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We used optical emission techniques to obtain a direct measure of discrete electronic states at
GaAs interfaces. These states depend on surface preparation, metallization, and semiconductor
material. The energy of the discrete states found at metal/molecular-beam epitaxially grown
GaAs{(100) interfaces integrated within a Schottky formalism provides self-consistent results for
the interface electrostatics. The presence of a large concentration of exirinsic defects causes the
pinning behavior observed at metal/melt-grown GaAs(110) interfaces. These results provide the
first direct experimental evidence for the origin of Fermi level “pinning” at metal/melt-grown

GaAs junctions.

L INTRODUCTION

The identification of interface states and their role in
Schottky barrier formation have long been key issues in the
understanding of electronic properties of metal-semicon-
ductor junctions.' We have used the low-energy cathedo-
Juminescence spectroscopy (CLS) technique™ to monitor
the emission from surface and interface states formed during
each stage of the surface preparation, metallization, and con-
tact rectification. CLS provides direct information of metal-
induced interface states which evolve in energy and density
with multilayer metal coverages of the particular metal, ex-
trinsic surface states due to lattice disruption, as well as bulk
defect levels—all of which play a role in Schottky barrier for-
mation. ™ Here we present CL and PL spectroscopy studies
of bulk deep levels and of interface states at (110) UHV-
cleaved melt-grown GaAs and at UHV-cleaned, ordered,
molecular-beam epitaxially (MBE)-grown GaAs{(100} in-
terfaces with a variety of metals. These experiments reveal a
number of distinct interface state features which depend on
the surface preparation, the specific metallization as well as
the quality of the semiconductor material. Such features cor-
relate strongly with the observed differences in Fermi level
(E;) stabilization for these different surfaces, interfaces, and
bulk material.

. EXPERIMENT

The room temperature CL and PL measurements were
carried out in an UHV chamber (base pressure = 5 107"
Torr). The CLS excitation was produced by a chopped elec-
tron beam from a glancing incidence electron gun impinging
on the specimen surface. The electron beam energy can be
varied between 500-3500 eV to change the depth of electron
excitation. This variability allows us to determine the inter-
face specific features of the luminescence spectrum, other-
wise difficult to identify because of the relatively large opti-
cal emission from @GaAs bulk deep-level radiative
recombination.*”’ The values of the maximum steady-state
excess carrier concentrations at the near surface region and
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quantitative analysis of excitation depth have been published
elsewhere.®” PL excitation was produced by a HeNe laser
{power = 6 mW, photon energy = 1.96¢V, excitation depth
~0.25 pm}) and by a HeCd laser (power = 10 mW, photon
energy = 2.8 eV, excitation depth ~0.07 um). The lumines-
cence was focused into a monochromator and the transmit-
ted signal was phase detected by means of a liquid nitrogen
(LN,) cooled Ge detector (North Coast, D* = 5x 10"
cm Hz 2 W) and a lock-in amplifier. The response of
the optical system was deconvelved by comparison of a
black bedy spectrum with the measured spectrum of 2 W
filament.

Measurements were carried out on both melt-grown and
MBE-grown GaAs. Clean (110) GaAs surfaces (Crystal
Specialties, # = 4X 10" ¢m™>) were obtained by cleaving
(110) oriented bars in UHY. The quality of the cleaved sur-
face was tested both visually, i.e., absence of laser light scat-
tering from the surface, and by comparing the intensity ratio
of the NBG transition to deep-level radiative recombination
from PL and CL. For well-cleaved (110} {nonpolar) sur-
faces, constant PL/CL near band-gap (NBG) intensity ra-
tios suggested that little or no band bending was present.
Therefore, optical ernission spectroscopic features are inde-
pendent of excitation depth. Clean ordered MBE-grown
GaAs(100) surfaces (Si-doped, #n = 2-5 X 10" cm ™) were
obtained by thermal desorption of the As protective cap in
UHV.* Thermal desorption spectroscopy (TDS) experi-
ments were performed by raising the specimen temperature
linearly in time and following the evolution of As with a UTI
100 °C mass spectrometer. Typical heating rates were in the
range 2-10°C/s. Additional pumping during the TDS ex-
periments was provided by a 1000 1/s cryopump. Step de-
sorption of the As cap was carried out by halting the thermal
ramp at predetermined temperatures and annealing the
specimen for 10s. CLS, PLS, and Auger measurements were
performed after each step. GaAs(100) is a polar surface
which presents different reconstructions according to the
particular surface stoichiometry. SXPS shows that the initial
£, position for the As-decapped GaAs(100) specimens are

© 1988 American Vacuum Society 1397



1398 Viturro et a/.: Arsenic- and metal-induced GaAs interface states 1398

in the range 0.55-0.8 eV. Thus the bands are bent and the
opticai emission spectrum is dependent on excitation depth
with respect to the surface space charge region. We use the
valence band (VB) spectra and the low-energy electron dif-
fraction (LEED) pattern as criteria for high-quality, clean,
ordered GaAs(100) surfaces. The surface stoichiometry
and reconstruction of the GaAs(100) surfaces obtained by
As decapping show a strong dependence on the desorption
temperature. Reproducible CL and PL spectra were ob-
tained in different runs.

We have used difference spectra in order to compare inter-
face specific CL spectral features for different metal thick-
nesses on GaAs. The subtraction was carried out after nor-
malizing the luminescence intensity with respect to
dominant bulk deep level transition features always present
in CL of GaAs.

Metals were evaporated from pre-outgassed W baskets
onto the clean surfaces. Film thicknesses were monitored by
means of a quartz crystal oscillator positioned next to the
specimen surface. Monochromator scan energies, signal ac-
quisition, rate of heating, and mass spectrometer were con-
trolled by a microcomputer.

il RESULTS
A. As-related interface states

Figure 1 depicts the CLS spectra of As-capped MBE-
grown and UHV-cleaned GaAs(100). The bottom CL spec-
trum of As/MBE-GaAs(100) specimen (n = 5x10'
cm ™) was obtained by heating the as-received sample to
380 °C for 5 s. The Auger spectrum shows that only As is
present at the surface, with no indication of Ga or any conta-
minants. This procedure sublimes most of the As cap, usual-
ly several thousand 13;, and leaves the GaAs{100) surface
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Fi6. 1. CL spectra of As-capped MBE-grown and UHV-cleaned
GaAs(100).
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with several layers of adsorbed As. The spectrum shows a
near band gap (NBG) transition at 1.43 eV, plus a broad
band with maximum at about 1.0 eV, a shoulder at 0.8 eV,
and emission that extends to 1.3 eV. The clean spectrum of
the MBE-grown GaAs was obtained after heating the speci-
men for 10 s at 570 °C. It shows an increase of the NBG
transition intensity by a factor of 50, and a narrowing of the
broadband at both sides of the peak maximum. The increase
in NBG transition intensity can result from a decrease in
both band bending and surface recombination velocity
(SRV). Depth-resoived CLS and PLS confirm this de-
crease: excitation beyond versus within the surface space
charge region exhibit only a modest increase in NBG emis-
sion for the clean surface as compared with a large increase
for the As-capped surface. Reduction in surface recombina-
tion velocity (SRV), i.e., nonradiative carrier recombina-
tion mechanisms, may be related to the clean, ordered sur-
face obtained after As decapping, as evidenced by VB
spectra and the LEED pattern, respectively. The relatively
weak peak feature remaining at 1.0 eV corresponds te deep
traps residing in bulk GaAs, as confirmed by PLS. The in-
tensity of this deep level emission varies within a small factor
among different MBE-grown specimens. Clearly, the de-
sorption of excess As from the GaAs(100) surface reduces
band bending and SRV by suppressing interface states that
are As related.

In order to study in detail the As-decapping procedure, we
have performed TDS experiments of As coated MBE-grown
GaAs(100). Figure 2 depicts the thermal desorption spectra
of As, based on As™ (amu 75), for different heating rates.
The temperature of the peak maxima shift to higher tem-
perature and the peak intensity increases with increasing
heating rate, as predicted for a simple desorption kinetic
model including a finite pumping speed and linear heating
rate. Three main desorption peaks are observed. The first
desorption peak at about 400 °C corresponds to the sublima-
tion of bulk As from the cap. Most likely the desorbing spe-
cies is molecular As,. The intensity of this peak appears
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Fic. 2. Thermal desorption
spectra of As/MBE-grown
GaAs(100) for different heat-
ing rates.
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small when compared with the other two desorption peaks
because the TD spectrum of amu 75, represents only the
fraction of As™ from the cracking pattern of desorbed mo-
lecular As,. The total pressure measurements carried out
simultaneously with the mass spectrum showed a large pres-
sure increase which peaks at about 400 °C. The second and
third desorption peaks correspond to additional desorption
of As from GaAs{100) surface. We do not know yet which
are the corresponding desorption species, but the relatively
high intensity of the peaks suggests the desorption of As, or
atomic As. Further heating to 600 *C shows no additional As
desorption. Figure 2 shows that one can use desorption tech-
niques to control the surface stoichiometry of the As/
GaAs(100). In particular, the difference in desorption tem-
peratures between the second and third desorption peaks is
large enough to allow us to resolve two different surface stoi-
chiometries of GaAs(100) by incrementally desorbing the
surface As. We used three desorption steps consisting of
heating the As/MBE-grown GaAs(100) system for 10 s at
450, 530, and 570 °C. After each desorption step we carried
ocut Auger electron spectroscopy (AES), CLS, and PLS
measurements. Auger spectra showed an increase in the ra-
tio R, = Ga[MNN, 55eV]/As[MNN, 91 eV] (surface-sen-
sitive Auger) after each heating step. The quantitative anal-
ysis of the AES results involves a large error because of the
large change in siope of the Auger spectrum base line due to
variation in electron muitiplier gain with electron energy.
Nevertheless, the relative change in R, is ~ 12% between
the first and second heating step but only a small change
between the second and third step.

The CLS results show that changes in the optical emission
spectrum occur after each heating step. Figure 3 depicts CL
" spectra after heating the As/GaAs(100)(n =2x10'
em~?) system for 10 s at several temperatures. The bottom
spectrum shows that heating up to 450 °C causes a large re-
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FiG, 3. CL spectra of As/MBE-
grown GaAs(100) after heating for
10 s at indicated temperatures.
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duction in the optical emission from the 0.8 eV shoulder and
an increase in NBG transition intensity. Subsequent heating
at 530 °C causes a diminution in the intensity of emission at
about 1.25 eV, as shown in the difference spectrum b — a,
and a small increase in NBG intensity. Raising the specimen
temperature to 570 °C produces a further reduction in the
0.8 eV emission intensity and increase in NB( intensity. The
difference spectra ¢ — b shows this additional change. The
CL spectra depicted in Fig. 3 show two emissions at 0.8 and
1.25 eV which are related to the As content and surface
structure of MBE-grown GaAs(100).

B. Metal-induced interface states

Figure 4 depicts CL spectra of clean and Au-covered
MBE-grown GaAs(100) (#n = 5x 10" cm™?). The spectra
show that deposition of Au on clean MBE-GaAs{100) rein-
troduces interface states at energies 0.8 and 1.25 eV, and
causes a large decrease in the NBG transition intensity. This
reduction is due to increased SRV and band bending cansed
by the Au deposition, which moves £, t¢ 0.2 eV above the
VB maximum (VBM) from the E, midgap position of clean
MBE-GaAs(100).° The NBG intensity measured by PL3
also shows a large reduction, consistent with increased band
bending.

Figure S depicts the CL spectra of the clean and Al-cov-
ered MBE-grown GaAs (100) (r = 2 10" ecm™*). Depo-
sition of Al on clean GaAs causes the formation of two new
emissions at 1.8 and 1.25 eV, and reduction on the overall
Iuminescence intensity. This reduction is probably caused by
an increase in SRV. Depth resolved CLS shows a small posi-
tive change in the NBG/deep level intensity ratic with Al
deposition. This result agrees with SXPS experiments which
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FiG. 4. CL spectra of clean and Au deposited MBE-grown GaAs(100). The
vertical bar in the difference spectra indicates the noise level.




1400 Viturro ef al.: Arsenic- and metal-induced GaAs interface states 1400

7 T T T T 7 7T
Al/Gahs (100)
MBE- grown CL
I.5kV
x10
c-b r—//
R A )

F16. 5. CL spectra of clean and
Al-deposited MBE-grown
GaAs(100), and subsequent
annealing to 400 °C for 1 min.
The vertical bar in the differ-

ence spectra indicates the noise

/ T \ level.
xIo 0A

\
b \

\

a0 -

LUMINESCENCE INTENSITY
+

xl(/q\_/[{

PR S| PR "

06 08 1o L2 4 1.6
PHOTON ENERGY(eV)

show diminished band bending, ~0.2 eV, upon Al depo-
sition.'® These peak energies are quite close to those of the
Au/GaAs system; however, their intensity ratio is different.
For Au/MBE—-GaAs interfaces the emission intensity ratio
RI[0.8 eV/1.25 eV] is ~ 1.8, whereas for Al/MBE-GaAs
interfaces, this ratic is ~0.5. SXPS measurements of this
system showed that the final £, stabilization energy is 0.8—
0.9 eV above VBM.? For Au/MBE-grown GaAs(100), E;
lies 0.2 eV above VBM. The ratic increase from Al to Au
could be due to the E, shift from above midgap to below
midgap, thereby depopulating midgap states and increasing
the transition probabilities for luminescent transitions from
the conduction band. On the other hand, if the cross sections
for radiative recombination of these discrete interface states
do not depend on band bending, then Fig. 5 shows that the
concentration of metal-induced interface states at a given
energy depends upon the particular metal.

The lower RI[0.8eV/1.25eV] for Al/MBE-grown GaAs
interfaces can be interpreted as due to the reduction of As at
the Al/GaAs interface caused by reaction with metallic Al
Figure 5 shows that annealing of this junction at 400 °C for 1
min causes further reduction in the intensity of the 0.8 eV
emission and increases the NBG emission intensity, indicat-
ing a reduction in band bending and SRV. This additional
change in the spectral intensity supports our assumption
that the 0.8 eV emission is linked to the presence of As at the
interface. Indeed, SXPS experiments of this system show
that the amount of bonded Al increases after heating.

Figure 6 depicts the CL spectra of liquid-encapsulated
Czochralski (LEC)-grown GaAs(110) after cleavage and
subsequent Al deposition. The bottom spectrum shows CLS
of the freshly cleaved (110) surface. We notice that the opti-
cal emission from deep levels is much larger than that from
MBE-grown material. Low-temperature PLS of both mate-
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rials shows that emission from deep levels is at least two
orders of magnitude larger for melt-grown GaAs.'® For the
melt-grown GaAs, the relatively high intensity of the NBG
transition is due to the flat-band condition of the cleaved
(110) surface. Deposition of Al causes a large reduction of
NBG transition intensity, a broadening of the deep level
band to lower cnergies, and the formation of a new emission
at about 1.25 eV. The difference spectrum on the top of the
figure shows that there is detectable emission at energies be-
low 0.75 eV. This emission was not present in metal/MBE-
grown GaAs interfaces.

A more dramatic picture is observed in the CL spectra of
the Au/LEC-grown GaAs(110) system. Figure 7 depicts
CL spectra of LEC-grown GaAs(110) after cleavage and
subsequent Au deposition. At multilayer metal coverages, a
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very intense optical emission develops and dominates the
spectral shape. This emission and the associated interface
state represent the major difference between the CLS fea-
tures of Au on the melt-versus MBE-grown GaAs surfaces,

V. DISCUSSION

A. TDS, surface stoichiometry and structure, and As-
related states

The TDS and CLS experiments provide a clear picture of
the different desorption stages and discrete surface states
associated with the surface stoichiometry and reconstruc-
tion of the GaAs(100) surfaces. We have not yet performed
LEED measurements as a function of As desorption. How-
ever, we have determined that heating below 400 °C pro-
duces a 1 X1 LEED patiern, a result obtained for As-rich
surfaces by others.'®"'* However, LEED and scanning tun-
neling microscopy (STM) measurements carried out on
similar MBE-grown GaAs(100) (same IBM source) and
using similar thermal treatments for As decapping showed
that there are primarily two reconstructions associated with
the thermal processes reported above.”* Heating up to
450 °C seems to form a (4 X 2) reconstruction, subsequent
heating to 550 °C changes the recomstruction to (2Xx4).
These reconstructions coincide with a decrease in the surface
As composition. The stoichiometry ratic R, for these
GaAs(100) surfaces decreases from ~0.72 to ~0.98 with
increased temperature for our equivalent surfaces. From
Fig. 7, the two main transitions at 0.8 and 1,25 eV associated
to these reconstructed surfaces exhibit a strong dependence
on R,. Heating the specimen to 450 °C reduces the 0.8 eV
emission intensity while changing the 1.25 ¢V emission in-
tensity very little. Heating to 530 °C produces further de-
sorption of As and changes the intensity of the 1.25 eV emis-
sion. In contrast, SXPS measurements on these surfaces
show that E, exhibits only minor changes with this modifica-
tton on R,. Hence the changes in stoichiometry and recon-
struction appear to be directly related tc the densities of elec-
tronic states at the GaAs surface.

B. CLS and PLS of clean MBE-versus melt-grown
GaAs

The CLS and PLS measurements reported here show that
both MBE- and melt-grown GaAs exhibit emission from
states deep within the band gap. However, both the interface
and bulk states for melt-grown GaAs exhibit emission which
is much more intense than for MBE-grown GaAs. For melt-
grown GaAs, the deep level concentrations appear to be over
two orders of magnitude larger than those of MBE-grown
GaAs. These may be related to a relatively large density of
bulk trap states which occur in the melt-grown material. '+
The density and nature of these bulk traps depends on the
growth method and is known to be relatively low for MBE-
grown material.'® Thus the interface state energies and den-
sities appear to be strongly infiluenced by the quality of the
near-surface region, due either to the method of growth and/
or thermal posi-treatment.
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€. CLS of metal/GaAs interfaces: Similarities and
differences

Metal deposition on clean GaAs surfaces causes drastic
changes in the relative optical emission intensities and spec-
tral shape, due both to band bending and the formation of
interface states. The energies of the emission induced for
both Auand Alon MBE-grown GaAs are similar. However,
two metals produce over a factor of 3 difference in the rela-
tive intensities of the 0.8 vs 1.25 eV emissions. Whether or
not these emission intensities reflect differences in state den-
sities depends on kow sensitive the luminescence transition
cross sections are on the £, position. For example, the re-
duced RI[0.8 eV/1.25 eV] for Al/GaAs interfaces can be
interpreted as due to the reduction of As at the interface
caused by the reaction with Al Moreover, annealing this
junction of 400 °C for 1 min further reduces the intensity of
the 0.8 eV emission and increases the near band gap emission
intensity, consistent with a further reduction of As. On the
other hand, Al deposition and subseguent annealing both
decrease the band bending, moving K, toward the conduc-
tion band and possibly increasing the cross section for con-
duction band-midgap transitions. CLS measurements of
other metals on MBE-grown GaAs may resolve this point.
Overall, the similarities between the optical emission of As-
and metal-covered interfaces on MBE-grown GaAs strongly
suggest that the states involved have a similar origin, and
that they are in fact related to excess As at the interface.

The discrete states produced by metal deposition also de-
pend strongly on the nature of the GaAs substrate itself. For
melt-grown GaAs, the energies of the optical emissions at
low-metal coverage are similar to those of metal/MBE
GaAs. However, with increasing metal coverages an intense
emission develops at energies «<0.75 eV and dominates the
spectral shape at multilayer coverages. This emission, absent
at metal/MBE-grown GaAs interfaces, may well be related
to the large concentration of deep levels present in the LEC-
grown GaAs, and strongly suggests the role of the associated
states in determining the different barrier properties found at
metal/LEC-GaAs interfaces. In this sense, the features at
0.8 and 1.25 eV could support a Schottky barrier model

based on native defects. However, such a model must appar-
ently depend strongly on the quality of the semiconductor

material. Futhermore, such a model does not account for the
wide continuocus range of ¥, positions observed in SXPS'
(see also next section).

D. Schottky barrier and interface states

The direct observation of discrete GaAs interface states
and their dependenice on surface preparation, metallization,
and bulk material have significant consequences for several
models of Schottky barrier formation. First of all, the dis-
crete states produced by metal deposition at energies close to
the position at which £, pins in melt-grown GaAs is con-
trary to a metal-induced gap state (MIGS) model'”'8 in
which the intrinsic band structure of the semiconductor
rather than any extrinsic states produced by interface forma-
tion defines the E; position. In such 2 MIGS model, one
expects 2 minimum rather than a maximum in the density of
any interface states at the E, stabilization energy. The wide
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range of E, stabilization energies now seen for MBE-grown
GaAs" as well as other semiconductors®®® alsc argues
against such models. Similarly, the dependence of the inter-
face state energies and densities on surface preparation, me-
tallization, and substrate material argues against defect
models in which the energies and densities of interface states
for a given semiconductor are constant, regardless of the
adsorbate.? Instead the orders-of-magnitude lower inter-
face state density and different energies for the deep levels in
MBE-grown GaAs versus melt-grown GaAs are consistent
with the much wider range of E, stabilization energies.'
Interface defects may play a role in Schottky barrier forma-
tion, but the CLS results presented here show that their ener-
gies and densities depend on the quality of the semiconduc-
tor substrate, as determined by the growth method and/or
subsequent thermal treatments.

The differences between Au and Al/GaAs interface emis-
sion also suggests that interface chemistry can affect the na-
ture of such defects strongly. The strong dependence of in-
terface state features on As chemistry lends strong support
to the central role of excess As at the metal/GaAs inter-
face.*? Such excess As can produce an interfacial phase with
a relatively constant work function, independent of the me-
tallization.?? Alternatively, excess As leads to formation of
Asg;, antisite defects which can produce deep levels near the
E, pinning positions in meit-grown GaAs.” Experiments
are in progress to distinguish between these two alternatives.

Finally, the lower density of interface states evident for
the MBE-grown GaAs permits us to view such states as a
perturbation on a self-consistent electrostatic model for
charge transfer and band bending at the metal/GaAs inter-
face.”* Significantly, the 1.25 ¢V CLS transition observed for
the metallized surfaces corresponds closely to the low-den-
sity acceptor level 1.2 eV below the conduction band which
is required to fit the dependence of barrier height to metal
work function.'® This energy found for the discrete states at
metal/MBE-GaAs interfaces integrated within a Schottky
formalism is thus capable of providing self-consistent results
for the interface electrostatics.

V. CONCLUSIONS

We have used CLS and PLS techniques to obtain a direct
measure of the discrete electromnic states at metal/GaAs in-
terfaces. These states depend sensitively on the surface prep-
aration, metallization, as well as the semiconductor material
itself. The detailed evolution of optical emission energies and
intensities with multilayer metal deposition are correlated to
metal-induced states and E, movements. The energy of the
discrete states found at metal/MBE-grown GaAs(i00) in-
terfaces integrated within a Schottky formalism is capable of
providing self-consistent results for the interface electrostat-
ics. On the other hand, the presence of large concentration of
extrinsic defects (i.e., due to native defect segregation from
the bulk, chemical reaction, or interdiffusion) causes the
pinning behavior observed at metal/melt-grown
GaAs(110) interfaces. Our experimental observations, to-
gether with the analysis of the junction electrostatics provide
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an internally consistent set of results supporting the conclu-
sion that atomic (rather than electronic) relaxations at met-
al semiconductor interfaces is responsibie for the insensiti-
vity of the Schottky barrier height on metal work function
cbserved on LEC materials. Our results provide the first
direct experimental evidence for the origin of Fermi level
pinning at metal/melt-grown GaAs junctions.
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