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Electron transport measurements of Schottky barrier inhomogeneities
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We report nonmonotonicities in the low-temperature current versus gate voltage characteristics of
PtSi/Si Schottky Barrier metal—oxide—semiconductor field-effect transistors. Direct tunneling
through the Schottky barrier is shown to limit the current and be superimposed with resonant peaks
and oscillations. These structures are attributed to resonant tunneling through impurities located
close to the interface and nonuniformities of the heterojunction. We thus demonstrate barrier height
variations in electron transport through a relatively large metal/semiconductor contact area. The
inhomogeneities result in different average Schottky barrier heights between devices, and cause
height variations as a function of carrier concentration within a metal/semiconductor interface.
© 2002 American Institute of Physic§DOI: 10.1063/1.1456257

Electron transport in metal—semiconductor contacts is of  The |-V, equation for direct tunneling at low tempera-
great technological importance and has been a long-standirigres can be written as
topic of research 3 A principle part of this work is devoted &
to understanding the origin of the bulk Schottky barrier 'dt(Vg)=C(Va)Eoo(Vg)ex;{— b }
height in order to increase the uniformity of the electrical EooVg)
characteristics from device to device. Traditionally, measurewhereC is a device specific constant that depends on applied
ments have used current versus voltage\(), capacitance— biasV,, ¢ is the barrier height, ané&q, is the reduced
voltage, and photoemission experiments. Recently, ballistienergy and related td, by
electron emission microscopBEEM) techniques demon-
strated that nanoscale inhomo iti ive ri i _a Net _ af CoxVg— Vi

geneities give rise to nonideal EooVg) = 5 =\ 2)
macroscopic behavior in thé—V characteristics of a 2 Vegm® 2 qdsesm
diode® " The scanning tunneling microscope in these experiwhereq is charge, is the Planck constant* is the effective
ments, however, allows only very small contact areas to benass, is the dielectric constant of the semiconductog
probed. In this letter, we investigate transport through thds the effective surface concentration in the chanfgl, is
Schottky barrier of PtSi/Si contacts by examining the low-the capacitance per unit area of the oxidg;-100 A is the
temperature current versus gate voltage\(g) characteris- depth of the inversion layer, and is the threshold voltage.
tics in Schottky-barrier metal-oxide—semiconductor field-Equation (1) can be derived by the Wentzel-Kramers—
effect transistorsSBMOSETS. Unlike BEEM experiments,
we are able to examine the homogeneity of a relatively large
metal/semiconductor contact area.

As shown schematically in Fig. 1, the devices consist of 34 A Oxide
metal silicide contacts instead ofp—n junctions.
SBMOSFETs have been proposed as an alternative to tradi-
tional MOSFETSs for sub-100 nm integration because of su-
perior scaling properties and ease of fabricafiott.we re- @
cently reported large on/off ratios in bulk silicon devites
and a detailed investigation of current transport 10°
mechanism&3* Fabrication was carried out at National
Semiconductor in Santa Clara, CAThe relevant devices
parameters include: a lightly doped X3.0%) n-type sub-
strate, a 34 A gate oxide, 135 A sidewall spacer oxide, and
300 A of Pt at the source and drain. Measurements were ” [l Device 1
performed using a variable temperature cryostat and 107" o O Device 2
HP4145b and Agilent 4156b semiconductor parameter ana- " ofo
lyzers. The gate and substrate currents were periodically 107" el
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dpresent Address: Department of Chemistry and Chemical Biology, HarvardFIG. 1. (a) Schematic of the SBMOSFETD) I 4 vs V4 characteristics taken
University, 12 Oxford Street #237, Cambridge, MA 02138; electronic mail: at 3.84 K andV 4= —5 mV. The markers indicate the raw data and the solid
lecalvet@fas.harvard.edu lines are fits to Eq(1) with fitting parameters shown in Table I.
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TABLE |I. Fitting parameters for characteristics in Figgb)land 3.

100x10°
Size (width um/
length xm) Vs (V) by (V) = 801
20/1.67(Device 1 —0.005 0.264 g 60 —
20/1.67(Device 2 —0.005 0.271 <
20/1.67(Device 1 —0.050 0.260 £ 40
20/1.67(Device 2 —0.050 0.273 ‘1,:9
20/0.05 —0.050 0.274 5
2.0/0.05 ~0.050 0.269 © 204
O T T |
16 17 1.8 1.9 20

Brillouin approximation using triangular or parabolic
barrierst*~'®and is valid whenVyd< ¢, andEqe>kT. We
assume that drain-source bidg is dropped equally at both
the forward and reverse barriers\(2=V49). The gate bias
results in a substantial image force lowering of the in-
trinsic barrier¢y,;, that is taken into account by

~  [9Emax_ [ 20°Negifs|
A¢=dp=boi= 47785_( 1677283 ' ©®

where ¢y, is the band bending near the metal/semiconductor
at the surface.
Figure Ib) shows the transfer characteristics and fits to

Eq. (1) for two devices (width/length 20 xm/2 um) at 107~ '
g. (D wo devices (wi gth 20 um/2 pm) 43 14 A5 46 17 18

Gate Voltage (V)
(&)

Current (Amps)

V4= —5mV. We use the exponential fitting parameter to G
ate Voltage
obtain the barrier heights, which are given in Table I. The © ge (V)

effective mass is assumed to be Orj6 the average value
obtained from Shubnikov—de Haas oscillatidhs® From
Table I, we see that device 2, which has a smaller current,
has a slightly larger barrier height. We observe an average
Schottky barrier height of-0.269 eV, which is slightly larger
than values reported for Ptpitype Si(~0.22 e\). This
discrepancy may be due to the increase in the silicon band
gap at low temperatures. The difference in barrier heights
between the two devices can be attributed to nonuniformities
in the metal/semiconductor contact. As depicted in Fig. 2, at
larger V4 values, device 1 exhibits two types of nonmono-
tonicities: a resonant peak at larger gate voltages and current 024
oscillations at smaller values. P 15 16 a7 18 1.9 20
The resonant tunneling peak can be explained by the Gate Voltage (V)
presence of a charged impurity situated close to the metal/ ©
semiconductor interface, in which resonant tunneling is ob- 6. 2. (% Charasteristics of device 1 taken iy, s e v Th
H 7 . 2. aracteristics or device aken s Steps or—o mv. e
e e o e e e S - b o v,
> , shows clear resonant tunneling through a localized stajt¢.og
been explored extensively in previous resedrctbut here  1,vs V, data taken at 3.84 K with/ys values taken in steps of5 mV. The
its proximity to the metal/semiconductor interface effectively oscillations for small values ofg are a result of nonuniformities Ieadi_ng to
changes the average Schottky barrier height. While this peaﬁq{naller average Schottky barrler‘helghts than the bulk ave(a)g_aarrler
. .. . . . . eight vs gate voltage for devices 1 and 2, obtained using the pre-
is barely visible in Fig. (b), it resolves into a much larger exponential fitting parameter from E¢t).
effect asVys bias is increased, shown in Figi@2 The exact
origin of the impurity is unclear but it is most likely caused
by an unintentional acceptor impurity or by a Pt atom thatvariations are not observable because the net effect as com-
diffused into the depletion width from the silicided contacts.Pared to the average barrier height is too weak. As the bias is
The direct tunneling fit is problematic in the region near theincreased, transport occurs with greater ease and nonmono-
impurity, and temperature cycling resulted in the peak shifttonicities appeabeforecurrent flow is dominated by trans-
ing to a higheV value. The resonant tunneling peaks haveport through the entire width. Current oscillations were ob-
been observed at various positions in gate bias and in five gferved in about three of the ten devices measured and always
the ten devices measured. appear at these smaller values\gf. In Table I, the param-
In Fig. 2b), current oscillations as a function b, are  eters of the direct tunneling fits atys=—0.05V are com-
observed for largeY 4 values and are attributed to variations pared.

in the local potential of the barrier height. At sm#ls, bias While the values in Table | can be viewed as the average
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10° - ___ B . We have shown that low-temperature transport in
| - - g?i;gg ﬁﬁig ﬁﬁi g:&zz 3 SBMOSFIE_TS is dominate_d _by di_rect tunneling and that in-
homogeneities lead to variations in the average Schottky bar-
rier height between different devices. This method of inves-
....... tigating transport in Schottky barriers leads to insight in the
............... effect of nonuniformities in metal/semiconductor contacts. In
o particular, we demonstrate a low-temperature technique by
which nonuniformities in a large device area can be probed
and show that the carrier concentration can substantially ef-
fect the average barrier height. Future research combining
gated Schottky barriers and BEEM investigations should
W/L=20pum /0.05 um lead to a better understanding of the origin of the bulk
=os W/L=24um/0.05um Schottky barrier height.
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effective barrier height for a range of carrier concentrations,
using the pre-exponential fitting parameter and #g, we
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