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Different Fermi-level pinning positions between epitaxial and rotational AllSi interfaces
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Schottky-barrier height (SBH) for intimate Al/Si contacts is investigated in relation to the interfacial
crystallographic alignment, which is observed by transmission-electron microscopy. Epitaxial and rota-
tional Al films are obtained by low-temperature molecular-beam epitaxy on both Si(111)and (100) sur-

faces, by controlling the surface structures. The SBH measurements for n- and p-type samples reveal
that the absence of epitaxial alignment at the interfaces significantly lowers the Fermi-level pinning posi-
tion for the contacts on both (111)and (100) surfaces.

Schottky-barrier formation at Al/Si interfaces- has been
studied extensively because such interfaces have been uti-
lized as typical contacts in Si devices. Theoretical studies
on the Fermi-level (FL) pinning mechanism has also been
developed based on this model system, ' which is chem-
ically inactive and makes no silicide bonds. However, the
reported Schottky-barrier height (SBH) is not unique and
scatters widely over the range of 0.66-0.77 eV, even
when limited to intimate contacts on n-type Si(111) sur-
faces. This variation is too large to be explained only
by experimental errors. However, in most previous stud-
ies, the origin of the scattered SBH's has not been
clarified. Thus, it is necessary to determine the barrier
heights for the Schottky contacts, the interfacial struc-
tures of which are well characterized.

Recently, epitaxial Al(111) films have been grown on
Si(111) substrates by Al evaporation in ultrahigh vacu-
um. 9 " Furthermore, we have succeeded in growing
single-phase epitaxial Al(111) films on Si(111) substrates
by using low-temperature molecular-beam epitaxy (MBE)
without post-growth annealing. ' For such contacts, the
SBH is expected to be defined uniquely. We have also ob-
tained polycrystalline films with rotational (111)-textured
grains, merely by controlling the Si(111) surface struc-
tures. '2 In the same way, on (100)-oriented surfaces, two
types of contacts with epitaxial and rotational grains
have been formed. Fabrication of such well-
characterized contacts enables us to investigate the cause
of the SBH variation. In this paper, we describe n- and
p-type SBH's and the interfacial crystallographic align-
ment, for intimate Al contacts on Si(111)and Si(100). It
is shown that the FL pinning position for nonepitaxial in-
terfaces is lower than that for the epitaxial interfaces.

The substrate preparation is the critical process in this
experiment. The substrates used were (111)- and (100)-
oriented n- and p-type Si wafers with resistivities of
10—20 0 cm. All the substrates were hydrogen terminat-
ed by being dipped into pH-controlled HF solutions for
60 s; pH= 8 for the Si(111)-oriented wafers and pH=4 for
the Si(100)-oriented wafers. They were immediately load-
ed into an MBE chamber with a base pressure of less
than 1 X 10 ' Torr. The Si(111) surfaces were mainly
terminated by silicon-monohydride bonds and the Si(100)
surfaces by silicon-dihydride bonds. ' ' Both surfaces
showed 1X1 re8ection high-energy electron difFraction
(RHEED) patterns. In addition to these hydrogen-

TABLE I. Structures of Al films grown on various Si(111)
and Si(100) surfaces prepared by different in situ treatments.
The Si surface structures before Al evaporation were identified
by RHEED patterns. The crystallographic structures of Al
films were determined by TEN observation.

Sample

B
C
D
E

Si surface

(111):7x7
(111):1x1
(111):1x1(-H)
(100):2X 1

(100):1x1(-H)

Al film

epitaxial-(111)
rotational-(111)
epitaxial-(111) +(100)
epitaxial-(110)
rotational-(110)

terminated (111)and (100) surfaces, three kinds of in situ
cleaned surfaces were prepared by annealing the starting
hydrogen-terminated surfaces (Table I). After thermal
treatment of 800 and 600'C (Ref. 15) for 10 min, the
Si(111) surfaces showed RHEED patterns of 7X7 and
1X1, respectively. On the latter surface, the surface
reconstruction is thought to be incomplete or disordered.
The Si(100) treated at 700'C for 10 min showed a 2X1
pattern. These thermally treated surfaces are considered
to be hydrogen-free because the hydrogen atoms ter-
minating the surface desorb at 530'C. 's After reaching
the maximum temperature, the pressure was kept at no
more than 1X10 Torr. During sample cooling and
subsequent Al growth, the ion gauge was switched off to
minimize the ambient efFect on the surfaces. ' Then Al
was evaporated onto these oxide-free surfaces from an
effusion cell at a substrate temperature of 50'C. The
growth rate was set at 0.04 nm/s and the film thickness at
about 60 nm. All Al films had flat mirror surfaces. No
post annealing was performed in this study.

The structures of the Al films were analyzed by
transmission electron inicroscopy (TEM) using a JEOL
JEM-4000EX. The sainples were thinned by mechanical
polishing and Ar-ion milling on the Si side. The overlap
region of the Al and Si layers was observed by plan-view
TEM. The transmission electron difFraction (TED) pat-
terns are shown in Figs. 1(a)-1(c) for the three samples
on the Si(111)substrates, and are shown in Figs. 1(d) and
1(e) for the two samples on the Si(100) substrates. These
five samples are denoted samples A E, as shown i—n
Table I, where the observed crystallographic relations be-
tween Al and Si are summarized.
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FIG. 1. Plan-view TED patterns from the overlap region of
Al and Si layers for the samples on (111)- and (100)-oriented
substrates. Here, (a)-(e) represent the TED patterns of samples
A -E, respectively. S, A 1, A 2, and A 3 indicate the diffraction
spots of Si(220), Al(220), Al(200}, and Al(111), respectively. The
spots of D1, D2, and D3 are caused by double diffraction at the
Al and Si layers, corresponding to the spots of A 1, A2, and A 3.

Figure 1(a) shows a perfect epitaxial relation in sample
A: Al(111)

~~
Si(111) with Al( 220 )

I Si( 220 ) . Further-
more, cross-sectional TEN observation revealed that the
films have only type-A orientation. The TED pattern for
sample 8 in Fig. 1(b) shows that the Al film is (111)
oriented. However, Al diffraction spots appear as arcs at
an angle of +10' around the regular epitaxial diffraction
spot positions. This means that the Al films consist of
grains rotating with random angle distribution in the
plane parallel to the interface. The mean grain size was
50 nm in the TEM images. The TED pattern for sample
C in Fig. 1(c) shows that the Al film consists of two kinds
of grains with the following epitaxial relations to the Si
substrate: Al(111)~~Si(111) with Al(220) ~)Si(220), and
Al(100)~)Si(111) with Al(220) ~~Si(220). The mean grain
size was 100—200 nm.

The TED pattern of Fig. 1(d) shows that the Al film for
sample D is a bicrystal consisting of two equivalent epi-
taxial grains: Al(110)~~Si(100) with Al(220) ~~Si(220).
Figure 1(e) shows that the Al film is (110) oriented, but
the grains are rotated (+10') around the two epitaxial
orientations with random angle distribution, as in the
case of sample 8. The mean grain sizes for both samples
D and E were 100-200 nm.

As revealed by plan-view TEM observations, the main
difference in the film structure is the presence or absence
of grain rotation around the normal axis. Cross-sectional
TEM observation has shown that the polycrystalline Al
films have columnar structure and that the crystallo-
graphic orientation of the metal film is extrapolated to
the very interface. The epitaxial samples on both (111)

TABLE II. SBH's for Al contacts on n-type Si substrates.
Barrier height values, ps„{IV}, P~„{C-V},and P-s„{IPE},were
determined by current-voltage, capacitance-voltage, and inter-
nal photoemission methods, respectively, at 300 K.

Sample

A

8
C
D

Pg„{IV}-
(eU)

0.68
0.75
0.69
0.70
0.76

$g„{C- V}
(eU)

0.69
0.77
0.69
0.71
0.78

tI}g„(IPE}
(eV)

0.69
0.75
0.71
0.70
0.77

and (100) substrates have common epitaxial relations
along the (220) directions in the interfacial plane, where
the ratio of the lattice constant of Si to that of Al can be
well approximated by the simple rational number —'„with
a small mismatch of 0.6%%uo.

The SBH's of the above five samples on the n-type Si
were determined by current voltage (I V), -1-MHz
capacitance-voltage (C-V}, and internal photoemission
(IPE) measurements' ' at 300 K. For the electrical
measurements, Ohmic contact was made on the back side
of the sample after scratching off the oxide layer. Arrays
of Schottky diodes, 500 pm in diameter, were fabricated
by Au/Ti deposition on the Al film through a stainless-
steel mask and subsequent etching in H3PO4 to define the
diodes. In the IPE measurement, infrared light from a
double monochromator was incident on the back sides of
the diodes. A Richardson constant of 112 AK cm
was used for I-V analysis. For each sample, SBH's were
measured for several diodes fabricated from different
parts of the wafer. The average SBH's are summarized in
Table II. The values for each sample ranged within 210
meV for I-V and C-V measurements, and within +15
meV for IPE measurement.

Figures 2(a) and 2(b} show typical sets of forward
current characteristics in I-V measurement for (111)and
(100) substrates, respectively. For all lnI-V plots, good
linearity is observed over two orders of magnitude in
current. The ideality factor n of each diode in the lnI V-
plot of each diode was close to unity (1.01 & n & 1.05) in-
dependent of the samples. These results indicate that
none of the extrapolated SBH values are affected very
much by recombination current, ' which is caused by dis-
order or defects near the interface. The 1/C -V plot also
showed excellent linearity and gave a doping concentra-
tion of %&=4.0X10'"cm for each sample. This corre-
sponds to the nominal resistivity of the n-type substrates.
The SBH (C-V) data are quite similar to the SBH (I V)-
data, as shown in Table II. Figures 3(a) and 3(b) show
typical sets of IPE spectra for (111)and (100) substrates,
respectively. Each Fowler plot' ( Y'' -hv) was found to
be linear over the range of photon energy P+ 3
kT & h v & 0.98 eV, where Y and P are the quantum pho-
toelectric yield and the intercept of the plots with the h v
axis, respectively. The photoelectric yield in this photon
energy region is normalized by the yield at the photon en-
ergy of 1.1-1.2 eV, where electron-hole generation in
bulk Si is dominant. The SBH s are determined as the in-
tercepts t|) of the Fowler plots. As shown in Table II, the
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FIG. 2. Typical sets of forward current characteristics in
lnI-V plots for the contacts on (111)-oriented surfaces (a) and
(100)-oriented surfaces (b), respectively. The contact area is
1.9X 10 cm . The SBH's were determined from the satura-
tion current, which is extrapolated by fitting the plots in the bias
range of 80—180 meV.

SBH's of the five samples agree well with the correspond-
ing SBH's determined by I-V and C-V methods. These
results confirm the accuracy of the SBH values because
the photoelectric measurement is a direct method of
determining the barrier height without any external pa-
rameters. ' The SBH differences among samples are as
much as 70 meV, which is significantly larger than the
precision of each measurement.

The p-type SBH's were determined by the C-V method
at 200 K because of the difficulty in determining the low

(&0.5 eV) at room temperature. The n-type Si
SBH's were also measured at 200 K. Hereafter, the
SBH's for the n- and p-type substrates will be referred to
as P~„and P~, respectively. The results are listed in
Table III. Each SBH value is the average over several
diodes, and the values for each sample are within the
range of +10 and +15 meV for n- and p-type samples, re-
spectively. For each p-type diode, good linearity in the
1/C -V plots was observed, at least for reverse applied
voltage of less than 0.5 V. The obtained dopant concen-
tration of N, =1.1X10' cm corresponds to the nomi-
nal substrate resistivity mentioned above. For the n-type
samples, the 1/C -V plots showed excellent linearity and
reproduced an SBH difference of 70 meV observed at 300

'0.6 1.00.7 0.9
Photon energy (eV)

FIG. 3. Typical sets of IPE spectra in Fowler plots for the
contacts on (111)-oriented surfaces (a) and (100)-oriented sur-

faces (b), respectively. The SBH's were determined as threshold
photon energy, which is extrapolated by fitting in the range of
/+3 kT &hv&0. 98 eV.

0.8

Sample

A

B
C
D
E

Pg„(eV)

0.68
0.77
0.71
0.72
0.79

$~~ (eV)

0.43
0.34
0.41
0.41
0.36

(()g„+Pg~ (eV)

1.11
1.11
1.12
1.13
1.15

K. Notice that Pz„and Ptr for each sample change com-

plementarily depending on the filtn structures. All the
values of P~„+Ps~listed in Table III are nearly equal to
the Si band gap Ez ( = l. 15 eV) at 200 K. This result sug-

gests that the SBH differences among samples essentially
re6ect the differences in FL pinning positions.

Before discussing the variation of the FL pinning posi-
tion, we have to examine the effect of SBH inhomogenei-

ty, which may aff'ect the apparent SBH. The present
samples except for sample A evidently have inhomogene-
ous interface structures. However, the n-type samples
showed no distinctive signs of SBH inhomogeneity;
SBH's (I V) determined wi-th a rather good ideality fac-
tor agree well with the SBH's determined by C-V and

TABLE III. SBH's on n- and p-type substrates. Barrier
height values P~„and Pz~ were determined by capacitance-
voltage method at 200 K.
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IPE measurements. This can be explained by considering
the screening length. A low barrier height region, if any,
would be almost pinched off on the present low-doped
substrates (4X10' cm for n-type Si), the Debye length
(200 nm) of which is greater than or comparable to the
grain sizes. Therefore, the apparent SBH's by three
methods should be approximately equal to the arithmetic
average of the local SBH. Although the SBH values are
spatially averaged, the SBH variation still rejects charac-
teristic differences at the Al/Si interface.

The SBH's for sample A are believed to be representa-
tive of the epitaxial Al(111)/Si(111) contacts. The value
of E, —Ef =0.68—0.69 eV for sample A gives the intrin-
sic FL pinning position for this contact, which is located
rather high in the range of the previously reported
values for intimate contacts on Si(111). The FL pin-
ning position for another epitaxial contact on Si(111)
(sample Q is close to that for sample A. This good
agreement is a bit unexpected when we consider the fact
that sample C contains (100)-oriented epitaxial grains in
addition to (111)epitaxial grains. On the other hand, the
FL pinning position for the nonepitaxial contacts with
rotational grains (sample B) is lower by as much as 70
meV than that for sample A, even though Al films of
both samples are completely (111)oriented. Similar SBH
dependence on the crystallographic orientation also holds
for the contacts on the Si(100) surfaces. The FL pinning
position for the nonepitaxial contacts (sample E) is lower
by as much as 70 meV than that for the epitaxial contacts
(sample D). This difference is also marked because the Al
films for both samples have common (110) orientation
and the same grain size. Here, the absolute SBH values of
(111)and (100) contacts cannot be compared directly be-
cause the difference in surface atom density significantly
affects the SBH. However, these results clearly indicate
that the absence of epitaxial alignment at the interfaces

significantly lowers the FL pinning position for the con-
tacts on both (111)and (100) substrates. It should be not-
ed that the difference in FL pinning positions cannot be
consistently explained by extrinsic factors, such as the
temperature of in situ thermal pretreatment of the
wafers, or by the presence of hydrogen on the surface just
before metallization.

Finally, we comment on the interfacial structure at the
Al/Si interfaces. It has been established that the SBH
strongly depends on the atomic interfacial structures for
some intimate epitaxial Schottky contacts. ' Howev-
er, since the Al/Si system has a large lattice mismatch, it
is diScult to define a simple ordered interfacial structure
even for the epitaxial interface. It has been reported that
epitaxial Al films deposited on the Si surface are com-
pletely relaxed and incommensurate. For such an inter-
face, the orientational matching at the interface is be-
lieved to affect the FL pinning position through various
kinds of interfacial states, as suggested from the present
study. In order to clarify the role of the orientational
alignment at the interface, it is necessary to reveal the mi-
croscopic characteristics of the interfacial geometries.

In summary, it was found that SBH of Al/Si interfaces
depends on the crystallographic alignment of Al films fa-
bricated by low-temperature MBE on both Si(111) and
Si(100) substrates. Measurement of n- and p-type SBH's
revealed that the FL pinning position changes by as
much as 70 meV, depending on whether or not the inter-
faces have epitaxial relations. These results suggest that
orientational matching at the interface significantly
affects the FL pinning position, even in Schottky contacts
with incommensurate interfaces.
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