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We have fabricated nanometer-scale point-contact devices in 50-nm-thick poly-Si films with a grain size of from 150 nm to
20 nm. Both linear and nonlinedys-Vys characteristics were observed in these devices, corresponding to a channel without a
grain boundary (GB) and that with a single or a few GBs, respectively. The temperature dependence of resistivity indicated that
the effective potential barrier heigh¥g of the GBs for the devices which show the nonlingaV/ys characteristics ranges from

30 meV to 80 meV. We discussed percolation conduction of electrons through a few GBs due to nonuniform GB properties in
heavily doped poly-Si films.
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Polycrystalline silicon (poly-Si) has been widely studiedhick amorphous silicon (a-Si) film was then deposited using
for various applications such as thin film transistors, statilow-pressure chemical vapor deposition (LPCVD) at 850
random access memories (SRAMs) and stacked memdllowed by phosphorus ion implantation into the a-Si film
cells? The electrical properties of poly-Si films are sendayer with an energy of 20keV at a dose 0&310*cm2.
sitive to the process conditions, particularly those of crysSolid-phase crystallization (SPC) of the a-Si films was per-
tallization and passivation methods. Significant efforts haviermed at 850C for 30 min in an Ar ambient, crystallizing
been made to increase the carrier mobility of these filmthe films as well as activating the dopants electrically. By us-
since this limits the ON current of poly-Si devices. Thining a simulator ATHENAS) the doping concentration in the
poly-Si films have also been studied as a building block fopoly-Si film was estimated to be as high ag%dm 3.
single-electron memorié4) where individual silicon grains  Side-gated point-contact device structures (see Fig. 1(a))
are used as charging islands. In this application, poly-Si filmsere defined by using a conventional electron-beam lithogra-
with a grain size of less than 10 nm are used, such that tipy technique with polymethylmethacrylate (PMMA) resist.
single-electron charging energy is sufficiently large to observehe devices were electrically isolated by reactive ion etching
Coulomb blockade effects. into the silicon substrate with a mixture of SiCind Ch.

Despite these intensive studies, the relationship betweé&igure 1(b) shows a scanning electron microscope (SEM) im-
the microscopic properties of an individual grain boundargge of a Secco-etch8dsPC thin poly-Si film. The grain size
(GB) and the macroscopic electric properties of poly-Si filmsf the films after SPC ranges from 20 nm to 150 nm, which
is not clear. Very recently, a detailed investigation has beda consistent with the cross-sectional transmission electron
reported for 1xm-thick poly-Si films with a grain size of microscope (XTEM) observation. The XTEM observation
about 0.3:m.5 In this study, electron transport through a
small number of GBs has been measured for the first time by
using a four-point probe technique, and the distribution of in-
dividual GB potential barrier height has been investigated. It
has been shown that for low-doped devices with a donor con-
centration of 1x 10'"cm~3, the GB potential barrier height
varies largely among devices, and this has been attributed to
nonuniformity of potential barrier heights of GBs.

In this paper, we focus on the relationship between the lo-
cal structure and transport properties of heavily-doped poly-
Si films with a much smaller film thickness and grain size.
By fabricating novel ultrashort point-contact devices where
both the length and width of the channel are as small as the
grain size, we study electron transport through a single or a
few GBs in the channel. The main objectives of this study are
to investigate the transport properties of a single GB and to
establish “GB engineering” techniques.

Highly doped poly-Si films were prepared as follows: AFig. 1. (a) Scanning electron micrograph of a po?nt-contact device with a
40-nm-thick SIQ layer was thermally grown on a (100)- ~Sherel =10 of shout d00m and acharneliah of bout 40 e
oriented lightly-doped silicon substrate. An undoped 50-NM- jng. GBs are clearly delineated. The size of grains ranges from 20 nm to

150 nm.
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shows that the geometry of the grains is columnar and perpetistribution of qVg for devices with nonlinear 145-Vgs char-
dicular to the surface. Since the channel dimensions (wid#tteristics is shown in Fig. 3 and that for devices with linear
and length) of the point-contact devices were in the range dfs-Vgs characteristics is shown in the inset of Fig. 3. Note
30 nm-50 nm, the channel may contain no GB or a few GBthat the devices with nonlinear |4s-Vgs Characteristics show a
at most. wide range of barrier heights from 30 meV to 80 meV, but the

Source-to-drain current-voltagd ¢£Vys) characteristics devices with linear |4s-Vgs Characteristics show a very sharp
were measured for more than 30 devices at from room terdistribution with a mean value of approximately 30meV. The
perature down to 19 K. These characteristics are of two typesnall variation of qVg for the deviceswith linear 145-Vys char-
and typical characteristics of each type are shown in Figs. 2(ajteristics is attributed to the average potential barrier height
and 2(b). Linear and nonlinedgs-Vys characteristics were of many GBs in the large source and drain regions outside
obtained for Device A and Device B with the same channehe channel. On the other hand, the distribution of qVg for
length of 50 nm and width of 40 nm. The resistivity for De-the devices with nonlinear |ys-Vys Characteristics represents
vice B atVys ~ 0 in Fig. 2(b) is determined to be approxi-the GB potential barrier height in the channel. It was ob-
mately five times larger than that for Device A (see Figs. 2(cerved that for devices with nonlinear |4s-Vys Characteristics,
and 2(d)). Nonlineatys-Vys characteristics were observed inqVg decreases with channel width and increases with chan-
about one-third of the fabricated devices, and the other deel length. In the devices with linear 14s-Vys Characteristics,
vices showed linear characteristics. Moreover, a slight asymVg has no dependence on either channel length or width.
metry in thelgsVgs characteristics was observed among dethisalso suggests that the electron transport can be described
vices with nonlinear characteristics. It should be noted thas percolation conduction through local potential minima of
no Coulomb blockade oscillation was observed by sweepir@Bs: qVg can be different among adjacent GBs, and elec-
a side-gate bias; thus, nonlindat-Vys characteristics are at- trons can choose the GB with the lowest qVg as an energet-
tributed to the GB potential barrier of GBs in the channel. ically favourable path. Therefore, when the channel width is

We analyzed the temperature dependence of the resistivitycreased, a GB with lower qVg may exist inthe channel. The
at above 200 K to obtain the local potential barrier he@g¥t§  increase in qVg with the channel length is simply explained
of a GB. Assuming a thermionic emission current via GBghy the existence of multiple GBs including those with higher

the current densityl is given by qVs aong the conduction path.
qVe qVy There are two possible causes of the variation of the po-
J = gnvc exp (_ﬁ> sin <2k TSN> , (1) tential barrier height of the GBs. One is the nonuniform in-
B B

tergrain distance between two adjacent grains. From high-
whereq is the elementary charge, the collection velocity resolution XTEM observations, it was found that the inter-
of electrons,T the film temperaturen the carrier concentra- grain thickness ranges up to 1.2 nmin our poly-Si films. The
tion andN the number of GBs between contacts. By fittingntergrain contains a high density of dangling bonds which
eq. (1) to the experimentdls-Vys curve, the value oN can  create defect states near the middie of the band gap and act
be obtained. The value &f ~ 3.5 was obtained for one of as trapping sites for carriers. Therefore, more trapped carri-
the largest devices with a channel length of 50 nm and widés are expected near thicker intergrain regions, resulting in
of 50nm. N is also found to be virtually temperature inde-a higher potential barrier height. In addition, the defect den-
pendent above 200K. It is very likely that the number ofity in the intergrain can be affected by the crystal orienta-
GBs in the channel is less than four in all devices. Sincgons of the adjacent grains. Since poly-Si films may have
the lys-Vys characteristics of the devices are determined byrains with different orientations, the local defect density in
the electric properties of the narrow channel regipv can  the intergrain may vary depending on the orientations of the
be evaluated from the measured temperature dependenceyeins nearby. The other possible cause is the difference in
the resistivity (see Figs. 2(c) and 2(d)) using eq. (1). Thehe active dopant concentration in the adjacent grains. During
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Fig. 2. (a) and (b) show source-to-drain current-voltage characteristicsfor g 3 pigtribution of potential barrier height qVi for the devices with

Device A and Device B with awidth of 40 nm and alength of 50nm at nonlinear | 4s-Vgs characteristics. Theinset shows that for the devices with
temperatures ranging from 19K to 280K, respectively. (c) and (d) show linear |gs-Vgs characteristics.

the temperature dependence of resistivity of Device A and Device B.
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annealing process, some phosphorus atoms segregating into
GBs become electrically inactive. The percentage of these
segregated atoms relative to all the phosphorus atoms will be
larger for a smaller grain. As the size of individual grainsis
different as shown in Fig. 1(b), the density of active phospho-
rus atomsin the grains may also be different depending on the
grain size. Theseimply that thelocal Fermi energy relative to
the conduction band edge may not be the same among the ad-
jacent grains, aso leading to a nonuniform qVg. Finaly, it
should be noted that the small current asymmetry observed
for the devices with nonlinear 14s-Vys characteristics may be
attributed to unbalanced local Fermi energies among the ad-
jacent grains.

In conclusion, the local nonuniform properties of heavily
doped poly-Si films were investigated using nanometer-scale
point-contact devices. It was found that for devices with non-
linear lg4s-Vgs Characteristics, the effective potential barrier
height qVs of asingle or few GBs ranges from about 30 meV
to 80meV. The wide range distribution of qVg’'s may result
from nonuniform local defect states.
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