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Correlation of deep-level and chemically-active-site densities at vicinal GaAs(100) -Al interfaces
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The steps associated with intentionally misoriented GaAs(100) surfaces produce interface charge
states that can substantially alter the Schottky barrier height. These interface states are located near
midgap in energy with density increasing in nearly one-to-one proportion to the density of step-related
bonding sites. This detailed correlation between vicinal step features and deep-level densities demon-
strates and gauges the systematic interface electronic perturbation associated with off-axis growth.

Vicinal surfaces are commonly used to facilitate epitax-
ial growth by molecular-beam techniques.! However, lit-
tle has been known about the electrical properties associ-
ated with step-induced nucleation sites. We have recently
discovered that, for 2°-off-axis GaAs(100) surfaces, vari-
ation in misorientation directions gives rise to substantial
changes in chemistry and Schottky barrier heights at
Al/GaAs interfaces.>® Those initial results highlighted
the effect of surface orientation on the chemical and elec-
tronic properties of the metal/GaAs interfaces. They sug-
gested a correlation between the interface gap states and
the step-induced, electrically active sites. By extending
such studies to encompass both varying step density and
misorientation direction, we can now demonstrate a linear
dependence between interface charge states and step-
induced, electrically active sites. Indeed, we observe a
nearly one-to-one proportional increase in electronic state
density versus chemically-active-site density. This de-
tailed, self-consistent relationship between geometric and
chemical structure, band bending, and deep levels ob-
served spectroscopically provides direct evidence for the
role of atomic-scale structure in Schottky barrier forma-
tion. Furthermore, this relationship highlights the trade
off between step-induced growth efficacy and electronic
perturbation caused by substrate misorientation.

Our n-type (5%10'® cm ~3) GaAs specimens were 7500
A thick grown by molecular-beam epitaxy (MBE) on
GaAs(100) oriented and misoriented substrates. The vici-
nal substrates were 1°, 2°, 4° (angular uncertainty
+0.1°) tilted toward the [111] crystal direction with As
dangling bonds on the steps ([1111B), 2° tilted toward
[111] with Ga dangling bonds on the steps ([111]14), and
2°, 4° in the [110] direction. To prevent contamination,
the specimens were capped with 0.1-0.2-um-thick As lay-
ers prior to removal from the growth chamber, then stored
in N, atmosphere until transfer to the analysis chamber.
Repeated cycles of rapid annealing up to 570 °C desorbed
the As layer and produced a Ga-rich surface. The stan-
dard for the initial clean surfaces was set by the surface
stoichiometry evaluated from the surface-sensitive intensi-
ty ratio of the Ga 3d to As 3d core-level peak (0.95
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+0.1), by the characteristic valence-band features, and
by the initial Fermi-level (Er) positions relative to the
valence-band maximum (Ey). We deposited Al from
resistively heated tungsten coils at pressures between
2x10 7' Torr and 8x107'° Torr. A CTI-cryogenics
closed cycle refrigerator maintained the specimen at a
constant 90 K (LT in the following text), as measured by
a 7%-Fe-Au/Chromel thermocouple. Low substrate tem-
peratures afforded more uniform metal deposition and re-
duced overall chemical interaction to better identify
chemical effects of the vicinal steps. We carried out soft
x-ray photoemission spectroscopy (SXPS) using the syn-
chrotron radiation facility at the University of Wisconsin,
Madison. Energy distribution curves collected at 100 eV
(As 3d) and 80 eV (Ga 3d) photon energies were predom-
inantly surface sensitive and reflected changes in chemis-
try and morphology of the interface. Similar spectra col-
lected at 60 eV (As 3d) and 40 eV (Ga 3d) photon ener-
gies were more bulk sensitive and were used to measure
the rigid energy shifts due to band bending. The overall
monochromator and electron spectrometer energy resolu-
tion was 0.25-0.35 eV. We also performed low-energy
(1.5 kV) cathodoluminescence spectroscopy (CLS) on
these vicinal surfaces as a function of metallization. Dis-
cussion of the CLS experiment and analysis techniques
appear elsewhere.*

In Fig. 1 we demonstrate the dependence of Al/GaAs
Schottky barrier heights on the density of step-related ac-
tive sites, inclusive of the misorientation direction (which
determines the bonding nature of the active sites). Plotted
here are values of Er-Ey versus active site densities of vi-
cinal GaAs(100) surfaces estimated by assuming Ga-
terminated, unrelaxed, staircaselike surfaces (since recon-
structions of vicinal GaAs surfaces are not yet known). %3
As an example, the Fig. 1 inset shows the orientation-
dependent Er movement within the band gap as a func-
tion of Al coverage for GaAs(100) vicinal surfaces mis-
oriented by 1°, 2°, and 4° in the [111]B direction. (The
initial Er position at the clean surfaces cannot provide re-
liable information on the charging of bonding sites due to
photovoltage effect on the unmetallized surface at low
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F1G. 1. Dependence of the Al/GaAs Ef-Ey position on the
density of misorientation-induced bonding sites. The Er-Ey
difference between Al on GaAs(100) vs GaAs(100)4°— [111]18
extends over a range of 0.65 eV. Inset shows Er movements
within the GaAs band gap as a function of Al coverage for
(100) vicinal surfaces which are 1°, 2°, and 4° misoriented in
the [111]B direction. The increasing misorientation of the sub-
strate surface promotes an increase in band bending.

temperatures.) Figure 1 illustrates the decrease in Ef-Ey
with respect to an increasing density of step-induced
atomic sites. A range of 0.65 eV in Ef stabilization posi-
tions exists between Al on a “perfect” (100) surface and
Al on the most “imperfect” surface used in this study
[(100)4° — [111]1B with active site density of 6.18x10'?
cm “2]. The decrease in Ep-Ey reflects an increase in
negatively charged interface state density with increasing
density of chemically active step sites.

In addition to the angle- and orientation-dependent
Schottky barrier behavior, Al/vicinal GaAs(100) inter-
faces exhibit a surface angle-dependent interface reac-
tion. We observe that the concentration of the dissociated
Ga species within the probing depth of the interface in-
creases in the order of 1°, 2°, and 4° tilting angles for the
Al/GaAs(100) — [111]1B and in the order of 2° and 4° ti-
lting angles for the Al/GaAs(100)— [110].> We attri-
bute such an effect to the increase in surface density of As
dangling bonds. Earlier, we showed that reactions de-
pended on surface orientation and were enhanced in the
order [110], [111]1A4, and [111]B misorientation direction
for the same angle (2°) of misalignment,?® consistent
with preferential etching and oxidation observations.®
Furthermore, SXPS core-level features show such reac-
tions to be localized to within only a few angstroms of the
semiconductor surface. (A comprehensive description of
the vicinal GaAs-metal interface chemistry appears else-
where.?) The orientation-dependent Schottky barrier for-
mation and interface chemistry indicate that the structur-
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al sites resulting from surface misorientation are not only
chemically active (a fact well known in MBE growth), but
also promote electrical activity. While the localized inter-
face chemistry modifies the regular step structure, the de-
tailed step density and orientation dependence illustrated
in Fig. 1 underscores the direct relationship between these
initial structural sites and the resultant interface states.

In Fig. 2, we present evidence for the formation of in-
terface states specifically associated with Al deposition on
vicinal GaAs(100) surfaces. The bottom CLS spectrum
for the Al/GaAs(100)2° — [110] interface illustrates low
optical emission from the below-band-gap region, typical
for metal/ MBE-GaAs interfaces. Curve a was obtained
by contrasting the metallized surface to the clean surface
and illustrates CLS emission from Al-induced states in
the band gap for the GaAs(100)2°— [110] surface.
Curve b illustrates an analogous emission for the aligned
GaAs(100) surface. While Al induces deep-level emission
from both GaAs surfaces, the difference spectrum a-b
emphasizes the predominant optical transition centered at
~0.9 eV (.e., E;—0.6 eV) for Al on the stepped surface.
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FIG. 2. Comparison between Al-induced interface states at
(curve a) the Al/GaAs(100)2° — [110] interface and at (curve
b) the A1/GaAs(100) interface shows an enhanced optical tran-
sition at (a-b) 0.9 eV for the misaligned system. Such an obser-
vation underlines an interface bonding-related nature of metal-
induced interface states. The CLS spectrum for the Al/
GaAs(100)2° — [110] interface (bottom) shows low optical
emission from the below-band-gap region, which is typical for
metal/MBE-GaA:s interface.
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Deep-level transitions either to or from the band edges can
produce this emission. The complementary 0.6-eV transi-
tion lies below the Ge detector’s 0.7-eV cutoff. Similar
CLS measurements for Au on GaAs(100) and
GaAs(100)2° — [110] surfaces exhibit metal-induced
features at 1.2-1.3 eV (i.e.,, E; —0.2-0.3 eV), similar to
the higher-lying emissions in Fig. 2, but Au deposition on
the misoriented faces does not appear to introduce the
predominant deep-level emission at 0.9 eV shown here.’
Such observations emphasize the interface bonding-
related nature of these metal-induced interface states.

We can describe the electronic perturbation due to sur-
face misorientation in terms of a relationship between in-
terface electronic states and step-induced structural sites.
Duke and Mailhiot’s self-consistent electrostatic analysis
of barrier heights versus metal work function for a given
semiconductor provides a method for gauging interface di-
pole effects and extracting densities and energies for
equivalent charge sites located at a given distance below
the semiconductor surface.” We obtain densities of
charge centers from (i) the barrier heights’ deviations
from ideal Schottky behavior measured via SXPS and (ii)
the energy position of these charge centers from our direct
observation of discrete interface states via CLS. Aside
from the assumption of charge states situated at a con-
stant 10 A below the semiconductor surface, there are no
adjustable parameters in the analysis. Previously, we
highlighted the effect of atomic sites associated with
misorientation by comparing these Schottky barrier
heights with the family of density curves for numerous
metals on oriented MBE-grown GaAs(100) surfaces. For
oriented surfaces, a constant acceptor density of 2x 10"3
cm 2 at Ey+0.2 eV plus a varying acceptor density at
Ey+0.8 eV account for deviations from ideal Schottky
barrier behavior and correspond well with observed CLS
features.® While Fig. 2 curve b provides indications for
such midgap states as well, Fig. 2 curve a shows that the
step-induced reaction promotes additional state emission
with an energy reflecting the different surface interaction.
Only the 0.6-eV energy is fully consistent with Fig. 1; it
lies just below the 0.65 eV minimum Ef-Ey energy, as ex-
pected for the observed energy convergence at high active
site densities. Hence, a varying density of acceptors at
Ey+0.6 eV is more appropriate for detailed analysis. In
addition, a constant acceptor density of 5x10'2 cm ~2 at
Ey+0.2 eV produces the best agreement with the Au
data, although changes in this density produce only minor,
systematic changes in the density of its 0.6-eV counterpart
without altering its correlation with the active site density.
The correspondence between the measured barrier heights
and the family of curves calculated for vicinal interfaces
provides the density of interface charge states. Following
this procedure, one can establish the derived densities of
interface states with respect to the densities of step-related
bonding sites calculated for the unrelaxed, staircaselike
surfaces.

Figure 3 illustrates a linear relationship between the
density of 0.6-eV acceptor states and the density of step-
related active sites. The straight line in Fig. 3 was deter-
mined by linear regression. The error bars follow from a
rigorous convolution of the uncertainty in density due to
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FIG. 3. Density of 0.6-eV acceptor states calculated from
measured Schottky barrier heights using a self-consistent elec-
trostatic model (Ref. 7) vs estimated density of misorientation-
induced active sites. The linear relationship of interface charge
states vs active sites emphasizes the role of step-related sites in
interface state formation. The calculation also includes a fixed
5x%10'2cm ~2 density of a 0.2-eV acceptor state.

the 0.05-eV CLS precision in measuring the acceptor
state energy with the uncertainty in density due to a 0.05-
eV precision in the core level shifts measurements defining
the barrier heights. The large upper error bar associated
with the highest data point is due to the fact that the ener-
gies nearest the midgap level correspond to the highest
state densities. However, this does not alter the pro-
nounced, systematic dependence of electrical state and
structural site densities for all vicinal misorientations.
The dependence of the calculated density of interface
states on the density of active sites on GaAs(100) vicinal
surfaces illustrates a nearly one-to-one relationship be-
tween GaAs electronic state and structural site features.
The line extrapolates to a 0.6-eV state density of 1.0
x10" cm ~2 for aligned GaAs(100) surfaces, confirming
that the aligned GaAs(100) surface has a very low density
of interface electronic states.® The linear dependence
confirms the role of misorientation-induced bonding sites
in the formation of interface states. Indeed, the line slope
in Fig. 3 suggests that metallization of each chemically
active bonding site at a step produces the equivalent of
~ % acceptor charge extending 10 A into the semicon-
ductor. Note that a proportionality of interface states
higher than one charge per site would imply that the
misorientation-induced defects at the intimate interface
alone could not produce the measured Schottky barrier
heights. Since both interface state density and chemical



RAPID COMMUNICATIONS

1394 S. CHANG et al. 44

disruption increase with misorientation angles,? it is not
unreasonable to expect that the more pronounced inter-
face reactions might extend beyond the initial 10 A, lead-
ing to a proportionally larger electrostatic effect. The
lower proportionality derived from electrostatic analysis
plus the observed line shape and attenuation of SXPS
core-level features® confirm the localized nature of the in-
terface chemical reaction on this scale. In addition to the
linear, nearly one-to-one relationship between structural
and interface state features, the dependence exhibited in
Fig. 3 provides a guideline for the trade off between the
efficacy of the epitaxial crystal growth and the minimiza-
tion of the electronic perturbation.

The vicinal surface studies discussed here shed new
light on mechanisms of Schottky barrier formation. Since
surface misorientation is the only variable causing the
variation in band bending for Al/GaAs(100) interfaces
studied here, our results highlight the key role of interface
atomic structure in the Schottky barrier formation. They
contrast with the predictions of metal-induced gap states
that Ef stabilize at a nearly constant energy within the
semiconductor band gap, irrespective of surface orienta-
tion or step density.>!? Likewise, our observations chal-
lenge models based on adsorption-induced defects which

also predict a constant “pinning” position for all such sur-
faces.!! Conversely, these results are consistent with Ref.
8, where deviations from ideal Schottky-like behavior
occur when chemical reactions are evident at the metal-
semiconductor interface— precisely the case here. Con-
firming our observations of orientation influence on elec-
tronic properties, Palmstrém et al. have recently demon-
strated similar orientation-dependent barrier effects for
epitaxial metal/GaAs junctions,'? albeit without relation
to specific structural features.

In conclusion, we have identified the density of chemi-
cally active sites— inclusive of both misorientation angle
and direction— as the dominant parameter in Er stabili-
zation changes at vicinal GaAs(100)-metal interfaces.
We have confirmed the presence of additional midgap
states due to these metallized step sites and have found a
striking correlation between chemically active structural
sites and deep-level interface states.

This work is partially supported by the Office of Naval
Research under Grant No. N00014-80-C-0778. The Syn-
chrotron Radiation Center at the University of Wisconsin,
Madison, is supported by the National Science Founda-
tion. We thank C. Mailhiot for valuable discussions.

IS. A. Chalmers, A. C. Gossard, P. M. Petroff, J. M. Gaines,
and H. Kroemer, J. Vac. Sci. Technol. B 7, 1357 (1989), and
references therein.

2S. Chang, L. J. Brillson, Y. J. Kime, D. F. Rioux, P. D.
Kirchner, G. D. Pettit, and J. M. Woodall, Phys. Rev. Lett.
64, 2551 (1990).

3S. Chang, L. J. Brillson, D. F. Rioux, Y. J. Kime, P. D.
Kirchner, G. D. Pettit, and J. M. Woodall, J. Vac. Sci. Tech-
nol. B 8, 1008 (1990).

4L. J. Brillson and R. E. Viturro, Scanning Microscopy 2, 789
(1988).

5S. Chang, I. M. Vitomirov, L. J. Brillson, D. F. Rioux, P. D.
Kirchner, G. D. Pettit, and J. M. Woodall (unpublished).

6H. C. Gatos, P. L. Moody, and M. C. Lavine, J. Appl. Phys. 31,
212 (1960).

7C. B. Duke and C. Mailhiot, J. Vac. Sci. Technol. B 3, 1170
(1985).

8R. E. Viturro, S. Chang, J. L. Shaw, C. Mailhiot, L. J. Brillson,
A. Terrasi, Y. Hwo, G. Margaritondo, P. D. Kirchner, and J.
M. Woodall, J. Vac. Sci. Technol. B 7, 1007 (1989).

9V. Heine, Phys. Rev. A 138, 1689 (1965).

10§, Tersoff, Phys. Rev. Lett. 52, 465 (1984).

W, E. Spicer, 1. Lindau, P. Skeath, C. Y. Su, and P. Chye,
Phys. Rev. Lett. 44, 420 (1980).

12C. J. Palmstrgm, T. L. Cheeks, H. L. Gilchrist, J. G. Zhu, C.
B. Carter, and R. E. Nahory, in Electronic, Optical, and De-
vice Properties of Layered Structures, edited by J. R. Hayes,
M. S. Hybertsen, and E. R. Weber, Extended Abstract EA-21
(Materials Research Society, Pittsburgh, 1990), p. 63.



