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Coulomb blockade in silicon nano-pillars
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We have investigated the current–voltage characteristics of nano-pillars of polycrystalline silicon
with two 2–3 nm thick silicon nitride tunnel barriers. Pillars with diameters between 45 and 100 nm
showed a Coulomb blockade region and Coulomb staircase at 4.2 K. ©1999 American Institute
of Physics.@S0003-6951~99!01515-6#
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Investigations of electron transport in nano-pillars
GaAs/GaAlAs heterostructures with well-defined barrie
have shown Coulomb blockade oscillations as individ
electrons are added to a quantum dot.1 Similar structures in
silicon are attractive because they are compact, have h
well-defined barrier heights, and are compatible with silic
technology. They also have advantages over lateral st
tures in disordered materials which show Coulomb block
but do not always give a well-defined and reproducible nu
ber of islands and also over patterned nano-structures
duced by lithography which present considerable fabrica
challenges to obtain reproducible geometries and ba
heights. Fukudaet al.2 demonstrated that ultrathin Si3N4 bar-
riers can be formed in silicon pillars. We have fabricat
such pillars using a silicon and silicon nitride layer structu
and we present electrical characteristics of these pillars.

Figure 1~a! shows a schematic of the device structu
The polycrystalline silicon~polysilicon! was grown by low
pressure chemical vapor deposition and phosphorous d
to 1019cm23 throughout. The wafer was heated to 900 °C
ammonia to produce a self-limiting 2 nm thick silicon nitrid
layer without breaking the vacuum. After further polysilico
growth a second nitride layer was grown and finally, t
layers were completed with a polysilicon layer.

The pillars are defined using high resolution electr
beam lithography in poly~methylmethacrylate! resist fol-
lowed by gold evaporation and lift off to form the top co
tact. Reactive ion etching using a combination of SiCl4 and
CF4 was used to provide a highly anisotropic etch whi
formed pillars with almost vertical side walls. A scannin
electron micrograph of a pillar, showing the polysilicon a
silicon nitride layers, is shown in Fig. 1~b!. Planarization of
the pillars was performed by spin coating and curing a po
imide film and etching back to the pillar tops so that elec
cal contacts can be made to the gold dot on top of the pi

Pillars with diameters between 45 and 100 nm w
tested. Zero current regions in the range 5 to 25 mV h
been recorded. The current–voltage (I –V) characteristics of
most pillars show a staircase and are not symmetrical at
K. The I –V characteristics for the devices with zero curre

a!Electronic mail: halo@phy.cam.ac.uk
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regions larger than about 20 mV also showed slight cond
tance oscillations at 77 K. Negative differential conductan
~NDC! on the first current step was observed for some
lars. Typical results for 50, 65, and 75 nm diameter pilla
are included here.

The I –V characteristics and differential conductance
4.2 K for a 50 nm diameter pillar are shown in Fig. 2. A ze
current region can be seen around zero source-drain vol
extending to66 mV. At higher voltages there is clear ev
dence of conductance oscillations giving a current platea
614 mV and less clear second plateau around625 mV.

Figure 3 shows the source-drain current and differen
conductance characteristics at 4.2 K for a larger 75 nm
ameter pillar. For this device there is a less clear zero cur
region than for the 50 nm diameter pillar but five clear d
ferential conductance minima~current plateaux! can be seen
at positive values of applied voltage with the first at about
mV and there are three less clear conductance oscillation
negative applied voltages.

The 75 nm diameter device was tested again after dr
ing a current of 250 pA through the device. Figure 4 sho
the same device before and after a 150 mV bias had b
applied. After the bias had been applied a clear zero cur
region extending to612 mV is seen and the current stairca
shifted. The first differential conductance minimum is no

FIG. 1. ~a! A schematic of the device structure.~b! A pillar, larger than
those measured here, showing the two silicon nitride layers.
1 © 1999 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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around 124 mV, but the separation between the steps
similar to that before the stress bias was applied. T
changes remained for a few hours and disappeared overn
reappearing when 150 mV was applied again the next d
Slight conductance oscillations were seen at 77 K for t
device, but the conductance did not go to zero near 0 V

The I –V characteristics and differential conductance
4.2 K for a 65 nm diameter pillar are shown in Fig. 5. T
low conductance region is about 6 mV wide and differen
conductance minima can be seen for positive and nega
values of applied voltage. Negative differential conductan
is seen around114 mV.

The electrical results are consistent with the theory
Coulomb blockade.3,4 The zero current around 0 V bias is
clearly seen. Our device is expected to have different bar
resistances and asymmetry in the barriers leads to the ap
ance of a Coulomb staircase and accounts for the diffe
characteristics in forward and reverse bias. From Fig. 2,
can see that the separation between adjacent steps of
11 mV is equal to the Coulomb gap~to within the measure-

FIG. 2. TheI –V and differential conductance characteristics of a 50
diameter pillar at 4.2 K.

FIG. 3. TheI –V and differential conductance characteristics of a 75
diameter pillar at 4.2 K.
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ment errors!. This is as predicted for the case of near ze
offset charge on the island. The step separation gives a
culated value for the junction capacitance of 7 aF which
similar to the value of the junction capacitance obtained
treating the silicon nitride layer as the dielectric of a para
plate capacitor.

For the 75 nm device the separation between curr
steps is approximately constant at 15 mV for the first fo
steps. At higher currents the steps are less distinct and so
harder to pinpoint accurately. The estimated junction cap
tance of 5 aF is similar to that for the 50 nm pillar.

The observation of only slight conductance oscillatio
at 77 K compared with those at 4.2 K is also consistent w
the Coulomb blockade effect as an explanation for our
sults since the thermal energy of 7 meV at 77 K is approa
ing the island charging energy of 15 meV so the oscillatio
are almost smeared out by thermal effects.

The behavior shown in Fig. 4 can be explained by t
excess voltage bias causing one or more traps in an inter
near to the island to be filled which alters the offset charge

FIG. 4. TheI –V characteristic of the 75 nm diameter pillar before and af
a source-drain voltage of 150 mV was applied, drawing a current of 250
through the device.

FIG. 5. TheI –V and differential conductance characteristics of a 65 n
diameter pillar at 4.2 K.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



b
s
g

nd
om
T
e
n
b

o
dg
o
is
i
a

e
ila
co

a
ri

an
co
a

o
t

s
ad

two
era-

rier
the

al
ra-
be-

b
is-
ct
as

e

ys.

Y.

s.

2193Appl. Phys. Lett., Vol. 74, No. 15, 12 April 1999 Pooley et al.
the vicinity of the island and causes the staircase to
shifted. The separation between the current steps remain
same, while the Coulomb gap is altered due to the chan
offset charge. After the charge has been trapped, the isla
near to the zero net offset charge state since the Coul
gap is nearly twice the separation between current steps.
is similar to the effect that a gate would have in a thr
terminal device. This behavior was only observed in o
pillar but is included here as it lends weight to the Coulom
blockade explanation.

The NDC shown in Fig. 5 is thought to be due to res
nant tunnelling of electrons. When the conduction band e
of the drain lines up with the first available electron state
the island, electrons can tunnel from the drain onto the
land. At a slightly higher voltage, the resonance condition
no longer satisfied and the current is reduced leading to
NDC characteristic. A low peak to valley ratio is seen b
cause of the various disorder effects in our system. Sim
effects have been observed in lateral disordered sili
structures.5,6

Transport in polysilicon nanowires has shown nonline
effects because of potential barriers at the grain bounda
which can act as tunnel barriers at low temperatures.7,8 How-
ever, our pillars have a cross-sectional area which is m
times greater than in these devices and many parallel
duction paths exist through the polysilicon. The pillars me
sured here are likely to be wide and short enough that str
potential barriers at some grain boundaries are shorted ou
low resistance pathways through others. Measurement
single barrier devices have shown some Coulomb block
Downloaded 21 Jul 2008 to 152.78.61.227. Redistribution subject to AIP
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like effects, but these were less pronounced than in the
barrier devices. Devices were measured at various temp
tures and a plot of log~I! vs 1/T (K) showed that the block-
ade effect was stronger for the two barrier devices.

The results are shown for a single island, double bar
device but the layer structure can be extended to increase
number of islands, making the fabrication of vertic
multiple-tunnel junctions possible. The operating tempe
tures can be raised by reducing the polysilicon thickness
tween two silicon nitride tunnel barriers.

In conclusion, we have shown evidence for Coulom
blockade in vertical polysilicon structures with a single
land formed by two silicon nitride barriers. A memory effe
thought to be due to charging in the vicinity of the island h
also been observed in one sample.

The authors would like to thank Dr. N. Lloyd from th
University of Southampton for wafer growth.
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