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Low energy cathodoluminescence spectroscopy measurements of GaAs(100) surfaces prepared
by thermal desorption of an As passivation layer reveal deep level transitions localized at the
clean surfaces and metallized interfaces. These surface and interface state features extend from
0.7 to 1.3 eV and exhibit subtle differences between the As-rich (1Xx1) and Ga-rich
(4x2)-c(8Xx2) reconstructions. Both Au deposition and subsequent annealing induce
additional deep level emissions which appear relatively unchanged between these two
reconstructions. In contrast, Al deposition introduces new features which depend significantly
upon starting surface stoichiometry and reconstruction. We discuss the formation and energies
of these states in relation to reported variations in Fermi level stabilization. We conclude that
surface stoichiometry and atomic bond configuration are a significant factor in formation and
evolution of electrically active, deep level metal-GaAs(100) interface states.

I. INTRODUCTION

The relationship between surface atomic structure and
electronic properties has been a focus of much research on
metal-semiconductor interfaces." The GaAs(100) sur-
faces and their interfaces with metals have attracted par-
ticular interest for several reasons: (i) This surface gives
rise to a multiplicity of surface reconstructions which de-
pend sensitively on conditions of growth and annealing.*"!
(ii) These reconstructions span a wide range of surface
stoichiometry and atomic bond configurations. (iii) Metals
on the GaAs{100) surface exhibit qualitative differences in
Fermi level (£g) evolution and barrier formation versus
GaAs(110) cleavage surfaces.'>!* (iv) There is as yet no
consensus for the barrier heights reported for metals on
GaAs(100). Viturro et al.'>!* have reported a wide range
of barriers exhibiting near-ideal behavior whereas Mao er
al.,"* Spindt et al.,'* and Wilks et al.'® have reported sub-
stantially lower barrier variation for metals on GaAs(100).
These differences may in part be related to variations in
surface preparation, surface photovoltage effects,!” and ar-
tifacts in the data analysis.'

Here we report observations of deep level electronic
states associated with two reconstructions of the
GaAs(100) surface. The (1x1) and (4X2)-c(8X2) re-
constructions reported here provide a comparison of sur-
face electronic states associated with a strongly As-rich
versus Ga-rich surface. In addition, we have monitored the
changes in such states upon metal deposition using both
Au and Al metals with significantly different interface
chemistry.** Comparison of the interface states induced by
these metals provides a gauge of the relative importance of
low-energy electron diffraction (LEED) reconstruction,
surface stoichiometry, and interface reaction/diffusion on
the interface deep level features. Our results indicate: (a)
subtle differences in deep level emission for these two clean
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surface reconstructions, (b) significant changes in discrete
deep level features with metallization, (c) qualitatively dif-
ferent effects for the two metals. In particular, we observe
Au-induced features which are relatively independent of
reconstruction, Al-induced features which differ signifi-
cantly between the two reconstructions, and increased dif-
ferences in interface features with annealing of the two
Al/GaAs(100) reconstruction interfaces. On this basis, we
conclude that surface stoichiometry and atomic bond con-
figuration are a significant factor in formation and evolu-
tion of deep level metal-GaAs(100) interface states.

Il. EXPERIMENTAL DESCRIPTION

We performed low energy cathodoluminescence spec-
troscopy (CLS) and photoluminescence spectroscopy
(PL) measurements. of the GaAs surface and interfaces in
an ultrahigh vacuum (UHV) chamber (base pressure
110~ ' Torr) equipped with a > 1000 1/s cryopump.
The low energy CLS technique'*? involves excitation by a
chopped electron beam (1-10 A cm ~?) from a 1-2 kV
glancing incidence electron gun. In CLS photodetection,
the luminescence signal travels from the excited specimen
through a single-pass Leiss prism monochromator employ-
ing IR and visible optics into a liquid-nitrogen-cooled Ge
photodiode with phase detection via a lock-in amplifier.
The variable energy of excitation facilitates identification of
interface specific versus bulk features since excitation
depth and maximum steady state excess carrier concéntra-
tions at the near-surface region are strongly energy depen-
dent within this energy range.'®*?® PL excitation consisted
of a HeNe laser (6 mW at 1.96 eV). CLS and PL spectra
were deconvolved by comparison with a black body spec-
trum associated with the measured spectrum of a W fila-
ment with known temperature. The GaAs(100) surfaces
(Si doped, n=7-10x 10" cm~? were grown by
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molecular-beam epitaxy (MBE), passivated by a thick
(~5000 A) As layer, and shipped under N, overpressure
in a stainless steel vessel from Yorktown Heights to Web-
ster, NY and thermally decapped in the UHV chamber.
Typical ramp heating rates were 2~10°C s ~ . We obtained
different reconstructions by annealing the GaAs(100) sur-
face to a given temperature for ~5 min. Surface tempera-
tures were monitored by an Optitherm Radiometer focused
on the front GaAs face. A reverse-view, low-energy elec-
tron diffraction (LEED) screen provided a visual indicator
of the temperature-dependent reconstruction following the
thermal treatments. A closed-cycle He refrigerator pro-
vided specimen cooling to 180 K during CLS and PL mea-
surements. Ta spring clips with Au-foil contacts held
against the GaAs(100) front face anchored the specimens
and provided low resistance current pathways to ground.
Metal deposition involved evaporation from preoutgassed
W baskets on to the thermally annealed GaAs(100) sur-
faces and to a quartz crystal oscillator thickness monitor
positioned nearby. Deposition rates were typicaily 1 As
min. We used soft x-ray photoemission spectroscopy
{SXPS) and Auger electron spectroscopy to monitor sur-
face Ga/As stoichiometry and chemical contamination.
After desorption, Auger measurements showed no detect-
able presence of C and O contamination. A minicomputer
provided control of monochromator scan energies, data
acquisition, and thermal annealing.

Ill. DEEP LEVEL EMISSION SPECTRA OF CLEAN
GaAs(100) SURFACES

We have measured CL spectra for three clean
GaAs(100) surfaces: (a) a (1 X 1) reconstruction obtained
with a 350 °C anneal of GaAs(100) (n=7x10'"%cm™?),
(b) a (4x2)-c(8x2) reconstruction obtained with a
575°C anneal of GaAs(100) (n=7x10' cm~?), and
(¢c) a (4X2)-c(8X2) reconstruction obtained with a
520°C anneal of GaAs(100) (n=1x10" cm ). Re-
spective stoichiometries for these reconstructed surfaces
are: (a) 1.5, (b) 0.9, and (c¢) 1.0, as derived from the ratio
of the total As 3d and Ga 3d core level emission intensities
measured at Av = 100 and 80 eV, respectively. Figure 1
displays CLS spectral features for excitation energies of 1,
1.5, and 2 keV for both the 575 and 350 °C anneals. Figure
1(a) illustrates dominant near band gap (NBG) emission
at 1.47 eV. This energy defines the temperature-dependent
band gap of the specimen.’’ Also shown are a set of deep
level emission features which extend from below 0.8 eV to
~ 1.3 eV. With decreasing excitation energy these features
increase in spectral intensity and exhibit a maximum at
1.2-1.25 eV. While the detailed spectral distribution de-
pends upon the specific thermal processing, the peak inten-
sity increase with decreasing excitation energy is consistent
with discrete deep levels localized near the semiconductor
surface.!*?° Figure 1(b) shows the analogous CLS spectral
features for the same excitation energies on a lower tem-
perature reconstruction of the same (7 =7x10' cm %)
GaAs(100) material. Here the spectral intensity of deep
level emission is relatively insensitive to the excitation en-
ergy and corresponding probe depth. The weak energy de-
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Cathodoluminescence Spectra at T=175 K
MBE-GaAs(100), Ng = 7x10'6 cm-3
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FiG. 1. Low energy cathodoluminescence spectra taken at 175 K of
MBE-grown GaAs(100) surfaces at three excitation voltages for (a) a
(4% 2)-c(B8X2) prepared at 575°C and (b) a (1X 1) reconstruction pre-
pared at 350 °C. With decreasing excitation voltage in (a), emission in-
tensity below the 1.47 eV near band edge peak increases, consistent with
the near-surface nature of the deep level feature. Different spectral line
shape features appear in (b) which are refatively insensitive to excitation
voltage, indicative of deep level features which extend beyond the surface.

pendence of these features is consistent either with deep
level features which extend tens of nanometers below the
surface or a very narrow (~ 100 A) depletion region with
relatively low free carrier migration toward and recombi-
nation at the surface. The latter is not likely due to the
relatively low bulk carrier concentration.

Comparison of Figs. 1(a) and 1(b) reveals subtle but
significant differences between the (1Xx1) and ¢{(8X2)
surfaces. Figure 2 represents the most surface sensitive
(e.g., 1 kV) CLS spectra for the two reconstructions in
Fig. 1[(a) and (b), respectively]. When normalized to the
same maximum deep level emission intensity, curves (a)
and (b) yield the difference spectrum [(a)~(b)]. The latter
exhibits enhanced emission in the 0.7-1.1 eV energy range
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1 KeV CL Spectra, Clean Surfaces
MBE-GaAs(100), Ng = 7x1016 cm-3
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FIG. 2. Comparison of surface-sensitive CLS features for (a) the (4X2)-
c-(8x2) vs (b) the (1x 1) reconstructured surfaces shown in Fig. 1. The
difference spectrum (b)-(a) illustrates the additional emission present in
the range 0.7-1.2 ¢V for the (1x 1) GaAs(100) surface and the addi-
tional emission present in the 1.2-1.4 eV range for the (4x2)-c(8x2)
reconstructed surface.

and reduced emission from 1.2 to 1.4 eV. While the deep
level CLS emission can vary among c(8X2) surfaces pre-
pared at different temperatures, the relative change in in-
tensities of these two energy ranges appears to be a char-
acteristic difference between the two reconstructed
surfaces.

V. DEEP LEVEL EMISSION SPECTRA OF Au ON
GaAs(100) RECONSTRUCTED SURFACES

Metal deposition on GaAs(100) surfaces induces new
deep level emission features. In turn, these metal-induced
optical transitions exhibit pronounced features whose de-
pendence on reconstruction varies with metal. Figure 3
illustrates surface-sensitive CLS spectra for the clean (1
x 1) GaAs(100) surface after initial preparation, deposi-
tion of 10 A Au, and subsequent annealing at 300 K. Both
metallization and annealing increase the deep level emis-
sion relative to the NBG peak emission. The 10 A Au
spectrum contains additional emissions with maximum in-
tensities at 0.92 and 1.17 eV. The 300 K annealed spectrum
contains enhanced emission with maximum intensities at
1.17 and 1.05 eV. Similar comparisons at higher excitation
energies (e.g., 1.5 and 2 kV) exhibit little or no changes.
Hence, Au deposition and annealing both contribute to
new deep level emission features associated with states lo-
calized near the metal-semiconductor interface. Further-
more, metallization with 10 A Au and annealing at 300 K
of a c(8X2) reconstructured surface lead to surface-
sensitive CLS features which are essentially unchanged
from those of the metallized and annealed (13X 1) surface.
Therefore, interface states associated with Au metallization
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1 kV CL Spectra at T=175K
AU/MBE-GaAs(100), Na = 1x1017¢m-3
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FiG. 3. Low energy cathodoluminescence spectra taken at 175 K of
MBE-grown GaAs(100) surfaces at 1 kV exoitation volitage for the
GaAs(100) (1x 1) surface prepared at 350 °C, coated with 10 A Au, and
annealed at 300 K. Au deposition induces additional emission at ~0.9
and 1.1 eV, which is further enhanced by annealing. Similar features are
evident for Au on the (4x2)-c(8x2) surface.

appear to be relatively insensitive to surface stoichiometry
and/or bond configuration.

V. DEEP LEVEL EMISSION SPECTRA OF Al ON
GaAs(100) RECONSTRUCTED SURFACES

Deposition of Al on GaAs(100) induces new CLS spec-
tral features which depend upon the clean surface recon-
struction and stoichiometry. Figure 4 illustrates the spec-
tral emission measured for Al on the (4Xx2)-¢(8X2)
versus the (1X 1) GaAs(100) surfaces. In Fig. 4(a), dep-
osition of 10 A Al on the clean (4Xx2)-c(8X2) surface
prepared at 575 °C produces new deep level emission in the
range from 0.8 to 1.1 eV. The difference spectrum indicates
a dominant peak located at 0.95-1.0 eV with an additional
shoulder at ~0.8 eV. This is represented as the upper
curve in Fig. 5. Subsequent annealing of the metallized
surface at 410 °C eliminates these metal-induced emission
features. A difference spectrum of the metallized and an-
nealed versus the clean surface exhibits negligible differ-
ences in the energy range below 1.1 eV, but it indicates the
presence of a new emission feature at ~1.33 eV. The en-
ergy of this feature suggests that it might be associated
with an As vacancy-Si complex, possibly induced by the
Al-As interfacial reaction promoted by the 410°C
anneal.”>?* Such As vacancies (¥,,) can also be induced
by excessive heating during the initial As desorption from
the clean surface, in which case the appearance of the 1.33
eV emission in the topmost spectrum (but not the other
two) would be due to an accidental contribution from an
overheated edge area of the sample.?* The latter possibility
1s corroborated by the relative enhancement of the 1.33 eV
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1 KeV CL Spectra at T=175K
Al/MBE-GaAs(100), Ng = 7x1016 cm-3
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Fi1G. 4. Low energy cathodoluminescence spectra taken at 175 K of
MBE-grown GaAs(100) surfaces at 1 kV excitation voltage for: (a) the
GaAs(100) (4~ 2)-c(8 < 2) surface prepared at 575 °C, coated with 10 A
Al and annealed for 5 min at 410 °C; (b) the GaAs(100) (1 x 1) surface
prepared at 350°C, coated with 10 A Al and annealed for 5 min at
410°C. Al deposition induces additional emission at 0.8 and 0.95-1.0
eV, which is removed by annealing in both cases. Furthermore, the metal-
induced emission exhibits different spectral distributions for the two re-
constructions.

emission for more bulk-sensitive spectra, indicative of the
subsurface location of As vacancies.

The analogous processing of the (1X1) surface also
induces new deep level emission, as shown in Fig. 4(b).
However, the dominant emission appears shifted to lower
energies. Indeed a difference spectrum of the metallized
versus the clean surface exhibits a dominant emission fea-
ture at 0.8 eV and a secondary peak centered at ~0.95 eV.
This is pictured as the lower curve in Fig. 5. Comparison of
the two Al/GaAs(100) spectra in Fig. 5 indicate substan-
tial differences in the relative intensities of 0.8 versus 0.95-
1.0 eV emissions. Subsequent annealing of the metallized
(1x 1) surface at 410 °C in Fig. 4(b} eliminates the metal-
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Al-Induced Deep Levels at
MBE-GaAs(100), Ng = 7x1016 cm-3
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F1G. 5. Comparison of surface-sensitive CLS difference spectra from Fig.
4 for {upper) the (4X2)-c(8x2) with and without 10 A Aland (lower)
the (1x 1) reconstructed surface also with and without 10 A Al. The
0.95-1.0 eV feature dominates the deep level emission for the (4x2)-c(8
% 2) surface while the <0.8 feature dominates for the (1:x 1) reconstruc-
tion.

induced emission features as in Fig. 4(a). A difference
spectrum of the metallized and annealed versus the clean
surface exhibits negligible differences but shows absence of
the V,, feature seen in Fig. 4(a). This latter difference is
due to lower desorption temperature and thus higher As
content of the (1 1) surface. Figures 4(a), 4(b), and 5
illustrate two major differences between the Au and Al
metallizations: (i) a difference in deep level emission with
reconstruction for Al but not for Au, and (ii) an increase
in deep level emission with annealing for Au versus a de-
crease with annealing for Al. These spectral features are
most evident for the most surface sensitive excitation con-
ditions, e.g., 1 kV.

VI. DISCUSSION

The CLS results presented here demonstrate that deep
levels are present within the GaAs band gap and that their
emission intensity and spectral distribution vary with
(100) surface preparation temperature, stoichiometry,
and/or reconstruction. These spectral changes appear to be
associated with changes in deep level density rather than
any changes in recombination probability related to differ-
ent band bending. Significant changes in band bending
could cause large changes in NBG emission,'® which are
not evident for the spectra presented and compared. Fur-
thermore, these deep levels are localized near the semicon-
ductor surface or interface since the deep level emission
increases monotonically with decreasing excitation energy.
The additional emission at 0.7-1.2 eV for the As-rich (1
X 1) reconstruction may be associated with excess As, as
reported previously.*
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The interface deep levels are sensitive to the particular
metal deposited. Au deposition induces new deep level
emission which is similar for both low and high tempera-
ture reconstructions. This spectral insensitivity to local
bonding and stoichiometry may be related to the disruptive
nature of the Au—GaAs chemical interaction, which in-
cludes substantial interdiffusion.**> The different spectral
emission measured for Al deposition may also have a
chemical origin. Al on the Ga-rich (4 X2)-¢(8X2) surface
may be more effective in forming metal-anion bonds with
any excess As than Al on the As-rich (1X 1) surface. The
higher emission at 0.8 eV for Al on the (1X1) surface
shown in Figs. 4(b) and 5 is consistent with an excess As
bonding environment (i.e., significant As-As versus Ga-
As or Al-As coordination) as reported previously.?? This
higher emission intensity may in fact be centered at ener-
gies lower than 0.8 eV, since the low energy edge of CLS
emission pictured in Fig. 4(b) may be the result of the Ge
detector’s response cutoff below 0.7 eV.

The spectral features displayed in Figs. 4 and 5 indicate
that several discrete levels are present within the GaAs
band gap at the Al-GaAs(100) interface whose relative
density varies with surface preparation and interface an-
nealing. Comparison of these spectra with those of Al on
other reconstructions suggest characteristic emission ener-
gies of 0.8, 0.95, 1.05, and 1.2 eV, depending on the tem-
perature, stoichiometry, and reconstruction.’® Assuming
that these energies correspond to optical transitions from
the conduction band to deep levels in the band gap, one can
attempt to associate particular features with previous ob-
servations. Thus the <0.8 eV feature can be associated with
excess As at the interface,?*?° while the 1.05 eV feature is
usually attributed to a vacancy complex and appears re-
lated to substrate growth quality and/or damage.26 The
0.95 eV transition was observed previously on both r- and
p-type GaAs(100) and may account for Eg stabilization at
Al/p-GaAs(100) interfaces.?* It possibly corresponds to a
transition from the conduction band to an Asg, antisite
defect level 0.52 eV above the valence-band maximum.?’
Overall, the results presented here underscore the role of
surface and interface preparation in determining chemical
composition and coordination and thereby discrete deep
band gap levels which may play a role in Schottky barrier
formation.

VIl. CONCLUSIONS

Low energy cathodoluminescence spectroscopy mea-
surements of As-rich, (1 X 1) and Ga-rich (4x2)-c(8x2)
GaAs(100) surfaces reveal emission from discrete, deep
level surface and metal interface states. Clean surfaces of
the former exhibit additional emission in the 0.7-1.2 eV
range. Au interfaces with both types of reconstructed sur-
faces exhibit additional midgap emission which increases
further with annealing. Al interfaces exhibit deep level
emission whose dominant spectral features change signifi-
cantly with surface reconstruction and which are removed
by interface annealing. These results emphasize the role of
processing conditions in forming states which may con-
tribute to the surface and interface electronic structure.
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