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Atomic-Structure-Dependent Schottky Barrier at Epitaxial Pb/Si(111) Interfaces
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The Schottky barrier of Pb grown epitaxially on n-type Si(111) has been studied. Two structures can
be formed, which differ only in the arrangement of the first layer of Pb and Si atoms at the interface.
One, a Si(111)(7x7)-Pb structure, has a Schottky-barrier height of 0.70 eV. The other a
Si(111)(¥3x+/3)R30°-Pb structure, has a barrier height of 0.93 eV. These results emphasize the im-
portance of the local electronic structure for Schottky-barrier formation at ordered interfaces.

PACS numbers: 73.30.+y, 73.40.—c

The search for the fundamental mechanisms determin-
ing Schottky-barrier formation at metal-semiconductor
interfaces has been strongly influenced by Tung’s
discovery of the relation between atomic structure and
Schottky-barrier height at epitaxial NiSi,/Si(111) con-
tacts.! A type-A interface has a Schottky barrier of 0.64
eV, while a type-B interface, where the orientation of the
silicide is rotated by 180°, has a barrier height of 0.78
eV. Such a single-crystalline and structurally perfect in-
terface? forms an ideal model system for theories of
Schottky-barrier formation, allowing for the first time
hope for a microscopic understanding based on band-
structure calculations.>* Experimentally, further pro-
gress would greatly benefit from the availability of other
metal-semiconductor systems having different epitaxial
interface structures. Since the discovery of the
NiSi,/Si(111) epitaxy no such system has been reported
to date. In this Letter we report on Schottky barriers of
the elemental metal lead, grown epitaxially on silicon
(111). Two types of contacts, Si(111)(7x7)-Pb and
Si(111)(¥3x+/3)R30°-Pb, can be formed, which differ
only in the structure of the first layer of Pb and Si atoms
at the interface, while the bulk structures are identical in
both cases. The Schottky-barrier heights on n-type Si
(as determined by capacitance measurements) are 0.70
and 0.93 eV, respectively, differing by as much as 0.23
eV.

The growth of Pb on Si(111) has been studied by
several groups.>™ The system is of particular interest
because complications due to chemical reactivity or
diffusion are absent. Mutual solid solubility is virtually
zero, and there are no stable silicides.'® The growth fol-
lows the Stranski-Krastanov mechanism,’ i.e., first one
monolayer is completed, and then subsequent growth
proceeds in islands. At a coverage of one monolayer two
different phases exist at room temperature. Grey et al.
have determined the atomic structure of both phases us-
ing grazing-incidence synchrotron surface x-ray
diffraction.® A metastable Si(111)(7x7)-Pb structure is
obtained by depositing one monolayer of Pb at room
temperature. This structure consists of a two-

dimensional close-packed Pb lattice with 8 x8 atoms per
Si 7x7 unit cell [Fig. 1(a)]. Heating the sample above
300°C induces an irreversible phase transition to a
Si(111)(1x1)-Pb structure. Cooling to room tempera-
ture results in a stable Si(111)(v/3x+/3)R30°-Pb struc-
ture. This phase is also close packed, but rotated by 30°
with respect to the substrate [Fig. 1(b)], and is incom-
mensurate.® After completion of the first monolayer
three-dimensional islands grow in the (111) orientation
with Pb[110] parallel to Si[110],” independent of the
structure of the adlayer.

The Schottky diodes are fabricated on low-resistivity
n-type Si(111) wafers with epitaxial layers having a
thickness of 6 um and a resistivity of 2 Q cm, on which a
400-nm-thick SiO, layer is grown. The back of the
wafers is implanted with a dose of 1x10'5-cm 2 30-keV
phosphorus to ensure Ohmic contact. Squares 7X7 mm?
are cut from the wafers. On one-half of these squares
contact windows of areas ranging from 8.2%10 > to
1.6x10 2 cm? are defined, while on the other half the
oxide is stripped leaving a bare Si surface for monitoring

purposes. The samples are cleaned by the Shiraki
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FIG. 1. Atomic arrangement of a Pb monolayer on Si(111):
(a) the Si(111)(7x7)-Pb structure; (b) the Si(111)(~/3
x~/3)R30°-Pb structure. A (111) plane of the silicon sub-
strate is shown for reference.
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method!' and brought into an ultrahigh-vacuum
chamber, which has a base pressure of 10 ~'® mbar. The
thin oxide layer in the contact windows is removed by
heating the sample from the back with an electron beam
for 3 min to about 850°C, as measured with an optical
pyrometer. This temperature is low enough to avoid
spurious changes in the doping profile.'?

The surface is studied by Auger electron spectroscopy
(AES) and reflection high-energy electron diffraction
(RHEED). After the heat treatment no traces of
foreign elements can be detected with AES. The bright
RHEED patterns show the 7X7 reconstruction of the
clean Si(111) surface. The deposition rate is monitored
by a quartz-crystal oscillator, which is calibrated with
AES, using the joint Si(L23MM)-Pb(Ng7045045) Auger
lines. The deposition rate is 0.12 monolayer/sec.

The first type of Schottky contact [Si(111)(7x7)-Pb]
is prepared by evaporating one monolayer of Pb onto the
clean Si(111)(7x7) surface, held at room temperature.
During deposition the pressure does not exceed 10 ~°
mbar. The Si 7x7 spots in the RHEED patterns gradu-
ally become weaker, while the background intensity in-
creases. At the completion of the monolayer only the
integer-order and ¢ and % fractional-order spots remain
visible. The increased background indicates imperfec-
tions in the ordering at the surface, as can be expected
from small relaxations of the structure that are present.’
No contamination or compound formation can be detect-
ed by RHEED or AES. Further deposition results in the
formation of islands with Pb[110] parallel to Sil110],
which eventually merge into a continuous film. The
growth is stopped at a thickness of 500 nm.

The second type of Schottky contact [Si(111)(+/3
x~/3)R30°-Pb] is prepared by thermal treatment of the
sample after the first monolayer has been completed as
described above. Heating slowly to 300°C, the
fractional-order spots of the metastable adlayer disap-
pear, leaving the 1X1 structure. The sample is held at
300°C for 15 min. Upon cooling a (v/3x+/3)R30°
structure appears below 275°C. Careful analysis of the
RHEED data confirms the incommensurability of this
phase. The Pb(1,0) reflection appears at the (0.65,0.65)
position of the Si(111) reciprocal surface cell. If the
hexagonal Pb(111) were commensurate these spots

TABLE 1. Schottky-barrier heights (SBH) of epitaxial
Pb/Si(111) contacts. Tabulated values include image-force
lowering. For calculating the IV barrier heights an effective
Richardson constant of 112 A/cm?K? was used. Tabulated er-
rors are standard deviations from the mean, obtained from 30
to 40 contacts on several samples.

SBH (eV)
Interface structure v Ccv
Si(111)(7x7)-Pb 0.62 +0.02 0.70 £ 0.02
Si(111)(v3x+/3)R30°-Pb 0.90 +0.02 0.93+0.01
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would appear at the (3,3 ) position. This result is in
excellent agreement with the x-ray analysis by Grey et
al.® The diffuse background intensity remains strong.
Further deposition results in island formation with the
same parallel epitaxy as on the 7x7 adlayer. The final
film thickness is 500 nm.

Contact pads are defined by etching the Pb in a 2%
HF solution, which also serves to remove the native sil-
icon oxide from the back side. Immediately afterwards
the back contact is formed by evaporating 0.5-um alumi-
num.

Schottky-barrier heights are determined by the
capacitance-voltage (CV) and current-voltage (IV)
methods at room temperature.'> Results are summa-
rized in Table I. Each entry represents 30-40 contacts
on different samples. We have reproduced the difference
in barrier height in several runs in the course of a year.
For the (v/3x+/3)R30° contacts we sometimes had
difficulties fabricating good diodes.

Measured capacitances are frequency independent
from 100 kHz to 2 MHz; 400 kHz is taken as the mea-
surement frequency. Typical results for both types of
diodes are shown in Fig. 2. The slope of the 1/C2-V
curves corresponds to a doping concentration of
2.7x10" cm 73, in agreement with the nominal resistivi-
ty. The curves extrapolate to Schottky-barrier heights of
0.70+0.02 eV for the Si(111)(7x7)-Pb, and 0.93
+0.01 eV for the Si(111)(~/3x+/3)R30°-Pb structure.
These results are independent of diode size.

The large difference in barrier height is also manifest
in the IV measurements (Fig. 3), but some complications
arise. The IV curves of the (v/3x~+/3)R30° diodes show
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FIG. 2. CV plots of 7x7 and (~/3x+/3)R30° contacts, mea-
sured at 400 kHz. Contact area is 1.6x10 ~% cm? The slope
of the 1/C2-¥ curves corresponds to a doping concentration of
2.7%10"% cm ~3,
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FIG. 3. Forward-current characteristics of 7x7 and

(v/3x+/3)R30° contacts. Contact area is 1.6x10~> cm?2. For
the (V3x+/3)R30° curve the fitted thermionic emission
current (solid line) and the generation-recombination current
(dashed line) are shown.

an excess current of variable magnitude at low forward
bias. We attribute this to generation-recombination
current originating in the space-charge region, which is a
commonly observed phenomenon in high-barrier con-
tacts.'*!> One may also consider nonuniformity of the
barrier height, e.g., caused by coexistence of the
Si(111)(v3%+/3)R30°-Pb  structure  with  the
Si(111)(7%7)-Pb structure. However, in that case also
the barrier height deduced from the CV measurements
ought to be lowered. Therefore we have analyzed the
forward current with the Schottky-barrier height, the
generation-recombination current density, and a series
resistance as parameters. Varying the ideality factor be-
tween 1.05 and 1.15 does not substantially influence the
results. Averaging over all contact sizes we find a
Schottky barrier of 0.90 £0.02 eV, with generation-
recombination current densities ranging from 5x10 "8 to
5%10~7 cm 2. The barrier height decreases slightly for
smaller contact sizes, the difference between the largest
and smallest contacts being 0.03 eV. Apparently a small
amount of edge current is present, not unexpected con-
sidering the very small thermionic emission current in
these diodes. The IV curves of the 7x7 diodes show no
dependence on contact size, and yield a Schottky barrier
of 0.62+0.02 eV, with ideality factors ranging from
1.06 to 1.14.

So both IV and CV methods yield a difference in
Schottky-barrier height of at least 0.23 eV between the
Si(111)(7x7)-Pb and the Si(111)(¥3x+/3)R30°-Pb
structure. For the (v/3x+/3)R30° contacts the CV and
IV barrier heights agree quite well. For the 7X7 con-
tacts the IV barrier height is significantly lower than the
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FIG. 4. Schottky-barrier heights of transition-metal silicides
and nonreacting metals on n-type silicon [reproduced from
Schmid (Ref. 18)]. Solid circles and squares: silicides; open
squares: nonreacting metals. The solid line is a linear fit to the
data. We have added the present barrier heights for Pb and
the charge neutrality level (CNL) from the metal-induced-
gap-states theory (Ref. 17), indicated by solid triangles.

CV barrier. This appears to be not unusual for atomical-
ly clean contacts on Si, but a conclusive explanation is
lacking.'* The effect has also been observed for Pb on
cleaved Si(111) surfaces by Thanailakis.'® He has re-
ported barrier heights of 0.72 eV, measured by the CV
method, and 0.61 eV by the IV and photoelectric
methods. Notably these values almost coincide with our
results for the 7x 7 contacts.

We will now discuss our results in the light of existing
theories of Schottky-barrier formation. First, since the
7x7 and (V3x+/3)R30° diodes have identical bulk Si
and bulk Pb structures, it is obvious that any theory
based solely on bulk properties like work function, elec-
tronegativity,'* or even metal-induced gap states
(MIGS)'” must fail to explain the observed difference in
barrier height. Evidently it is caused by a difference in
the local electronic structure of the interface. Second,
0.93 €V is an extraordinarily high Schottky barrier, espe-
cially for a low-electronegativity metal like Pb (ypy
=4.10 eV on the Miedema scale; ysi=4.70 eV).

These points are brought out more clearly by Fig. 4,
which shows Schottky-barrier height versus electronega-
tivity for a collection of elemental metals and silicides on
Si. This figure is taken from Schmid,'® where we have
added the present barrier heights for Pb, and the charge
neutrality level (CNL) from Tersoff’'s MIGS theory.'’
According to this theory each semiconductor has its typi-
cal, so-called canonical barrier height, which is given by
the CNL, the energy where the MIGS cross over from
acceptorlike to donorlike character. For n-type Si Ter-
soff has computed a canonical barrier height of 0.76 eV.
Deviations from this value must follow linearly the elec-
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tronegativity difference. This behavior is roughly borne
out by the data shown in Fig. 4. The 0.70- (0.62-) eV
barrier height of our 7x7 contacts conforms reasonably
to the general trend, but it is clear that the 0.93-eV bar-
rier height of the (~/3x+/3)R30° contacts cannot be ex-
plained within this model.

Apparently interface states of a different origin are in-
volved. Calculations of Zur, McGill, and Smith indicate
that it takes on the order of 10'* interface states per cm?
to pin the Fermi level for thick, metallic covcrages.’9
Therefore the barrier height of the Si(111)(V/3
x+/3) R30°-Pb structure requires a high density of states
in the lower part of the band gap, at or below 0.93 eV
below the conduction-band edge. The origin of these
states must reside in the bonding details of the Pb and Si
atoms that constitute the interface. Since there is an or-
dered atomic arrangement at the interface it is perfectly
conceivable that an intrinsic electronic state of the re-
quired areal density exists at a discrete energy level.
However, since there is a detectable level of disorder in
the interface structure, the possibility that such a state is
related to a particular kind of structural defect cannot be
ruled out.

A comparison with the Si(111)(7x7)-Pb interface is
complicated by the fact that here the silicon lattice may
still be terminated by the 7x 7 reconstruction, instead of
an unreconstructed (111) plane. The Si(111)(7x7)-Pb
interface is also ordered, and a discrete intrinsic inter-
face state could exist as well. Electrical transport mea-
surements are unable to resolve this matter.
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