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Coulomb blockade effects and conduction mechanism in extremely thin
polycrystalline-silicon wires

Kensaku Kawamura, Toshirou Kidera, Anri Nakajima,a) and Shin Yokoyama
Research Center for Nanodevices and Systems, Hiroshima University, 1-4-2 Kagamiyama,
Higashi-Hiroshima, 739-8527, Japan

~Received 14 August 2001; accepted for publication 4 February 2002!

Narrow ~>95 nm! and extremely thin~;7 nm! heavily phosphorous-doped polycrystalline-silicon
~poly-Si! wires were fabricated by low-pressure chemical vapor deposition. The electrical
conduction mechanism has been investigated at low temperatures~down to;5 K!, and observation
by transmission electron microscopy~TEM! was carried out. Single-electron effects such as
Coulomb oscillations have been observed at temperatures up to 80 K. The size of the island in the
poly-Si wires was estimated from the electrical properties, and it was in the same order as the grain
size of the poly-Si measured by TEM. A maximum tunnel barrier height of;26 meV of the poly-Si
grain boundary is obtained from the temperature dependence of the conductance of the sample. A
model for the electronic conduction through multiple islands was proposed from the width
dependence of their electrical properties. ©2002 American Institute of Physics.
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I. INTRODUCTION

Polycrystalline-silicon~poly-Si! is widely used as a key
material in ultralarge-scale integrated circuits~ULSIs!. With
a reduction in the size of electronic devices, the thickn
and width of the poly-Si wires decrease and may ultimat
approach a limit where the presence of a single-electron
fect determines the ‘‘on’’ and ‘‘off’’ states of the devices.1–4

The thickness of thin film transistors and the width of t
gate in the metal–oxide–semiconductor field-effect transi
are typical examples of reduction.

When the size of the poly-Si wire enters the nanosc
regime, single-electron charging effects appear at aro
room temperature and significantly influence electron tra
port in the devices. Therefore, it is necessary to clarify
influence of these single-electron charging effects in orde
utilize ultrasmall poly-Si wires in the near future.

The structural characteristics of the poly-Si wir
strongly depend on the deposition method and conditio
and directly influence the electrical properties. Nget al.5 ex-
amined the effect of wire length on the single-electron eff
in ultrathin ~;7 nm! wires of nanocrystalline silicon fabri
cated by electron-beam annealing of recrystallized hydro
nated amorphous silicon~a-Si! deposited by plasma
enhanced chemical vapor deposition~PECVD!. In their work
long wires of micron-scale length and 50 nm width we
likely to exhibit the Coulomb blockade effect at a high tem
perature of 70 K. Furthermore, Tanet al.6 also showed the
single-electron effect at 15 K in 14-nm-thick poly-Si wire
~30–90 nm widths! fabricated by annealinga-Si deposited
by PECVD. Yano et al.1 have demonstrated room
temperature operation of a single-electron memory in ul
thin ~4 nm! undoped poly-Si film formed by solid-phas
crystallization ofa-Si deposited by low-pressure chemic

a!Electronic mail: nakajima@sxsys.hiroshima-u.ac.jp
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vapor deposition~LPCVD!. However, only a few studies
have been reported on the single-electron effect in hea
doped poly-Si wires fabricated by LPCVD, which are mo
commonly used in ULSI processes.

In this article, we report detailed electrical and structu
characteristics of heavily doped narrow and extremely t
poly-Si wires fabricated by LPCVD. We discuss the condu
tion mechanism, paying particular attention to the dep
dence on the wire width. We show that multiple islands
series connection contribute to the low-temperature elec
conduction in the poly-Si wires, and that the Coulomb g
increases with decreasing wire width. We propose a mo
for the conduction mechanism in poly-Si wires of vario
widths, based on the experimental results.

II. EXPERIMENT

Thermal SiO2 150-nm-thick was grown onp-type Si
substrate witĥ 100& crystal orientation and a resistivity o
8–12 V•cm, by wet oxidation at 1000 °C. Then,a-Si was
deposited on the SiO2 film at 520 °C by LPCVD using SiH4
and polycrystallized by annealing at 650 °C for 10 min in N2

ambient. This two-step process is effective for obtaining
smooth surface. The average sample thicknesses were;7,
;10, and;82 nm. Doping of these samples was carried o
by POCl3 diffusion at 900 °C for 150 s~;7 nm!, 60 s~;10
nm!, and 300 s~;82 nm!. We estimated the doping level o
the poly-Si film by secondary ion mass spectroscopy~SIMS!
analysis. The thickness of poly-Si film used for the SIM
measurement was;10 nm, and doping was carried out b
POCl3 diffusion at 900 °C for 150 s. The obtained dopin
level was about 331020 cm23. Since the temperature an
the time of POCl3 diffusion were the same as those for th
thinner sample of;7 nm poly-Si, the doping level for the
sample of;7 nm thickness was considered to be around
above 331020 cm23. The doped poly-Si wires were forme
3 © 2002 American Institute of Physics
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by electron-beam lithography and dry etching using the e
tron cyclotron resonance etcher. Figure 1~a! shows a sche-
matic drawing of the fabricated narrow, extremely th
poly-Si wire. The transistor operation was achieved using
substrate as a gate. Figure 1~b! shows a plan-view scannin
electron micrograph of the fabricated poly-Si wire; the w
length and the width were 5mm and 175 nm, respectively
The passivation SiO2 film was deposited by atmospheric
pressure chemical vapor deposition at 400 °C using S4

1O2. The contact holes were formed by wet etching, and
Al electrode was formed by sputter deposition and wet et
ing. Finally, the sample was annealed at 400 °C for 30 min
a H21N2 mixture to reduce the contact resistance. T
nominal wire length and the width of the fabricated patte
were 4, 5, 7mm and 95–2000 nm, respectively.

We studied the microstructure of the fabricated poly
wires via transmission electron microscopy~TEM! with a
Hitachi HF-2100 operated at 200 kV. We prepared the cr
sectional TEM samples using focused ion beam etching w
Ga ions. Current–voltage~I –V! measurements were pe
formed with a HP 4156A semiconductor parameter analy
Low-temperature measurements were carried out wit
cryogenic manipulated probe system~HYTT-01! in the tem-
perature range from 4.2 to 300 K.

III. RESULTS AND DISCUSSION

A. Thickness dependence

We investigated the thickness dependence of the C
lomb gap. Figure 2 shows drain current (I d) versus drain
voltage (Vd) characteristics for three samples with differe
average thicknesses. The measurement temperature w
K. The nominal length and width of the three samples w
almost the same. The Coulomb gap is defined as the vol
region in the central area of theI d–Vd curve where the ab
solute value of the current is lower than 30 fA, because
minimum measurable current with our experimental setu

FIG. 1. ~a! Schematic diagram of fabricated transistor structure with a n
row, extremely thin poly-Si wire. The average sample thicknesses are;7,
;10, and;82 nm. The nominal wire lengthL and the widthW of the
fabricated pattern are 4, 5, and 7mm and 95–2000 nm, respectively.~b!
Plan-view SEM of the fabricated poly-Si wire. The wire length and t
width are 5mm and 175 nm, respectively.
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30 fA. It is observed in Fig. 2 that the Coulomb gap becom
small with increasing thickness. With the thickness of;82
nm, the Coulomb gap could not be observed.

Cross sectional microstructures of the three kinds
poly-Si wires with different thicknesses are shown in Fig.
The average poly-Si film thicknesses measured by T
were~a! ;7 nm ~from 4 to 9 nm!, ~b! ;10 nm~from 8 to 12
nm!, and~c! ;82 nm~from 80 to 86 nm!. The grain sizes in
the three samples measured by TEM varied:~a! from 14 to
60 nm,~b! from 20 to 80 nm, and~c! from 35 to 80 nm. The
grain boundaries between the grains can be seen as re
without the crystal orientation, by TEM. The grain bounda
as seen by TEM is considered to consist of amorphous
terial or a layer of highly disordered atoms. Figure 3 sho
that the height of the poly-Si grains is nearly equal to t
film thickness and that the lateral size of the grains increa
with increasing thickness of the poly-Si film. One possib
reason for this thickness dependence of the Coulomb ga
Fig. 2 is that poly-Si grains are the islands responsible for

r-

FIG. 2. Drain current (I d) vs drain voltage (Vd) characteristics for three
samples with different poly-Si thicknesses. Gate voltageVg is 0.0 V. The
measurement temperature is 10 K. The nominal length~5 mm! and width
~100 nm! of the three samples are almost constant. The average thickne
of the three samples are;7 nm ~from 4 to 9 nm!, ;10 nm ~from 8 to 12
nm!, and;82 nm ~from 80 to 86 nm!.

FIG. 3. Cross sectional TEM micrographs of the fabricated poly-Si wir
The average thicknesses of the poly-Si wires are~a! ;7 nm, ~b! ;10 nm,
and ~c! ;82 nm.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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gap. Since the island becomes larger with increasing sam
thickness, the total capacitance of islands becomes high
increasing sample thickness. This leads to the low charg
energy of the islands and the small Coulomb gap.

B. Coulomb blockade and oscillation characteristics

Figure 4 shows theI d versusVd characteristics as a
function of substrate voltage (Vg) at 6 K. The average thick
ness of the poly-Si wire is;7 nm. Figure 4~a! showsI d–Vd

curves forVg from 0.0 to 17.0 V inVg steps of 0.5 V. Each
curve is offset by 0.5 pA ofI d for clarity. Figure 4~b! shows
I d–Vd curves forVg from 8.0 to 19.9 V inVg steps of 0.1 V.
Each curve is offset by 0.2 pA ofI d . A zero-current Cou-
lomb gap region and the modulation of the Coulomb gap
Vg are clearly observed. When the electron conduction
curs through a single-Coulomb island, a regular diamo
like pattern of characteristics of the same size should ap
periodically with the gate voltage. Since the sizes of the p
terns in Fig. 4 are not constant, the electron conduction
thought to be through multiple Coulomb islands of vario
sizes, giving rise to fluctuation in the Coulomb gap. It
noted that in Fig. 4, the Coulomb gap is extremely large
the Vg region nearVg50 V. The reason for this may be th
change in effective island size due to the change in the Fe
level with gate bias voltage.1,6Also, there is a possibility tha

FIG. 4. I d vs Vd characteristics as a function of substrate voltage (Vg) at 6
K~a! Vg from 0.0 to 17.0 V inVg steps of 0.5 V. Each curve is offset by 0.
pA of I d for clarity. ~b! Vg from 8.0 to 19.9 V inVg steps of 0.1 V. Each
curve is offset by 0.2 pA. The nominal wire length and width are 5mm and
170 nm, respectively. The average thickness of the poly-Si wire is;7 nm.
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the potential fluctuation in a poly-Si grain due to the imp
rity fluctuation has an influence on the size of the island a
the Coulomb gap. However, the dopants are thought to
preferentially in the poly-Si grain boundary region formin
the potential barriers as described later~Sec. III C!. Thus, the
potential fluctuation in a grain is thought to be small co
pared to the barrier height at grain boundary. Therefore,
think the effect of the impurity fluctuation in a grain on th
island size is small.

Figure 5 shows the temperature dependence ofI d versus
Vg characteristics. The nominal wire length and width wer
mm and 120 nm, respectively. The average thickness of
poly-Si wire was;7 nm. Complex, but reproducible Cou
lomb oscillations are seen in Fig. 5. Since a single isla
would produce a simple periodic current oscillation, the o
served complex Coulomb oscillations can not be explain
by a single-island system. The number of observed pe
originating from the Coulomb oscillations gradually in
creases with rising temperature. A few irregular peaks
expected in the Coulomb oscillation for multiple islands
series according to Ruzinet al.,7 because the coincidence i
electrochemical potential among multiple islands in ser
connection does not occur simultaneously at low tempe
tures and low drain voltage. Ruzinet al.7 demonstrated theo
retically that the number of peaks of Coulomb oscillati
increases with increasing temperature due to the ther
broadening of the energy levels in two islands connected
series. Moreover, Kemerink and Molenkamp8 experimentally
observed the increase in the number of peaks with increa
temperature for a double-island system connected in serie
the ~Al,Ga!As heterostructure. Here, we have also observ
for the poly-Si wire, that the number of peaks of Coulom
oscillation increased with increasing temperature for
multiple-island system. For a single-Coulomb island, n
glecting quantum confinement effects,9,10 the condition re-
quired for observing a conductance peak is given by11

FIG. 5. I d vs Vg characteristics at three different temperatures:~a! T510 K,
~b! T58 K, ~c! T55 K. Vd is 10 mV. The nominal wire length and width
are 4mm and 120 nm, respectively. The average thickness of the pol
wire is ;7 nm.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Vg5
e

Cg
S n1

1

2D , n50,61,62,... , ~1!

whereCg is the island-to-gate capacitance ande is the elec-
tron charge. For electrical conduction to occur in multip
islands connected in series, electrochemical potentials
each island must be in the same level within the limits i
posed by thermal smearing. At low but finite temperatur
this implies

UeVg2S nm1
1

2DDmU<kBT, n51,2,... , ~2!

wherekBT is the thermal energy,nm is the number of elec-
trons on themth island, andDm5e2/Cgm ~Cgm is Cg of the
mth Coulomb island!. Therefore, condition~2! will rarely be
fulfilled simultaneously at low temperatures (kBT
!D1/2, D2 / 2,...). This leads to fewer conductance peak
Since kBT determines the allowable mismatch among
electrochemical potentials of all of the islands, the numbe
Vg values of which condition~2! is fulfilled increases with
increasing temperature.8

Figure 6 showsI d versusVg characteristics with a pa
rameter ofVd ~18 and 26 mV! at 5 K. The plot forVd510
mV is the same as that in Fig. 5~c!. As Vd increases~from 10
to 18 and 26 mV!, new peaks due to the Coulomb oscillatio
appear, and finally the peaks of Coulomb oscillation beco
periodic~at Vd526 mV!. This period corresponds to theCg

for the largest island in the wire, as follows. The peri
(DVg) of Coulomb oscillation is about 0.1 V, as shown
Fig. 6~a!. From Cg5e/DVg , Cg is estimated to be 1.6 aF
Assuming thatCg is a simple parallel-plate capacitor whe
the plate separation is equal to the SiO2 thickness~150 nm!,
the island size is estimated to be 90 nm. This is close to
large grain size~60 nm! observed in the cross sectional TE
micrograph shown in Fig. 3~a!. An amplitude modulation of
the Coulomb oscillations is also seen asVd is increased to 26
mV. This modulation is considered to be due to the differ
periods of Coulomb oscillations for the other smaller islan
These results of the drain voltage dependence of Coulo

FIG. 6. I d vs Vg characteristics at two different drain voltages:~a! Vd526
mV and ~b! Vd518 mV. The graph forVd510 mV is the same as tha
shown in Fig. 5~c!. The measurement temperature was 5 K. The nom
wire length and width are 4mm and 120 nm, respectively. The averag
thickness of the poly-Si wire is;7 nm.
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oscillations indicate that the tunneling process occurs in
nonresonant inelastic tunneling mode in our experiment.12 In
nonresonant inelastic tunneling, an electron can tun
through the multiple barriers between two adjacent isla
nonresonantly by emitting acoustic phonons.12 Wang and
Tarucha12 observed that irregular Coulomb oscillation pea
were observed at low drain voltages and the number of
peaks increases with increasing drain voltage for an as
metric double-island system connected in series in a pse
morphic AlGaAs/InGaAs/GaAs modulation-doped hete
structure. Furthermore, they reported that the irregu
Coulomb oscillations change into periodic oscillations w
increasing drain voltage.12 They interpreted their results in
terms of the stochastic Coulomb blockade model and n
resonant inelastic tunneling. We have also observed that
Coulomb oscillations become periodic with increasing dr
voltage in our multiple-island Si system~see Fig. 6!.

Figure 7 shows the temperature dependence ofI d versus
Vd characteristics. Here,Vg is 0.0 V. As the temperature
increases, the voltage range corresponding to the zero cu
region in the central area of theI–V curve decreases. A non
linearity in theI d versusVd curves is observed up to abou
80 K ~not shown in Fig. 7!. However, the Coulomb gap
where the current level is the noise level remains up to ab
40 K in this sample. Cordanet al.13 reported that the Cou
lomb gap disappears at a much lower temperature than
where the nonlinearity disappears in the two-dimensio
~2D! array of disordered islands. They insisted that the
crease in the critical temperature of the disappearance o
Coulomb gap is related to the change in conduction p
with temperature in the 2D disordered array. In addition,
conduction path can also be changed withVg . Therefore, it
is complex and difficult to estimate the charging energy
the islands from this temperature dependence of the C
lomb gap.

Tan et al.6 estimated the charging energy of the min
mum island and its size from the temperature at which
Coulomb oscillation disappears in the multiple-island s
tem. Thus, we also obtained the critical temperature (TC) for
the estimation of charging energy and the island size. Fig

l

FIG. 7. I d vs Vd characteristics at four different temperatures.Vg is 0.0 V.
The nominal wire length and width are 7mm and 120 nm, respectively. The
average thickness of the poly-Si wire is;7 nm.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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8 showsI d versusVg characteristics of poly-Si wire atVd

53 mV for various temperatures from 30 to 80 K. In Fig.
the Coulomb oscillation can be seen up to about 80 K.
the basis of the orthodox Coulomb blockade theory,11,14Cou-
lomb oscillations are visible up toTC which is related to the
charging energy (Ec) of the associated island byEc

5e2/(2C()'2 – 3kBTC . Here,C( is the total capacitance
corresponding to the smallest island in the poly-Si wire. U
ing this temperature~80 K!, the value ofEc is estimated to
be ;14–21 meV, which leads toC( of ;4–6 aF. To esti-
mate the island size from theC( experimentally obtained
we calculatedC( based on the rough approximation as fo
lows. We assume that the shape of the island in the pol
wires is cylindrical, and the surrounding islands are u
formly and densely distributed around this island. Since
capacitance between the island and gate is much smaller
that between the islands due to the thick gate SiO2. Then, the
capacitance between the island and the surround
islands is approximated by the coaxial cylindrical mod
@2pe l / log(b/a)#. Here,e is the dielectric constant of Si,l is
the height of the cylinder~;7 nm!, a the radius of the cyl-
inder, andb the sum of the grain boundary width anda.
Assuming that the width of the grain boundary (b2a) is
equal to the tunnel barrier width;3 nm ~theoretically esti-
mated from grain boundary width in Refs. 15 and 16!. The
island sizea is obtained as;4 nm. This is comparable to th
smallest grain size~14 nm! obtained from the cross section
TEM micrograph shown in Fig. 3~a!. Even if this rough es-
timate can not be applied to our experimental situation,
nevertheless obtain the appropriate order of magnitude
the size of the islands present in our disordered multip
island system.

C. Temperature dependence of conductance

The electronic transport properties of poly-Si films a
influenced by the grain boundaries.17 The grain boundary ha
a complex structure usually consisting of a few atomic lay
of disordered atoms. The atoms in the grain boundary re
sent a transitional region between the different orientati
of neighboring crystallites. There are two distinct models
the effects of the grain boundary on the electrical proper

FIG. 8. I d vs Vg characteristics of poly-Si wire atVd53 mV for various
temperatures from 30 to 80 K. The conductance oscillations are observe
to about 80 K. The nominal wire length and width are 5mm and 120 nm,
respectively. The average thickness of the poly-Si wire is;7 nm.
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of doped poly-Si.18 One is the segregated theory,19 according
to which impurity atoms tend to segregate at the gr
boundary where they are electrically inactive. The other o
is the grain boundary trapping theory17 in which the presence
of a large number of trapping states at the grain boundar
able to capture and therefore immobilize free carriers. Th
charged states at the grain boundary create potential barr
These effects are likely to occur in poly-Si wires.18

We investigated the electron transport characteris
across the grain boundary from the temperature depend
of the conductance of the poly-Si wire. Figure 9 shows
Arrhenius plot of the conductance of the poly-Si wire as
function of inverse temperature: the temperature region~a!
from 20 to 300 K and~b! from 120 to 300 K. The conduc
tance was measured atVd53.0 V ~circles! and 0.08 V~tri-
angles!. At Vd53.0 V, the device operates outside the Co
lomb gap. It is seen that the conductance is due to
thermally activated process, which has two different acti
tion energies@EA1 at high temperatures~above 160 K! and
EA2 at low temperatures~below 60 K!#. From the slopes of
the fitted lines,EA1;26 meV andEA2;4 meV are obtained.
Since at low temperatures the electron conduction is do

up

FIG. 9. ~a! Arrhenius plot of the conductance atVd53.0 V ~circles! and
Vd50.08 V ~triangles!. Vg50.0 V. The nominal wire length and width are
mm and 120 nm, respectively. The average thickness of the poly-Si wir
;7 nm. EA1 is the activation energy obtained at high temperatures~above
160 K!. EA2 is the activation energy obtained at low temperatures~below 60
K! at Vd53.0 V. EA3 is the activation energy obtained at low temperatur
~below 160 K! at Vd50.08 V. ~b! Expanded figure for the temperatur
region from 120 to 300 K.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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nated by a thermally assisted tunneling process through
barriers at the grain boundary,16 EA2 ~;4 meV! should be
related to the change in the electron density and is con
ered to correspond to the difference between the Fermi l
and conduction band edge of the poly-Si grains. On the o
hand, at high temperatures above 160 K, the electron c
duction is dominated by thermally activated hopping ov
the barriers at the grain boundaries. Therefore,EA1 ~;26
meV! is considered to be the maximum barrier height at
grain boundary17,18 ~see Fig. 10!.

On the other hand, for the measurement atVd50.08 V,
the device operates inside the Coulomb gap. In this case
can obtain the two distinct activation energies@activation en-
ergy ~;26 meV! at high temperatures~above 160 K! and
EA3 ~;11 meV! at low temperatures~below 160 K!#. At high
temperatures above 160 K, the activation energy is the s
as that (EA1) at Vd53.0 V. This indicates that the Coulom
gap in this device disappears in the high-temperature re
~above 160 K! and that the conduction mechanism forVd

50.08 V becomes similar to that forVd53.0 V. When free
electrons are the dominant charge carrier, the electron tr
port is attributed to a thermally assisted single-electron t
neling process through the barriers16 at the grain boundarie
at low temperatures. In this case, the activation ene
(EA3;11 meV! is considered to be due to the sum of t
charging energy of the island and the energy difference
tween the Fermi level and the conduction band edge in
poly-Si grains~EA2;4 meV!. Therefore, the charging en
ergy of the island in this device is obtained as;7 meV
~11–4 meV!. However, this sample should be regarded as
D array with disordered poly-Si grains since the width of th
sample~120 nm! is larger than its grain size~from 14 to 60
nm!. In such a 2D array, charge solitons may play a do
nant role.13,20,21Following Tigheet al.,20 the activation of the
conductance in a Coulomb gap at low temperatures for a
array can be seen as the thermal generation of a popula
of free solitons and antisolitons able to move under an
plied voltage. Tigheet al.20 also showed that 4Ea5Ec for
lithographically defined 2D regular arrays, whereEa is the
activation energy observed in the Arrhenius plot of the c
ductance andEc the charging energy of metal island. Follow
ing this relation,Ec in this sample becomes about 44 me
using EA3;11 meV. This value is inconsistent since it
larger than the previously obtained maximum barrier heig

FIG. 10. Proposed energy-band diagram for the smallest island in
poly-Si wire.E is the energy level when one electron is added to the isla
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26 meV. The existence of random offset charges may lea
the relationEc,4Ea since they might play a role in screen
ing the interaction between the soliton and antisoliton. T
screening will lowerEc . Taking the ambiguity into account
the value ofEc is thought to be between 7 and 26 meV f
this sample. This value is consistent with that obtained fr
the temperature at which the Coulomb oscillation disappe
as previously obtained~14–21 meV! in Sec. III B. Figure 10
summarizes the proposed energy-band diagram for
poly-Si wires.

D. Wire width dependence and conduction
mechanism

Figure 11 shows the wire width dependence ofI d as a
function of Vd at 5 K. The nominal length and thickness
the measured wires were 7mm and;7 nm, respectively. The
Coulomb gap for the wire width of 145 nm is;550 mV,
which is too large for the Coulomb gap of a single island.
previously described, the total capacitance of an island e
mated at the temperature~80 K! where the Coulomb oscilla
tion disappears, is;4–6 aF, which corresponds to the Co
lomb gap of;40 mV. This estimated Coulomb gap is to
small compared with the observed Coulomb gap~;550 mV!
for the wire of 145 nm width in Fig. 11.

For the case of a single tunnel junction~TJ!, the Cou-
lomb gap corresponds to the voltage offsetVoff5e/Ct ~Ct is
the capacitance of a single TJ!. Here, the voltage offset~Voff)
means the width of the zero-current region due to the C
lomb blockade effect. However, for a system with multip
TJs connected in series,Voff5Ne/Ct , whereN is the total
number of TJs.5 Therefore, the observed large Coulomb g
~;550 mV! suggests that the conduction is through multip
islands. Assuming the same island size, the number of
lands is estimated to be about 13~;550440!. This is a
simple estimation when the islands are all in series. Beca
the wire width used in the estimation is 145 nm, the sam
is a 2D array of disordered islands rather than a o
dimensional array. It is reported that the Coulomb gap
creases with increasing width of the 2D array of islands.13,22

Therefore, the number of islands connected in series ca
considered to be greater than the above simply estim
number~13!.

e
.
FIG. 11. Wire width dependence ofI d vs Vd characteristics at 5 K.Vg is 0.0
V. The length of the measured wires is constant~7 mm!. The average thick-
ness of the poly-Si wires is constant~;7 nm!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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It is also observed in Fig. 11 that the Coulomb gap b
comes small with increasing wire width. For the width
1000 nm, no Coulomb gap was observed. In addition,
narrower wires, step-likeI d–Vd characteristics are notice
able in the higher voltage region (uVdu.0.5 V!, which indi-
cates the presence of the Coulomb staircase.

The width dependence of the Coulomb gap is exami
in detail and summarized in Fig. 12. With increasing w
width, the Coulomb gap decreases and finally disappea
around 600 nm. It is speculated that there are two poss
reasons for the decrease in the Coulomb gap. One is
islands become larger as the wire width increases. The o
is that the number of islands which contribute the Coulo
gap in the current path becomes smaller with increasing w
width. The grain size of the poly-Si wire is determined by t
conditions of the thermal processes. Since we annealed
a-Si films to achieve polycrystallization and doping befo
the poly-Si wires were patterned, the grain size is
changed on varying the wire width. Therefore, the size of
island in our sample does not vary. Because grains of var
sizes exist in the poly-Si wire as seen in the cross sectio
TEM micrographs@Fig. 3~a!#, small poly-Si grains are re
garded as the islands which contribute to the Coulomb g
Therefore, it is considered that the number of islands wh
contribute to the electronic conduction becomes small w
increasing wire width.

The reduction of the Coulomb gap with increasing wid
of the 2D array of islands in metallic dots has been repor
by Cordanet al.13 They have interpreted the reduction of th
Coulomb gap as being due to the increasing probability
the conductive electrons to take a lower resistance path w
the width becomes high. In their model, the size of the m
tallic dot is assumed to be almost constant and the fluctua
of the distance between the dots is considered to domi
the electronic conduction.

To explain the observed width dependence of the C
lomb gap, we propose a current path model in the poly
wire, as shown in Fig. 13. In our model, the grain-bound
thickness is assumed to be almost constant, and the grain
and poly-Si film thickness fluctuations, which are observ
by TEM, mainly determine the electronic properties of t
poly-Si wire. A similar model was also proposed by Ya
et al.1 Since a larger grain has a lower charging energy,

FIG. 12. Wire width dependence of Coulomb gap at 5 K. The length of
measured wires is constant~7 mm!. The average thickness of the poly-S
wires is constant~;7 nm!.
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current tends to flow preferentially through the larger grai
When the wire becomes narrow, the probability for the el
tron to pass through the small grains becomes high. T
leads to the observation of the large Coulomb gap for
narrow wires. When the wire becomes wide, the probabi
of the electron to meet the large grains becomes high, le
ing to the small Coulomb gap.

IV. CONCLUSIONS

The conduction mechanism of narrow and extrem
thin poly-Si wires has been investigated by TEM and el
trical measurements. We have observed the variation in
of diamond-like pattern ofI d–Vd characteristics and the
complex reproducible Coulomb oscillations in the poly-
wires. The temperature andVd dependence of the number o
peaks due to the Coulomb oscillation indicate that multi
islands connected in series contribute to the electron con
tion in the wire. The size of the islands estimated from t
electrical properties was in the same order as the grain
of the poly-Si measured by TEM. We have observed sing
electron effects up to a temperature of 80 K. The maxim
tunnel barrier height of 26 meV at the grain boundary w
obtained from the temperature dependence of conducta
From the wire width dependence of the Coulomb gap, it w
found that the Coulomb gap decreases with increasing w
width and finally disappears. The conduction mechanism
multiple islands connected in series was proposed to exp
the wire width dependence and the observed magnitud
the Coulomb gap. The results of this study strongly sugg
that the single-electron effects will become significant w
down scaling of the device size of future ULSIs.
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FIG. 13. Schematic representation of the wire dependence of the condu
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