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Microstructure and Schottky-barrier height of the Yb/GaAs interface
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Different interfacial structures are found for Yb/GaAs(001) contacts with different Yb
thicknesses, namely 3 and 20 A, by grazing-incidence x-ray diffraction with the use of synchro-
tron radiation. Different Schottky-barrier height values are also found for these samples. It is
concluded that the metal-semiconductor contact, accompanied by reaction and diffusion, is homo-
geneous in the vicinity of the interface and that the Schottky-barrier height is not finally deter-
mined at the initial stage of interface formation for this system.

Metal-semiconductor contact has been extensively stud-
ied because of both technological and scientific interest for
over thirty years. In particular, the atomic structure at
the interface and the mechanism for Schottky-barrier for-
mation are current topics. The atomic structure at a
buried interface was directly observed for metal-
semiconductor systems only recently.! 3 The superstruc-
ture was found at the Al/GaAs (Ref. 3) interface and also
at a-Si/Si; -,Ge, interfaces.*> This result indicated the
possibility that the relation between local electronic and
structural properties would be clarified, even for conven-
tional polycrystalline-metal-GaAs interfaces, and also for
a single-crystalline-metal-semiconductor interface.® Al-
though it seems that a few models, such as the unified de-
fect model’ (UDM) and the metal-induced gap states
(MIGS) model,®° can explain a number of the experi-
mental results for Schottky-barrier height (SBH), new
. observations have appeared which are not explicitly in-
cluded in these models. Anomalous SBH changes were
found for metal-GaAs contacts by inserting a chalcogen
interlayer'® and a rare-earth metal interlayer.!' For con-
tacts involving transition metals, peculiar SBH depen-
dence on the physical properties, compared to other con-
tacts, was considered to be due to rehybridization between
the transition-metal d band and either the Si or the GaAs
sp band.!?!® These observations indicated the importance
of understanding the stage at which the SBH was
definitely determined during interface evolution for vari-
ous kinds of interfaces.

This paper shows the existence of different superstruc-
tures at Yb/GaAs interfaces observed by x-ray diffraction,
by use of synchrotron radiation, and the SBH difference
for interfaces with different atomic structures. It is con-
cluded that the metal-semiconductor contact accompanied
by reaction and diffusion is homogeneous in the vicinity of
the interface and that the Schottky-barrier height is not
finally determined at the initial stage of interface forma-
tion for this system. Also, these results will be discussed
in connection with some SBH models.

The sample structure used in this study consists of a
90-A thick Al cap layer, a very thin Yb interlayer, and a
0.7-um thick Si-doped (2x10'" ¢cm ~3) GaAs epitaxial
layer. Two kinds of samples were prepared for the present
study: One had a 3-A thick Yb interlayer (sample A4),
while the other had a 20-A thick Yb interlayer (sample
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B). The epitaxial layer was grown under As-stabilized
conditions at 600°C on (001) Si-doped n *-type GaAs
substrates by the molecular-beam epitaxy (MBE) tech-
nique. Yb and then Al were sequentially deposited at
30°C in an MBE growth chamber, after a 4x6 surface
superstructure was confirmed on the GaAs epitaxial layer
surface by reflection high-energy electron diffraction. De-
tailed sample preparation for MBE growth was previously
reported.® Finally, the sample temperatures were raised
to about 170°C to melt the In solder holding the samples
on the sample holders. This temperature is well below
that where AlAs formation or enhanced interdiffusion
occurs. '

The interface atomic structure was studied using a
grazing-incidence x-ray-diffraction (GID) technique. The
experiment was carried out with synchrotron radiation at
beamline 9C, installed at the Photon Factory in Tsukuba,
Japan. The 1.5-A wavelength x ray was impinged on the
sample with the 0.3° grazing incidence angle. The de-
tailec% experimental geometry was given in a previous re-
port.

In order to measure SBH, diodes 500 um in diameter
were defined after Au-Ti deposition in another deposition
chamber. SBH’s were carefully determined from both
I-V and C-V measurements. SBH’s from the saturation
current density (Jo) for I-V curves, SBH(I-V), were
determined, taking into account the image-force lowering
and the tunneling current.'"!'> SBH’s from the intercept
voltage (Vp) for (1/C?)-V curves, SBH(C-¥), were
determined, taking into account Fermi energy and the
correction-for-depletion approximation.'"*'* Ohmic con-
tacts were made with In solder at the back surface of the
substrates.

GID measurements revealed that the interface between
Yb and GaAs(001) has a 4x1 superstructure (Fig. 1).
Figure 1(a) shows the 4x1 superstructure for sample A
with 3-A thick Yb. Figure 1(b) shows that for sample B
with 20-A thick Yb. The two diffraction patterns are ob-
viously different from each other. We refer to (110) and
(110) indices, as (10) and (01), respectively. The star
marks show the fundamental-lattice points [(10), (01),
etc.]. The radius of the filled circles were defined as being
proportional to the observed structure factor with the
correction for the polarization, Lorentz factor, and the
variation of the active sample area. At the reciprocal-
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FIG. 1. Observed structure factors from the 4 1 superstruc-
tures at the interfaces between Yb and GaAs(001). Before the
Yb deposition, 4X%6 superstructures were confirmed on the
GaAs surfaces. The radius of each filled circle is proportional to
the observed structure factor. At the reciprocal-lattice points
indicated by open circles, no diffraction peaks were observed.
Star marks are the fundamental lattice points. (a) Sample 4
with 3-A thick Yb, and (b) sample B with 20-A thick Yb.

lattice points indicated by the open circles, no diffraction
peaks were observed. Figures 2(a) and 2(b) show the par-
tial pair-correlation function (partial Patterson func-
tion) '® calculated from the observed structure factors for
fractional-order reflections in Figs. 1(a) and 1(b), respec-
tively. The difference between the two pair-correlation
maps appears mainly in the center peak of the 4x 1 lattice
in Fig. 2(b). Because this peak intensity is very high, this
pair-correlation comes from the correlation between the
Yb atom (with a large atomic structure factor) and any
other atoms. Therefore, it can be said that sample B has a
new kind of ordered Yb structure which sample 4 does
not have.

Table I summarizes the SBH(Z/-V), ideality factor (n)
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FIG. 2. Partial-pair-correlation function (partial Patterson
function) calculated from the observed structure factors for
fractional-order reflections in Fig. 1. Positive contour levels
above zero are shown. (a) Sample 4 with 3-A thick Yb, and (b)
sample B with 20-A thick Yb.

determined from 7-V measurements and SBH(C-V), car-
rier concentration (Np) determined from C-V measure-
ments. Since SBH(/-¥) and SBH(C-V) are consistent
with each other and since the n values which represent the
ideality in 7-V characteristics are close to unity (=< 1.07),
these data are sufficiently reliable. SBH’s for sample 4
are 0.75-0.76 eV. These are much smaller than those for
ideal rare-earth metal/n-GaAs contacts (0.84-0.87 eV) in
our previous work!! as well as those for ideal Al/n-GaAs
contacts (0.85-0.86 eV) which we have recently measured
under the same condition (in Table I). In other words, the
SBH for sample A4 is not an averaged value of those for
the two ideal contacts. This means that the measured
SBH value is not simply explained by diodes aligned in
parallel, consisting of Al/GaAs and Yb/GaAs contacts.'!
This feature seems to be anomalous, because the interface
contains only the Al/GaAs contact, if any, except for the
Yb/GaAs contact. On the other hand, SBH values for
sample B are 0.82-0.84 eV, which are close to those for
ideal rare-earth-metal/n-GaAs contacts. Note that the
SBH value for sample B becomes larger than that for
sample A by about 80 meV.

The present structural study shows that the interfacial
superstructures preserved at Yb/GaAs interfaces are quite
different from those observed at the Al/GaAs interface.>
Especially, the 1X6 superstructure observed for the
Al/GaAs interface is not found. Therefore, monolayer
thick Yb in sample A is considered to cover almost all the
GaAs surface. The present result excludes the possibility
of the presence of large Al domain contacted with GaAs,
or Schottky diodes aligned in parallel, consisting of
Yb/GaAs and Al/GaAs contacts, for sample 4. This re-
sult for the structural study is in good agreement with the
above result on the SBH measurement for sample A4.

Note that the interfacial structure observed for sample
B is clearly different from that for sample A, although
they were the same in diffraction pattern symmetry. That
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TABLE I. Electronic properties for Yb/GaAs(001) contacts. Schottky-barrier heights (SBH’s) were
determined taking into account the image force lowering and the tunneling current for /-V measure-
ment. The effective Richardson’s constant is 8.6x10* Am 2K ~2. The experimental error is estimated
to be 0.01 eV. The measured SBH for Al/(4Xx6)GaAs contact is also listed as a reference.

Ideality SBH Carrier
Yb thickness factor IS4 C-V concentration
Sample (A) n (eV) (eV) Np (cm™3)
A 3 1.06 0.75 0.76 2.24x10"7
B 20 1.07 0.84 0.82 2.44x10"
Al/(4%6)GaAs 0 1.04 0.86 0.85 1.22x10"

is, sample B had a new kind of ordered Yb structure
which sample 4 did not have. This is considered to be at-
tributed to interface evolution, including Yb arsenide for-
mation and Ga outdiffusion.!” Besides, the assumed alloy
formation between overlayer Al and Yb is also considered
to be responsible for the difference. Thus, the present re-
sult tells us that the atomic structure at the Yb/GaAs in-
terface was stable enough not to be completely disrupted,
although it was not sufficiently stable to be unchanged
when exposed to the reactions and diffusions mentioned
above. ’

It is observed that SBH values differ between Yb/GaAs
interfaces with different interfacial superstructures caused
by different Yb thicknesses. That is, the SBH increased
by 80 meV due to a slight increase in Yb interlayer thick-
ness from 3 to 20 A with interfacial structure changes.
Together with the above discussions on the interfacial
.structure, this observation leads us to the important con-
clusion that SBH is not finally determined at the initial
stage of interface formation for this system. This con-
clusion is in contrast to the UDM emphasis on the evi-
dence that the SBH is already fixed within monolayer cov-
erage independent of the adsorbed metal species. On the
contrary, this conclusion seems consistent with the MIGS
model, which says that the SBH is finally determined at
the stage where the metal shows complete metallicity at
no more than 20 A (3-9 A) for rare-earth metal on
GaAs(110).'"'® However, it will be worthwhile to try to

reconcile the observed SBH difference with both of the
models, by closer investigation of the actual interface evo-
lution. The SBH change would be explained either by a
change in defect state energy distribution during the inter-
face evolution or by a change in the contract metal and/or
the chemisorption sites during the interface evolution,
within a UDM (Ref. 7) or MIGS model framework,? re-
spectively.

In summary, the superstructures and Schottky barrier
height values were measured for Yb/GaAs contacts with
different Yb thicknesses, namely 3 and 20 A. Different
interfacial structures and SBH values were found for the
two kinds of contacts. It was concluded that the ordinary
metal-semiconductor contact accompanied with reactions
and diffusions was sufficiently homogeneous in the vicinity
of the interface and that the SBH was not finally deter-
mined at the initial stage of interface formation. The
basic concept for the Schottky barrier formation mecha-
nism would be given by a closer study of the stage at
which the SBH is finally determined, on the basis of un-
derstanding of interfacial structures not only for single-
crystalline-metal-semiconductor interfaces but also for
various kinds of interfaces.
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