in Si, W= /2e,V,_ 7(gN,) is the depletion width, e5i
is the Si permittivity, Ny, the dopant concentration in
the Si, and V,, the built-in potential. As the Coulomb-
blockade energy increases with decreasing de,,
iNCreases,

For Coulomb-blockade energies in the range kT <
E, <E, - qV,,~ kT, where E,is the Si bandgap, no hole
states exist on the semiconductor side, as shown in
Fig. b. The tunneling probability becomes very small
and thus the retention time ™ reaches a maximum
value. According to Eq. 3, the total retention time t,
for positive charge will be limited by ¢ in this regime.

Finally, for Coulomb energies E, = E_— qV,, — kT,
tunneling of holes into the valence band 15 possible, as
shown in Fig. 5e, and t= is given by

1, Tml, ™
Rk ; + 13
lacg A Ty, o E g,V (1]

The band diagram for tunneling from a negatively
charged Co cluster into the Si substrate is shown in
Fig. 6. The tunneling barrier width depends on the
Coulomb-blockade energy E, due to the band bending
within the Si substrate layer. t is then given, in a
manner analogous to that used to obtain Eq. 5, by

End

1-1"3{. L

iy | Py B - WV 1 Byl

My Wi (7)
where mg, is the effective electron mass in Si.

The expressions for t , ™, and 1+, derived in
Eqs. 3-7 may be used to analyze the dependence of 7,
on d,. Since exact values for the Coulomb-blockade
energies and the spacings between Co clusters are
unknown, we assumed the following values, which
were believed to be physically reasonable, A value of
3.1 nmwas assumed ford,, ford., = 1.0nm, decreasing
linearly to 3 nm for d,, = 1.4 nm and then remaining

constant for d., = 1.4 nm. E, was assumed to decrease
linearly from 0.11 eV to 0.01 ¢V for d, increasing from
1.0 nm to 2.0 nm, The computed dependence of 1, and
1 on d,., qualitatively reproduces the experimentally
observed dependence quite closely. However, discrep-
ancies exist in the exact values due to the large
uncertainties in bath the above estimated values as
waoll as in the mensurements.

CONCLUSIONS

Scanning probe techniques were used to
demonstrate and characterize local charge deposition
and trangport in Co nanoclusters embedded in an
insulating $i0, matrix. Positive and negative charges
can be deposited controllably and reproducibly. The
charge decays over several minutes with part of it
spreading out in the discontinuous Co film and the
rest tunneling into the Si substrate. The charge
retention times T_for positive charge and © for negative
charge as well as their ratio depend strongly on the
nanoscale structure of the discontinuous metal cluster
film. These results were interpreted as a consequence
of Coulomb-blockade effects, and a detailed model
considering charge transport within the Co layer as
well as from the Co cluster into the Si substrate was
used to explain qualitatively the dependence of the
retention times on the nanoscale Co film structure.
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