(7 X7) reconstruction as barrier for Schottky-barrier formation

at the Ga/Si(111) interface
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We report the change in electronic properties of the Ga/Si interface by monitoring the Ga(3d)
core-level photoelectron spectra and electron diffraction induced by submonolayer Ga adsorption
on Si(111)-7 X7 surface. The spectra shows a flat band for submonolayer coverages, attributed to
the metallic nature of the Si(111)-7X7 reconstruction and a premetallic band structure of
two-dimensional Ga islands. At 1 ML, electron diffraction pattern shows metallic (7 X7) to
semiconducting (1 X 1) phase-transition and the spin-orbit split branching ratio of Ga(2p) core level
attain the metallic bulk value, and the barrier assumes the Schottky—Mott value while full width half

maxima and branching ratio attain bulk values.
[doi:10.1063/1.3490250]

Motivated by the need to form high performance devices
such as Schottky devices, 5-doping, etc., the Schottky barrier
problem has engaged researchers for a long time. Frequently
observations are being revealed to understand the metal-
semiconductor interface precisely at the atomic scale with
the metal/Si surface as model systems.I Though the enig-
matic Si(111) (7 X7) reconstruction is the most stable and
the most intensely studied surface, a consensus on the actual
atomic arrangement of this selvedge was arrived at after in-
tense research, as Dimer—Adatom-Stacking (DAS) fault
model.”> This DAS model consists of 108 atoms per unit cell
and shows a quasicontinuous distribution of states within the
bulk band gap of Si. The interesting fact of relevance to this
study, is that some surface states lying close to the Fermi
level disperse near the zone boundary cross the Fermi-level,
resulting in a metallic character of the Si(111)-7 X7 recon-
structed surface.” Adsorption of metals on this complicated
reconstruction has offered great challenges and also opportu-
nities to utilize its diversity for tailoring properties of
devices.

Since it was shown that a single monolayer of group III
metal on silicon surface can pull the surface Fermi level
above the conduction band, resulting in degenerate doping,
several surface science studies have probed this interface.’
Most studies to date have concentrated on the adsorption of
Ga on Si substrates held at high temperatures,6 while those
on the initial stages of the Ga/Si interface formation at RT
have been almost negli_%ible, due to the perception of lack of
superstructural phases.” We have earlier reported several re-
sults of surface phases and superstructures formed of metal
on Si surfaces.®'° Here, we revisit the evolution of the Ga/
Si(111) 7 X7 at room temperature. Using in situ X-ray Pho-
toelectron Spectroscopy (XPS), Auger electron spectroscopy
(AES), and low energy electron diffraction (LEED), we
show that for low Ga coverages, the (7 X7) phase and act
smallness of two-dimensional (2D) islands barrier to the
band bending and Schottky barrier formation.
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The experiments including adsorption and analysis, were
performed in situ in an ultra high vacuum (UHV) chamber
with a base pressure of 3X 107" torr. The sample was
cleaned by a modified Shiraki processll to remove the hy-
drocarbons and form a thin SiO, epilayer before being intro-
duced into the UHV chamber. In situ, the sample was heated
by a combination of radiative, resistive, and electron bom-
bardment heating to carefully cover the entire temperature
range of 300-1500 K. A W—Re 5%-25% thermocouple and
an optical pyrometer were used to monitor the temperature.
The sample was annealed at 1100 K for several hours and
flashed to 1400 K and slowly cooled, to result in an atomi-
cally clean surface with impurity levels below the detection
limit of XPS, and a well ordered (7 X 7) LEED pattern. Ga
was adsorbed from a homemade Ta Knudsen cell, with a
steady beam flux. The adsorption process was monitored by
an x-ray photoelectron spectrometer with a hemispherical
sector electron energy analyzer (Phi Make 279.4 mm diam-
eter with 25 meV resolution) and a Mg K, (1253.6 eV)
source. A Varian four-grid optics was used to probe the sur-
face structure by LEED and a cylindrical mirror analyzer
(0.18% resolution) with a concentric electron gun, for EELS
studies.

Figure 1 shows the Ga uptake curve at room tempera-
ture, which is a plot of the XPS core level intensity ratio of
the adsorbate (Gas,) and substrate (Siy,) as a function of
time of adsorption, and enables us to follow the adsorption
kinetics.® The graph shows a linear increase in the Ga/Si
ratio up to about 30 min and then a change in the slope, since
the secondary electrons originating from the first layer are
attenuated by the second adatom layer. The ratio saturates
after 60 min of Ga adsorption. This is characteristic of the
Stranski—Krastnov (two layers plus islands) growth mode
(Shown as schematic in the figure). We also plot (dotted
curve) the sum of squares of errors (SSQ) in the least-square
fits of a set of two straight lines near the change in slope,
whose minima identifies the inflexion point, which has pre-
viously been identified as coverage of 1 ML."? This gives us
the calibration of the Ga flux as 0.03 ML/min.
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FIG. 1. (Color online) Uptake curve of the Ga(3ds,)/Si(2p) intensity ratio
as a function of Ga deposition time. Also shown by the dotted curve (alter-
nate Y-axis) is the SSQ to determine the 1.0 ML break at 30 min. Inset
shows the schematic of the Stranski—Krastnov growth mechanism.

Figure 2 shows the coverage dependent evolution of the
Ga 3d core level spectra, with the change in peak position
and full width half maxima (FWHM) plotted on alternate
axes. Curve 2(a) shows the positions of the Ga 3ds,, peak as
a function of Ga coverage. The peak at 18.2 eV remains
almost unchanged (less than 0.1 eV) up to coverage of 1 ML
and then sharply shifts to 19.0 eV within 5 min of adsorp-
tion, showing a shift of 0.8 eV. After 1 ML, the peak position
shifts monotonically toward lower binding energy by 0.2 eV
at Ga coverage of 2.3 ML. Shifts in the core level peak
position in metal-semiconductor interfaces are generally at-
tributed either to formation of Schottky barrier due to band-
bending at the substrate surface or to a chemical interaction
between the adsorbate and the substrate.'” The chemical in-
teraction is highly unlikely at these temperatures for this sys-
tem as a sharp interface is an established fact. Usually the
Schottky barrier increases continuously with increasing
metal coverage up to a saturation value. Thus, it is interesting
that in our case the Ga 3d core level peaks do not undergo
any shift in the submonolayer regime while at about 1 ML
there is a sharp shift by about 0.8 eV. Figure 2 shows, after
attaining a value of 19.0 eV in the Ga 3d peak shift, the
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FIG. 2. (Color online) (a) Plot of Ga 3d peak position as a function of Ga
coverage at RT. (b) Shows dependence of the FWHM of Ga 3d peak on Ga
coverage at RT. Inset in the figure shows the change in branching ratio of the
intensities of the Ga(2p,,,) and Ga(2ps,) spin orbit split levels as a function
of the Ga adsorption time and coverage.

barrier decreases to a value about 18.8eV as the coverage
increases to 2.3ML attaining the Schottky—Mott value of bar-
rier height of 0.6 eV for Ga/Si interface.'" The presence of
interface states at lower coverages shifts the charge neutrality
level ¢, below Eg, thus the width of the depletion region and
barrier height ¢, will be increased pulling ¢, up toward Ej.
Therefore, the presence of interfacial states for submonolayer
Ga might have contributed to the increased barrier height by
0.8 eV. We speculate that the increased coverage (>1 ML)
of Ga quenches some of the surface states, thus shifting the
neutrality level toward E; so as to approach Schottky—Mott
value of ¢,=0.6 eV. The formation of a barrier at 1 ML
suggests that the substrate surface has semiconducting char-
acter. This abruptness can be attributed to two plausible rea-
sons, which may be mutually competing, (i) smallness of
cluster size and incomplete band structure of Ga or (ii) a
metallic to semiconducting phase transition of the substrate
Si. We have deconvoluted Ga core levels to explore the pos-
sibility of the role of cluster size (FWHM) and incomplete
band structure, and LEED to observe any surface structural
phase transition.

Figure 2(b) shows the variation of the full width half at
maxima (FWHM) of the Ga(3d) core levels. The change in
the branching ratio of Ga 2p;,, and 2ps,, has been presented
as an inset of the Fig. 2, as a function of Ga coverage. The
FWHM measured to be ~1.6 eV for the initial Ga coverage,
which suddenly assumes a value of ~2.3 eV at the critical
coverage of 1 ML. This change in the FWHM of 0.7 eV as
shown in Fig. 2(b) can be attributed to an increased width of
the transition level depending on the nature of the interface.
Similar coverage dependence of the peak width has been
reported earlier in literature,15 and has been attributed to the
formation of isolated metallic clusters at lower coverages,
which after a critical thickness (due to the low mobility of
adatoms at low temperature adsorption), forms the features
typical of metallic Ga due to s-d hybridization. In the sub-
monolayer regime, therefore the absence of any peak widen-
ing, could also be due to the pre-metallic dimensions of the
Ga clusters. The sudden change in the Ga(3d) peak width at
1.0 ML suggest a possible abrupt coalescence of 2D-clusters
to form a metallic overlayer. The abruptness of the changes
in the peak position and widths again discount the formation
of an interface compound. The inset of Fig. 2 shows an in-
teresting coverage dependence of the anisotropy of the inten-
sities of the Ga core level spin-orbit split peaks of 2p;,, and
2p1), transitions. The ratio of the intensities which is about
0.77 at coverage of 0.1 ML monotonically decreases with
increasing Ga coverage and attains a saturation value of 0.66
at the critical coverage of 1 ML and remains unchanged for
higher coverages. It has been argued in the past, that such
anisotropic changes observed in Synchrotron XPS (SXPS)
are due to the rapid variations in the cross sections around
Cooper minima, which change the radial matrix elements
and phase shift substantially, even for a small difference in
the final state energies of 3ds, and 3d3/2.16 In our experi-
ments we have used conventional Mg K, radiation with hv
=1253.6 eV in which energy regime such small KE changes
have minimal cross section differences, so that such a pro-
cess can be discounted. X-ray photoelectron diffraction stud-
ies have demonstrated this anisotropy as a manifestation of
the inherent difference in the photoelectron wave functions
of the two spin-orbit components ruling out significant inter-
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FIG. 3. (Color online) LEED pattern (63 eV) obtained for different Ga
coverages adsorbed at RT onto Si(111)-7 X7 surface. (a) Clean Si(111)-7
X7, (b) 7X 7+ 3% (3R30° at 0.4 ML, (c) 1 X 1+ 3 X {3R30° at 0.9 ML,
(d) 1X 1 at 1.0 ML, and (e) plots Intensity ratio of the 1/7" fractional order
spot to integral spot (i) and 3 spot to integral order spot (ii) obtained for the
various Ga coverages.

ference effects.'” As the Ga adsorption proceeds in the sub-
monolayer regime, the underlying (7 X7) structure of the
substrate remains intact up to 1 ML. The monotonic decrease
in the anisotropy of the spin-orbit split peaks may be related
with the increasing size of the premetallic 2D clusters.

The structural changes have been observed by LEED as
shown in Fig. 3 during the room temperature adsorption ex-
periments. Figure 3 shows some typical LEED pattern ob-
tained at 0.0, 0.4, 0.9, and 1.2 ML Ga coverage, correspond-
ing to 7X7, TXT7+3X 3, 1X14+3X 3, and 1X1
superstructural phases. The 0 ML coverage LEED shows a
sharp hexagon of integral order spots and also the six frac-
tional order spots between the integral spots, (manifesting
the (7 X 7) reconstruction of the surface prior to Ga adsorp-
tion. To understand the changes induced in the surface
phases, we have plotted the coverage dependence of the in-
tensity ratio of the 1/7" fractional order to integral spot and
/3 to integral spot and as shown in Fig. 3(e). It is clear from
the graph that the ratio increases up to the coverage of about
0.2 ML Ga coverage and for coverages greater than 0.7 ML
the intensity ratio reduces sharply. At coverage of about 1.0
ML, the intensity ratio has decreased to a very low value,
where only a (1 X 1) LEED is observed. The increase in the
intensity of integral order spots has been observed, while the
intensity of the |3 order spots increases from 0.3 to 0.5 ML
and after that remains constant upto Ga coverage of 0.8 ML
after which it falls to zero. This demonstrates that the adsorp-
tion of Ga does not disturb the underlying (7 X 7) substrate
for submonolayer Ga coverages, but at coverage of 1.0 ML
the (7 X 7) changes completely to the (1 X 1) surface phase.'®
The 3 phase is weak, and in localized regions. Since we
observe the (7X7) to (1 X 1) change at 1 ML, the observa-
tion of an almost flat-band up to 1 ML in Fig. 2, can be
attributed to the persistence of the metallic nature of the (7

X 7) structure of the substrate in the submonolayer coverage
regime, which prevent the Schottky barrier formation. Thus,
the persistence of the metallic (7 X 7) substrate reconstruc-
tion as 2D adatom clusters keep growing up to 1 ML, and
consequently hinders the band-bending. Thus, we attribute
another reason for this abrupt change to be a metallic to
semiconducting surface phase transition of the substrate at 1
ML. The (1 X 1) semiconducting surface phase and the cor-
responding interface states create a barrier of 0.8 eV.

In summary our in situ experiments by surface sensitive
electron spectroscopic and diffraction probes shows that the
metallic Si(111)-7 X7 structures remains intact and resists
Schottky barrier formation upto 1 ML Ga Adsorption. For
higher coverages, we observed a sharp transition in LEED,
core-level peak positions, FWHM, and branching ratios. The
resistance to band bending is seen to arise from the nonme-
tallicity of the submonolayer 2D Ga islands, which agglom-
erate into a flat layer at 1 ML coverage. LEED observations
also show that the substrate symmetry sharply transits from
the metallic (7 X7) phase to the semiconducting (1X1)
phase at the critical Ga coverage of 1 ML. Thus we attribute
the changes to both the overlayer and substrate causes. For
coverages >1 ML, the barrier height tends to attains the
Schottky—Mott value, while the Ga(3d) FWHM and its
branching ratio attain the respective bulk values. Further
studies to quantify the contribution from both the sources are
being probed by scanning tunnelling microscopy and spec-
troscopy studies.
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