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Narrow (=95 nm and extremely thii~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 temperatimes to~5 K), and observation

by transmission electron microscogf EM) 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 height26 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.

[DOI: 10.1063/1.1464650

I. INTRODUCTION vapor deposition(LPCVD). However, only a few studies
have been reported on the single-electron effect in heavily

Polycrystalline-silicon(poly-Si) is widely used as a key doped poly-Si wires fabricated by LPCVD, which are most

material in ultralarge-scale integrated circuitsLSls). With  commonly used in ULSI processes.

a reduction in the size of electronic devices, the thickness |n this article, we report detailed electrical and structural

and width of the poly-Si wires decrease and may ultimatelycharacteristics of heavily doped narrow and extremely thin

approach a limit where the presence of a single-electron efoly-Si wires fabricated by LPCVD. We discuss the conduc-

fect determines the “on” and “off” states of the devicés? tion mechanism, paymg particu|ar attention to the depen-

The thickness of thin film transistors and the width of thedence on the wire width. We show that mu|tip|e islands in

gate in the metal—oxide—semiconductor field-effect transistoseries connection contribute to the low-temperature electron

are typical examples of reduction. conduction in the poly-Si wires, and that the Coulomb gap
When the size of the poly-Si wire enters the nanoscalgncreases with decreasing wire width. We propose a model

regime, single-electron charging effects appear at aroungbr the conduction mechanism in poly-Si wires of various

room temperature and significantly influence electron transwidths, based on the experimental results.

port in the devices. Therefore, it is necessary to clarify the

influence of these single-electron charging effects in order to

utilize ultrasmall poly-Si wires in the near future. Il. EXPERIMENT

The structural characteristics of the poly-Si wires Thermal SiQ 150-nm-thick was grown omp-type Si
strongly depend on the deposition method and and't'onssubstrate with(100) crystal orientation and a resistivity of
and directly influence the electrical properties. &@l> ex-  g_120.cm by wet oxidation at 1000 °C. Them;Si was
amined the effect of wire length on the single-electron eﬁecheposited o’n the SiCkilm at 520 °C by LPCVD us’ing Sii
in ultrathin (~7 nm) wires of na_nocrystalline si!icon fabri-  ong polycrystallized by annealing at 650 °C for 10 min in N
cated by electron-beam annealing of recrystallized hydrogesmpient. This two-step process is effective for obtaining a
nated amorphous silicon@-Si) deposited by plasma- gmaoth surface. The average sample thicknesses wére
enhanced chemical vapor depositi®f ECVD). In their work ~10, and~82 nm. Doping of these samples was carried out
long wires of micron-scale length and 50 nm width wereby POCL, diffusion at 900 °C for 150 §~7 nm), 60 s(~10
likely to exhibit the Coulomb blockade effect at a high tem- nm), and 300 §~82 nm). We estimated the déping level of

6 ’ '
pferature of 70 K. Furthermorg, Tast al. aI;o showeq the the poly-Si film by secondary ion mass spectrosctRS)
single-electron effect at 15 K in 14-nm-thick poly-Si wires 4naivsis. The thickness of poly-Si film used for the SIMS
(30-90 nm widths fabncatled by annealing-Si deposited  easyrement was 10 nm, and doping was carried out by
by PECVD. Yano etal” have demonstrated room- pocy giffusion at 900 °C for 150 s. The obtained doping
temperature operation of a single-electron memory in ultrajeye| was about % 167° cm 3. Since the temperature and
thin (4 nm) undoped poly-Si film formed by solid-phase ¢ time of POG) diffusion were the same as those for the
crystallization ofa-Si deposited by low-pressure chemical ipinner sample of~7 nm poly-Si, the doping level for the
sample of~7 nm thickness was considered to be around or
aEectronic mail: nakajima@sxsys.hiroshima-u.ac.jp above 3<10?7° cm 3. The doped poly-Si wires were formed

0021-8979/2002/91(8)/5213/8/$19.00 5213 © 2002 American Institute of Physics

Downloaded 17 Jun 2007 to 133.41.149.126. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



5214 J. Appl. Phys., Vol. 91, No. 8, 15 April 2002 Kawamura et al.

3 P 16 — 4
F V=00V Thickness: : ]
-~ 2F T-10K 82 nm 34 ]
5 F < /1onm <2<
&k 325 1 3
= f SRR
b= g 3 1S4z
2 ofF (@ 409 ot
g [ 7n 7 nm 3 g i g
© [ 1.3 =]
E 1 F 320 O
s 3 0nm 1 ¢ 1.=
S 2F J48 {8
[ 82 nm ]
3 -. L NPT ST RS ) _-.4
1.0 1.0@ ()

0.5 0 0.5
Drain Voltage (V)

FIG. 2. Drain current I(y) vs drain voltage ¥,) characteristics for three
samples with different poly-Si thicknesses. Gate voltages 0.0 V. The
measurement temperature is 10 K. The nominal leri§tjum) and width

(100 nm) of the three samples are almost constant. The average thicknesses
of the three samples are7 nm (from 4 to 9 nm, ~10 nm(from 8 to 12

o ) ) ) nm), and~82 nm(from 80 to 86 nn).
FIG. 1. (a) Schematic diagram of fabricated transistor structure with a nar-

row, extremely thin poly-Si wire. The average sample thicknesses-d@re
~10, and~82 nm. The nominal wire length and the widthW of the ) ) )
fabricated pattern are 4, 5, andgm and 95-2000 nm, respectivel{) 30 fA. It is observed in Fig. 2 that the Coulomb gap becomes

Pl_an-view SEM of the fabricated pt_)ly-Si wire. The wire length and the gmall with increasing thickness. With the thickness~a82
width are Sum and 175 nm, respectively. nm, the Coulomb gap could not be observed.
Cross sectional microstructures of the three kinds of

by electron-beam lithography and dry etching using the elecPoly-Si wires with different thicknesses are shown in Fig. 3.
tron cyclotron resonance etcher. Figur@)lshows a sche- The average poly-Si film thicknesses measured by TEM
matic drawing of the fabricated narrow, extremely thinwere(a ~7 nm(from 4 to 9 nm), (b) ~10 nm(from 8 to 12
poly-Si wire. The transistor operation was achieved using th&m), and(c) ~82 nm(from 80 to 86 nm. The grain sizes in
substrate as a gate. Figurébllshows a plan-view scanning the three samples measured by TEM varig):from 14 to
electron micrograph of the fabricated poly-Si wire; the wire 60 nm, (b) from 20 to 80 nm, andc) from 35 to 80 nm. The
length and the width were &m and 175 nm, respectively. grain boundaries between the grains can be seen as regions
The passivation S|9f||m was deposited by atmospheric- without the crystal orientation, by TEM. The grain boundary
pressure chemical vapor deposition at 400 °C using, SiHas seen by TEM is considered to consist of amorphous ma-
+0,. The contact holes were formed by wet etching, and arterial or a layer of highly disordered atoms. Figure 3 shows
Al electrode was formed by sputter deposition and wet etchthat the height of the poly-Si grains is nearly equal to the
ing_ Fina”y, the Samp|e was annealed at 400 °C for 30 min |rf||m thickness and that the lateral size of the grainS increases
a H,+N, mixture to reduce the contact resistance. TheWwith increasing thickness of the poly-Si film. One possible
nominal wire length and the width of the fabricated patterngeason for this thickness dependence of the Coulomb gap in
were 4, 5, 7um and 95—-2000 nm, respectively. Fig. 2 is that poly-Si grains are the islands responsible for the

We studied the microstructure of the fabricated poly-Si
wires via transmission electron microscopyEM) with a
Hitachi HF-2100 operated at 200 kV. We prepared the cross

Ga ions. Current—voltagél —V) measurements were per-
formed with a HP 4156A semiconductor parameter analyzer.
Low-temperature measurements were carried out with a
cryogenic manipulated probe systéhYTT-01) in the tem-
perature range from 4.2 to 300 K.

Poly-Si

Ill. RESULTS AND DISCUSSION

A. Thickness dependence

We investigated the thickness dependence of the Cou-
lomb gap. Figure 2 shows drain currer) versus drain
voltage (/4) characteristics for three samples with different
average thicknesses. The measurement temperature was 1
K. The nominal length and width of the three samples were £ s
almost the same. The Coulomb gap is defined as the voltage EJW—
region in the central area O.f thig—Vyq curve where the ab- FIG. 3. Cross sectional TEM micrographs of the fabricated poly-Si wires.
solute value of the current is lower than 30 fA, because thene average thicknesses of the poly-Si wires @e~7 nm, (b) ~10 nm,
minimum measurable current with our experimental setup isnd(c) ~82 nm.
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the potential fluctuation in a poly-Si grain due to the impu-
o rity fluctuation has an influence on the size of the island and
0.4 0.2 0 0.2 0.4 y

the Coulomb gap. However, the dopants are thought to be
preferentially in the poly-Si grain boundary region forming
FIG. 4. 14 vs V4 characteristics as a function of substrate voltagg) @t 6 the potential barriers as described lat@ec. 11l C. Thus, the

K(a) Vg from 0.0 to 17.0 V inV,, steps of 0.5 V. Each curve is offset by 0.5 potential fluctuation in a grain is thought to be small com-
PA of 14 for clarity. (b) V, from 8.0 to 19.9 V inV, steps of 0.1 V. Each  narad to the barrier height at grain boundary. Therefore, we
curve is offset by 0.2 pA. The nominal wire length and width arens and fh' K the effect of the i 9 it gﬂ tuation i Y- . t,h
170 nm, respectively. The average thickness of the poly-Si wire7isim. h In e e _eC 0 € Impurity Tluctuation in a grain on the

island size is small.

Figure 5 shows the temperature dependendg gérsus

gap. Since the island becomes larger with increasing sampléq characteristics. The no_minal wire length and_width were 4
thickness, the total capacitance of islands becomes high withm and 120 nm, respectively. The average thickness of the
increasing sample thickness. This leads to the low chargingoly-Si wire was~7 nm. Complex, but reproducible Cou-

energy of the islands and the small Coulomb gap. lomb oscillations are seen in Flg 5. Since a single island
would produce a simple periodic current oscillation, the ob-

served complex Coulomb oscillations can not be explained
by a single-island system. The number of observed peaks

Figure 4 shows thd, versusV, characteristics as a originating from the Coulomb oscillations gradually in-
function of substrate voltage/() at 6 K. The average thick- creases with rising temperature. A few irregular peaks are
ness of the poly-Si wire is-7 nm. Figure 4a) showsl 4—V expected in the Coulomb oscillation for multiple islands in
curves forVg from 0.0 to 17.0 V inV steps of 0.5 V. Each series according to Ruziet al,” because the coincidence in
curve is offset by 0.5 pA of for clarity. Figure 4b) shows electrochemical potential among multiple islands in series
l4—Vq4 curves forV, from 8.0 to 19.9 V inV, steps of 0.1 V. connection does not occur simultaneously at low tempera-
Each curve is offset by 0.2 pA df;. A zero-current Cou- tures and low drain voltage. Ruzét al.” demonstrated theo-
lomb gap region and the modulation of the Coulomb gap byretically that the number of peaks of Coulomb oscillation
Vy are clearly observed. When the electron conduction ocincreases with increasing temperature due to the thermal
curs through a single-Coulomb island, a regular diamondbroadening of the energy levels in two islands connected in
like pattern of characteristics of the same size should appeaeries. Moreover, Kemerink and Molenkatexperimentally
periodically with the gate voltage. Since the sizes of the patebserved the increase in the number of peaks with increasing
terns in Fig. 4 are not constant, the electron conduction isemperature for a double-island system connected in series in
thought to be through multiple Coulomb islands of variousthe (Al,Ga)As heterostructure. Here, we have also observed,
sizes, giving rise to fluctuation in the Coulomb gap. It isfor the poly-Si wire, that the number of peaks of Coulomb
noted that in Fig. 4, the Coulomb gap is extremely large inoscillation increased with increasing temperature for the
the V, region neaiVy=0 V. The reason for this may be the multiple-island system. For a single-Coulomb island, ne-
change in effective island size due to the change in the Ferngjlecting quantum confinement effeét¥ the condition re-
level with gate bias voltagk®Also, there is a possibility that quired for observing a conductance peak is givelt by

Drain Voltage (V)

B. Coulomb blockade and oscillation characteristics
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shown in Fig.d5c). The .measurement te?nperature was 5 K. The nominaIThe nomingl wire length and Wid.th .aref““ and 120 nm, respectively. The
wire length and width are 4m and 120 nm, respectively. The average average thickness of the poly-Si wire-is7 nm.

thickness of the poly-Si wire is-7 nm.

oscillations indicate that the tunneling process occurs in the
1 nonresonant inelastic tunneling mode in our experim@ht.
n+ E)’ n=0,%x1%+2,.., (1) nonresonant inelastic tunneling, an electron can tunnel
through the multiple barriers between two adjacent islands
whereCy is the island-to-gate capacitance anis the elec-  nonresonantly by emitting acoustic phondAsiang and
tron charge. For electrical conduction to occur in multiple Tarucha? observed that irregular Coulomb oscillation peaks
islands connected in series, electrochemical potentials afere observed at low drain voltages and the number of the
each island must be in the same level within the limits im-peaks increases with increasing drain voltage for an asym-
posed by thermal smearing. At low but finite temperaturesmetric double-island system connected in series in a pseudo-
this implies morphic AlGaAs/InGaAs/GaAs modulation-doped hetero-
structure. Furthermore, they reported that the irregular
, (2 Coulomb oscillations change into periodic oscillations with
increasing drain voltag¥. They interpreted their results in
wherekgT is the thermal energy),, is the number of elec- terms of the stochastic Coulomb blockade model and non-
trons on themth island, andAmzeZICgm (Cgmis C4 of the  resonant inelastic tunneling. We have also observed that the
mth Coulomb islangl Therefore, conditiori2) will rarely be ~ Coulomb oscillations become periodic with increasing drain
fulfilled simultaneously at low temperatures kg  voltage in our multiple-island Si systefsee Fig. 6.
<A,/2,A,] 2,...).This leads to fewer conductance peaks. Figure 7 shows the temperature dependendg wérsus
Since kgT determines the allowable mismatch among theVy characteristics. Hereyy is 0.0 V. As the temperature
electrochemical potentials of all of the islands, the number ofncreases, the voltage range corresponding to the zero current
Vg values of which conditior(2) is fulfilled increases with  region in the central area of theV curve decreases. A non-
increasing temperatufe. linearity in thely versusVy curves is observed up to about
Figure 6 showdy versusV, characteristics with a pa- 80 K (not shown in Fig. J. However, the Coulomb gap
rameter ofV (18 and 26 mY at 5 K. The plot forV4=10  where the current level is the noise level remains up to about
mV is the same as that in Fig(&. As V4 increasesfrom 10~ 40 K in this sample. Cordast al!® reported that the Cou-
to 18 and 26 mY, new peaks due to the Coulomb oscillation lomb gap disappears at a much lower temperature than that
appear, and finally the peaks of Coulomb oscillation becomevhere the nonlinearity disappears in the two-dimensional
periodic (at Vq=26 mV). This period corresponds to ti@&,  (2D) array of disordered islands. They insisted that the de-
for the largest island in the wire, as follows. The periodcrease in the critical temperature of the disappearance of the
(AVy) of Coulomb oscillation is about 0.1 V, as shown in Coulomb gap is related to the change in conduction path
Fig. 6(@). From Cy=e/AVy, C, is estimated to be 1.6 aF. with temperature in the 2D disordered array. In addition, the
Assuming thatC is a simple parallel-plate capacitor where conduction path can also be changed with Therefore, it
the plate separation is equal to the giBickness(150 nm), is complex and difficult to estimate the charging energy of
the island size is estimated to be 90 nm. This is close to théhe islands from this temperature dependence of the Cou-
large grain siz€60 nm) observed in the cross sectional TEM lomb gap.
micrograph shown in Fig.(3). An amplitude modulation of Tan et al® estimated the charging energy of the mini-
the Coulomb oscillations is also seen\4gis increased to 26 mum island and its size from the temperature at which a
mV. This modulation is considered to be due to the differentCoulomb oscillation disappears in the multiple-island sys-
periods of Coulomb oscillations for the other smaller islandstem. Thus, we also obtained the critical temperatdrg) (for
These results of the drain voltage dependence of Coulomthe estimation of charging energy and the island size. Figure

e

V., =—I|
9 Cg

1
eVy— nm+§ Anl<kgT, n=12,..
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8 showsly versusV, characteristics of poly-Si wire afy

=3 mV for various temperatures from 30 to 80 K. In Fig. 8,
the Coulomb oscillation can be seen up to about 80 K. On
the basis of the orthodox Coulomb blockade thédry,Cou-
lomb oscillations are visible up t®: which is related to the
charging energy K.) of the associated island by,
=e?/(2Cy)~2-3kgTc. Here,Cy is the total capacitance
corresponding to the smallest island in the poly-Si wire. Us-
ing this temperatur¢80 K), the value ofE, is estimated to T x| P T R B
be ~14-21 meV, which leads t€s of ~4—6 aF. To esti- 2 4 6
mate the island size from th€s experimentally obtained, 1000/T (K1)
we calculatedCy based on the rough approximation as fol- FIG. 9. (a) Arrhenius plot of the conductance ®f=3.0 V (circles and
lows. We assume that the shape of the island in the poly-Sj,=0.08 v (triangles. Vy=0.0 V. The nominal wire length and width are 4
wires is cylindrical, and the surrounding islands are uni-um and 120 nm, respectively. The average thickness of the poly-Si wire is
formly and densely distributed around this island. Since the7 "M Ea is the activation energy obtained at high temperatiagsve
capacitance between the island and gate is much smaller th 0 K). E,; is the activation energy obtained at low temperatibesow 60

. . at V4=3.0 V. E,; is the activation energy obtained at low temperatures
that bgtween the islands due t_o the thick gate,Skden, the  (pelow 160 K at V4=0.08 V. (b) Expanded figure for the temperature
capacitance between the island and

the surroundinggion from 120 to 300 K.
islands is approximated by the coaxial cylindrical model
[2melllog(b/a)]. Here, e is the dielectric constant of Siis
the height of the cylinde(~7 nm), a the radius of the cyl-
inder, andb the sum of the grain boundary width ard
Assuming that the width of the grain boundary—a) is

(b)

Conductance (S)

of doped poly-Sit One is the segregated thedfaccording

to which impurity atoms tend to segregate at the grain
boundary where they are electrically inactive. The other one
equal to the tunnel barrier width-3 nm (theoretically esti- IS the grain boundary trapping thedhyn which the presence
mated from grain boundary width in Refs. 15 and.Tehe  ©Of & large number of trapping states at the grain boundary is
island sizea is obtained as-4 nm. This is comparable to the able to capture and therefore immobilize free carriers. These
smallest grain siz€14 nm obtained from the cross sectional charged states at the grain bound_ary create potential barriers.
TEM micrograph shown in Fig.(@). Even if this rough es- These effects are likely to occur in poly-Si wirts. o
timate can not be applied to our experimental situation, we ~We investigated the electron transport characteristics
nevertheless obtain the appropriate order of magnitude fgRCross the grain boundary from the temperature dependence
the size of the islands present in our disordered multiple®f the conductance of the poly-Si wire. Figure 9 shows an
island system. Arrhenius plot of the conductance of the poly-Si wire as a
function of inverse temperature: the temperature regan
from 20 to 300 K andb) from 120 to 300 K. The conduc-
tance was measured ¥t =3.0 V (circleg and 0.08 V/(tri-

The electronic transport properties of poly-Si films areangles. At V4=3.0 V, the device operates outside the Cou-
influenced by the grain boundari¥sThe grain boundary has lomb gap. It is seen that the conductance is due to a
a complex structure usually consisting of a few atomic layerghermally activated process, which has two different activa-
of disordered atoms. The atoms in the grain boundary repreion energiedE,; at high temperature@bove 160 K and
sent a transitional region between the different orientation&€,, at low temperaturegbelow 60 K]. From the slopes of
of neighboring crystallites. There are two distinct models forthe fitted linesE,;~26 meV andE ,~4 meV are obtained.
the effects of the grain boundary on the electrical propertieSince at low temperatures the electron conduction is domi-

C. Temperature dependence of conductance
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FIG. 10. Proposed energy-band diagram for the smallest island in the
poly-Si wire.E is the energy level when one electron is added to the |s|and.F|G. 11. Wire width dependence b vs V, characteristics at 5 K/ is 0.0

V. The length of the measured wires is const@httim). The average thick-
ness of the poly-Si wires is constapt7 nm).

nated by a thermally assisted tunneling process through the
barriers at the grain boundaly,E,, (~4 me\) should be cf

related to the change in thg electron density and is cgnsi e relationE, <4E, since they might play a role in screen-
er%d to ((:jorrgspobnd go tge dlf;er:encel bestyveeh th%Ferhm| Ier\]/ § g the interaction between the soliton and antisoliton. The
and conauction band edge of the poly-Si grains. On the ot e§creening will lowelE; . Taking the ambiguity into account,

hanql, at. high tgmperatures above 160_ K, the elegtron CONhe value ofE, is thought to be between 7 and 26 meV for
duction is dominated by thermally activated hopping OV€Tihis sample. This value is consistent with that obtained from

the bz_irriers at the grain boundar_ies. There_f(Egl_(~26 the temperature at which the Coulomb oscillation disappears
meV) is considered to be the maximum barrier height at theas previously obtainetl4—21 meV in Sec. Il B. Figure 10

. ,18 .
grain boundary/"™® (see Fig. 10 summarizes the proposed energy-band diagram for the
On the other hand, for the measuremenVgt0.08 V, IV-Si wi
W%o y-Si wires.

the device operates inside the Coulomb gap. In this case,
can obtain the two distinct activation energfastivation en-
ergy (~26 me\) at high temperature&@bove 160 K and
Easz (—11 meV) at low temperatureghelow 160 K. At high
temperatures above 160 K, the activation energy is the same Figure 11 shows the wire width dependencel pfas a

as that Eaq) at V4=3.0 V. This indicates that the Coulomb function of V4 at 5 K. The nominal length and thickness of
gap in this device disappears in the high-temperature regiothe measured wires wereum and~7 nm, respectively. The
(above 160 K and that the conduction mechanism @y Coulomb gap for the wire width of 145 nm is550 mV,
=0.08 V becomes similar to that f&f4=3.0 V. When free  which is too large for the Coulomb gap of a single island. As
electrons are the dominant charge carrier, the electron trangreviously described, the total capacitance of an island esti-
port is attributed to a thermally assisted single-electron tunmated at the temperatuf80 K) where the Coulomb oscilla-
neling process through the barritst the grain boundaries tion disappears, is-4—6 aF, which corresponds to the Cou-
at low temperatures. In this case, the activation energyomb gap of~40 mV. This estimated Coulomb gap is too
(Eaz~11 meV) is considered to be due to the sum of thesmall compared with the observed Coulomb ¢&550 mV)
charging energy of the island and the energy difference befor the wire of 145 nm width in Fig. 11.

tween the Fermi level and the conduction band edge in the For the case of a single tunnel junctiéfJ), the Cou-
poly-Si grains(Ex,~4 meV). Therefore, the charging en- lomb gap corresponds to the voltage offégg=e/C, (C; is
ergy of the island in this device is obtained a¥ meV the capacitance of a single)THere, the voltage offs€V )
(11-4 meV. However, this sample should be regarded as a Zneans the width of the zero-current region due to the Cou-
D array with disordered poly-Si grains since the width of thislomb blockade effect. However, for a system with multiple
sample(120 nnj is larger than its grain sizérom 14 to 60 TJs connected in serie¥s=Ne/C;, whereN is the total
nm). In such a 2D array, charge solitons may play a domi-number of TJS. Therefore, the observed large Coulomb gap
nant role**2%21Fgllowing Tigheet al,?° the activation of the  (~550 m\) suggests that the conduction is through multiple
conductance in a Coulomb gap at low temperatures for a 2xslands. Assuming the same island size, the number of is-
array can be seen as the thermal generation of a populatidands is estimated to be about 13-550+40). This is a

of free solitons and antisolitons able to move under an apsimple estimation when the islands are all in series. Because
plied voltage. Tigheet al?° also showed thatB,=E, for  the wire width used in the estimation is 145 nm, the sample
lithographically defined 2D regular arrays, whetg is the is a 2D array of disordered islands rather than a one-
activation energy observed in the Arrhenius plot of the con-dimensional array. It is reported that the Coulomb gap de-
ductance ané, the charging energy of metal island. Follow- creases with increasing width of the 2D array of islahtfs.

ing this relation,E. in this sample becomes about 44 meV Therefore, the number of islands connected in series can be
using Exs~11 meV. This value is inconsistent since it is considered to be greater than the above simply estimated
larger than the previously obtained maximum barrier heightnumber(13).

6 meV. The existence of random offset charges may lead to

D. Wire width dependence and conduction
mechanism
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FIG. 13. Schematic representation of the wire dependence of the conduction

FIG. 12. Wire width dependence of Coulomb gap at 5 K. The length of themechanism.

measured wires is consta® um). The average thickness of the poly-Si
wires is constant~7 nm).

current tends to flow preferentially through the larger grains.

It is also observed in Fig. 11 that the Coulomb gap be-When the wire becomes narrow, the probability for the elec-
comes small with increasing wire width. For the width of tron to pass through the small grains becomes high. This
1000 nm, no Coulomb gap was observed. In addition, foleads to the observation of the large Coulomb gap for the
narrower wires, step-likéy—\Vy characteristics are notice- narrow wires. When the wire becomes wide, the probability

able in the higher voltage regiof\{y|>0.5 V), which indi-  of the electron to meet the large grains becomes high, lead-

cates the presence of the Coulomb staircase. ing to the small Coulomb gap.
The width dependence of the Coulomb gap is examined

in detail and summarized in Fig. 12. With increasing wire

width, the Coulomb gap decreases and finally disappears &. CONCLUSIONS

around 600 nm. It is speculated that there are two possible The conduction mechanism of narrow and extremel

reasons for the decrease in the Coulomb gap. One is thgﬁ y

islands become larger as the wire width increases. The oth in poly-Si wires has been investigated by TEM qnd _eleg-
is that the number of islands which contribute the Coulompi /3| measurements. We have observed the variation in size
gap in the current path becomes smaller with increasing wirg diamond-like pattern off 4~V characteristics and the
width. The grain size of the poly-Si wire is determined by the©TPIex reproducible Coulomb oscillations in the poly-Si

conditions of the thermal processes. Since we annealed tHE"es: The temperature and dependence of the number of

a-Si films to achieve polycrystallization and doping beforepeaks due to the Coulomb oscillation indicate that multiple
islands connected in series contribute to the electron conduc-

the poly-Si wires were patterned, the grain size is not. . . . . .
changed on varying the wire width. Therefore, the size of th(tet'on in the wire. The size of the islands estimated from the

island in our sample does not vary. Because grains of variou%lfi%tgcillp_rgip r?wrgzzuvrv:ds t:l)n Elt]Eel\/? avn\}ee r?;(\j/groat)ss;?\?e?jrzli: SIZ_e
sizes exist in the poly-Si wire as seen in the cross sectiondl poly y ' 9

TEM micrographs{Fig. Xa)], small poly-Si grains are re- electron effects up to a temperature of 80 K. The maximum

garded as the islands which contribute to the Coulomb gar}_unnel barrier height of 26 meV at the grain boundary was

Therefore, it is considered that the number of islands whicfﬁ?é?;nﬁi f/:/ci)rrg \}v?gtr:edrzgzaa(}:;i: ?)? tey?ed ?;r:)cjo?;bcggguﬁtsvg?

contribute to the electronic conduction becomes small withfounol that the Coulomb gap decreases with increasing wire

increasing wire width. : ) . . .
The reduction of the Coulomb gap with increasing WidthW|dth and finally disappears. The conduction mechanism of
ultiple islands connected in series was proposed to explain

of the 2D array of islands in metallic dots has been reporte@e wire width dependence and the observed magnitude of

by Cordanet al*® They have interpreted the reduction of the )
. : : . he Coulomb gap. The results of this study strongly suggest
Coulomb gap as being due to the increasing probability 1EOE{hat the single-electron effects will become significant with

the conductive electrons to take a lower resistance path Whe(?own scaling of the device size of future ULSIS
the width becomes high. In their model, the size of the me- 9 ’
tallic dot is assumed to be almost constant and the fluctuation

of the dlstarjce betwegn the dots is considered to domma’f&CKNOWLEDGMENTS

the electronic conduction.
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