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Electronic properties of nascent GaP(110)-noble-metal interfaces
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The evolution of the interface properties of cleaved n-type and p-type GaP(110) surfaces with Ag,
Cu, and Au overlayers was investigated by photoemission spectroscopy excited with synchrotron ra-
diation. Silver was found to be relatively unreactive with GaP, although some evidence for a Ga re-
placement reaction was found. Cu and especially Au were observed to react strongly with GaP,

0
with clear evidence of metal-Ga exchange reactions occurring for coverages of & 0.3 A.
Phosphorus-metal reaction products include Cu-P and Au-P components characterized by a P 2p
binding energy comparable to that of P in GaP. An additional reaction product was observed for
Au, which was tentatively interpreted as elemental P. All phosphorus components tend to diffuse to
the metal surface. The band bending, or specifically the position of the interface Fermi level EF rel-

ative to the band edges, was measured as a function of metal coverage. On n-type surfaces EF
0

remained fairly constant for coverages to —1 A, but dropped lower into the band gap as the over-
layer assumed metallic properties. On p-type surfaces EF increased for low coverages, but de-

0
creased at the onset of metallicity (overshoot). For coverages ~ 10 A, EF reached a common value
on n- and p-type surfaces, which differed among the metals. Measured Schottky-barrier heights 4&
for n-type GaP(110) were 1.SS eV (Au), 1.37 eV (Ag), and 1.41 eV (Cu). The delocalization model
was applied to calculate both the drop in EF with metallization, and 4& for the three metals.
Agreement with experiments supports the model and underscores the importance of defect and me-

tallic states in Schottky-barrier physics.

I. INTRODUCTION

Much of our present understanding of the metal-
semiconductor interface derives from the extensive work
on Si and GaAs, ' which served as prototypes for the de-
velopment of various models addressing the origin of the
Schottky barrier. Less attention has been given to other
compound semiconductor-metal interfaces and particu-
larly little is known about their behavior for low metal
coverages, at which the electronic properties of the inter-
face develop. These properties, e.g. , the Schottky-barrier
heights, appear to be fully developed at metal coverages
of less than —5 monolayers (ML) of the metal for GaAs
and InP. Recently, it was observed that for a few
metals on GaAs the barrier heights were fully established
only after the overlayer developed its metallic charac-
teristics. In retrospect a similar conclusion can be ar-
rived at from earlier data. ' ' These observations were
interpreted in terms of favoring specific models, such as
the metal-induced gap-state (MIGS) models, " " or the
recently proposed delocalization model. ' ' It is thus of
general interest to investigate other metal-semiconductor
systems in order to assess the generality of interface be-
havior already observed on GaAs and InP, as well as to
test the applicability of existing models to the new sys-
tems.

Some of the key aspects previously observed for GaAs
include: (i) a metal dependence of Schottky-barrier
heights exceeding 0.25 eV," ' (ii) a common interface
Fermi-level position (EF) for n and p-typ-e samples for
thick metallic coverages, and (iii) barrier-height readjust-

ments with onset of metallic characteristics in the over-
layer. The latter always results in a decrease of EF rela-
tive to the GaAs valence-band maximum (VBM), or
equivalently an increase of the band bending (barrier
height) with metal coverage for n-type samples, and a de-
crease for p-type samples. On p-type GaAs(110), EF may
increase relative to the VBM with coverage before revers-
ing this trend with onset of overlayer metallicity. This
"overshoot, " although observed for room-temperature
depositions, ' is particularly pronounced for low-

temperature depositions, ' and represents a dramatic
manifestation of the transition from metal-adatom-
induced adsorbate, ' defect levels, ' or impurity
states ' for submonolayer coverages, to metal-
induced" ' or metal-modified' interface states for
thick metallic coverages.

Prior transport measurements of Schottky-barrier
heights on n-type GaP indicated metal-work-function-
dependent variations of -0.3-0.4 eV, ' which exceed
those for GaAs (-0.25 eV). This range is still only about
—,
' of the spread in work-function values used in the exper-

iments, and represents a large deviation from the ideal
Schottky-Mott behavior. ' However, a prior photoemis-
sion study on n-type GaP(110) claimed nearly ideal
Schottky behavior. This large discrepancy between
transport and photoemission measurements appears
unusual, as it is not observed for GaAs. ' Clearly, this is-
sue needs to be resolved, preferably through a detailed
low-coverage photoemission study, which at the same
time tests the generality of issues discussed above for
GaAs. This approach is taken here, although we limit
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ourselves in this study to the noble metals Cu, Ag, and
Au on both n and p-type GaP substrates. The choice of
different doping types has the added advantage of a con-
sistency check for the band-bending data, as a precise
determination of EF may be difficult to assess from a sin-

gle data set. This problem is enhanced because metals
are generally more reactive on GaP than on GaAs, and
this causes drastic line-shape changes in the core-level
photoemission spectra from which the band bending is
determined.

Our principal conclusions of this study are the follow-
ing: (i) variations in Schottky-barrier heights for the no-
ble metals are small and do not follow the Schottky-Mott
rule; (ii) n- and p-type samples exhibit the same final posi-

0
tion of EF for coverages -10 A of a given metal; (iii) on
n-type GaP, EF exhibits a nearly constant value over a
broad range of submonolayer coverages, followed by a
decrease, hE~, with onset of metallic behavior near 1 ML
(an overshoot behavior is observed on p-type GaP for the
three metals); (iv) values of b,E~ calculated within the
framework of the delocalization model agree well with
experiment; (v) Cu and Au react strongly with GaP, pro-
ducing elemental Ga and up to two (for Au) phosphorus
reaction products that diffuse to the surface; (vi) Ag is
relatively unreactive on GaP, although a weak Ag-Ga ex-
change reaction is suggested by the data.

II. EXPERIMENTAL DETAILS

The experiments were performed with the IBM beam-
line U8 on the vuv ring of the National Synchrotron
Light Source (NSLS) at the Brookhaven National Labo-
ratory (Upton, NY). The beamline consists of a combina-
tion of 6-m/10-m toroidal-grating monochromator and a
display electron spectrometer; their combined resolution
was -0.2 and 0.3 eV for working photon energies of
hv=80 and 150 eV, respectively. The spectrometer was
used in an angle-integrated mode, with an acceptance an-
gle of 1.8 sr. A single grating was used for both photon
energies. A separate sample-preparation chamber, with
vacuum interlock to the analysis chamber, was used for
cleaving and metal deposition. Zn-doped (6X 10' cm )

p-type and Te-doped (2X10' cm ) n-type GaP(111)
wafers were cut into rectangular bars of 4 X 4 mm cross
section, which were oriented lengthwise along a (110)
direction. The bars were notched to facilitate the align-
ment of the cleaving blade. For the indicated doping
concentrations the bulk Fermi levels for n- and p-type
GaP are in the band gap at an energy of 100 meV from
the band edges. The metal was deposited from a resis-
tively heated, boron-nitride cell assembly that could be
moved into the main preparation chamber through an in-
terlock, an arrangement that allowed quick and con-
venient evaporant changes without breaking vacuum.
Pressures during deposition were in the mid-10' -Torr
range. Metal evaporation rates were determined with a
quartz thickness monitor from extended and repeated
calibration runs, following long out-gassing and thermal
stabilization periods. Reliable rates of as low as 1000 s/A
were readily obtained with relative repeat accuracies of
+20%. Absolute thickness values were estimated to be

of comparable uncertainty for coverages near and above
1 A, with somewhat higher uncertainties for the lower
coverages. Following either a good cleave or metal depo-
sition, the sample was transferred to the analysis chamber
for measurement of electron-distribution curves (EDC's)
of the Ga 3d and P 2p core levels at h v=80 and 150 eV,
respectively, the valence band at 80 eV, and a broad-
range survey spectrum at 150 eV, from which the at-
tenuation of the core levels were evaluated. The Au 4f-
level was measured as well for Au coverages exceeding
0.01 A. In order to check consistency, two deposition se-
quences were generally made on each type of substrate,
for a total of up to four runs per metal.

The spectra were digitally stored and transferred elec-
tronically to an IBM mainframe at the Thomas J. Watson
Research Center. The core-level EDC's were analyzed by
first subtracting a background curve that is proportional
to the integral under the emission peak and which
matches the background slope outside the peak. Then an
interactive computer program synthesized a spectrum re-
cursively from a pre-determined number of components
until the least-squares deviation between the generated
and the experimental spectra was less than 0.005, subject,
of course, to the usual constraints of spin-orbit splittings,
branching ratios and Lorentzian widths. The basic line
shape was assumed to be a Lorentzian convoluted with a
Guassian broadening function. Most fits required at least
two spin-orbit-split components, which for low metal
coverages consisted of the bulk and the surface com-
ponents of the GaP substrate, and for the highest cover-
ages consisted of the bulk component plus one or two
new components attributed to reaction products between
substrate and metal. At intermediate coverages between

0-0.3 and 5 A three components were generally required.
The reaction components in both P 2p and Ga 3d EDC's
dominate the spectra for Au and Cu coverages exceeding
5 A and restricted the accurate determination of the ki-
netic energy (KE) of the bulk component, which is used
to determine the band bending. A somewhat more com-
plicated analysis is required for the reacted Ga com-
ponent in the Ga 3d spectra. Because the reacted Ga ex-
hibits metallic character, its line shape is subject to an ad-
ditional broadening on its low-KE side. The broadening
is attributed to multi-particle excitations at the metallic
Fermi edge; its effect on the line shape can be adequately
described by a Doniach-Sunjic distribution. The ap-
propriate spectral line shape is a convolution of this dis-
tribution with the Lorentzian-Gaussian distribution.
Kinetic-energy shifts for the bulk component of the
core-level spectra were measured with an accuracy of
+20 meV for Ag at all coverages and for Au and Cu for
coverages up to 1 ML; for the latter two metals the accu-
racy deteriorated considerably to +50 meV at coverages
exceeding 3 ML. A ML is referred to the atomic density
of 9.52X10 cm' of GaP(110). The thickness equivalence
is 1.1 A/ML for Cu and 1.61 A/ML for Ag and Au.

III. SPECTRAL ANALYSIS

A. Ag/GaP

We begin our discussion with Ag, since its low reactivi-
ty with the GaP substrate makes the data analysis
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straightforward. The spectral decompositions of the Ga
3d core level for representative coverages of 0, 0.01, 0.1,
1, and 10 A of Ag on n-type GaP(110) are shown in Fig.
1. The line shape over most of the coverage range is simi-
lar to that of the clean surface, Fig. 1(a). It is character-
ized by a cleft main peak and a weak shoulder on the
low-KE side. This structure, which is very similar to the
Ga 3d spectrum of a well-cleaved GaAs(110) surface, is
indicative of a homogeneous surface potential, i.e., band
bending is either negligibly small or distributed evenly
(within dimensions of the Debye length} over the surface.

I l
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FIG. 1. Ga 3d spectra of Ag on n-type GaP(110) for indicat-
ed Ag coverages. The dots represent the experimental data.
Each spectrum is decomposed into a bulk (dashed line) and a

0
surface component (dashed-dotted line) ~ For 1 and 10 A cover-
ages [curves (d) and (e)] a weak third component on the high-
KE side of the bulk component was needed in the fits. The solid
line through the experimental data represents the sum of all the
components.

In comparison, the corresponding spectra for freshly
cleaved p-type samples were always less resolved. How-
ever, small coverages of metal atoms will enhance spec-
tral details (not shown) as the band bending became more
homogeneous across the surface. We will readdress this
point in the discussion section, as it bears directly on the
issue of the position of the Fermi level for the well-
cleaved n-type-GaP surface. ' The spectra was decom-
posed into bulk and surface contributions, as indicated in
Fig. 1 by dashed and dotted-dashed curves, respectively.
The best-fit values of our fitting parameters, which are
unconstrained variables in our routine, were essentially
identical to our previously published values, although
an entirely difFerent algorithm was used in the present
case. The persistence of the surface component up to the
maximum coverage of 100 A (not shown) indicates, as for
GaAs (Ref. 20) and previous work on GaP, that the Ag
growth consists of three-dimensional clusters which do
not fully cover the GaP surface. The shifts of the emis-
sion structure toward higher KE in these spectra for n-

type-GaP result from increases in band bending with Ag
coverage. For Ag coverages in the 1 —10-A range, for
which we still had good counting statistics, it became
necessary to fit a weak (-2% of the total line intensity)
third peak on the high-KE side of the bulk structure.
The discerning eye can observe the third contribution in
curves (d) and (e) of Fig. 1. This component, which lies
at a relative KE of -0.5 eV above the bulk component, is
consistent with elemental Ga, but not metallic Ga [a
change in KE of -0.7 eV (Ref. 31)]. Its presence in the
four separate runs is statistically significant, and if not
spurious, suggests that Ag interacts weakly with GaP.

The P 2p spectra for the same Ag coverages are shown
in Fig. 2. They are again decomposed into bulk (dashed)
and surface contributions (dotted-dashed), which again
persist up to the maximum Ag coverage of 100 A. As for
the clean Ga 3d spectrum, the fitting parameters for the
two components are practically identical to those previ-
ously published. There is no evidence in these spectra
of reaction products involving Ag and P. Our estimated
sensitivity is 2 —3 % for a component removed ~ 0.5 eV
from a major spectral component.

The attenuation curves of the Ga 3d and P 2p emission
intensities, normalized to unity for the clean surface, are
shown in Fig. 3. Their nonlinear and slow attenuations
with coverage in this logarithmic plot are again indicative
of three-dimensional cluster growth. The attenuation
curve for the P 2p emission lies consistently below that
for Ga 3d. We attribute this observation to a slightly
greater surface sensitivity in the P 2p spectra (KE of -45
eV), relative to the Ga 3d spectra (KE of —55 eV). The
relatively large signal strengths at 100 A of Ag indicates
the presence of bare surface patches (pinholes), a con-
clusion which is consistent with the presence of the sur-
face components in the Ga 3d and P 2p core-level spectra
for the same coverage (not shown).

Additional details of the formation of the interface can
be obtained from the valence-band spectra at various
metal coverages. Representative spectra, including that
of the clean surface for n-type GaP(110) are shown in

Fig. 4. Superimposed on the clean spectrum [solid line,
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curve (a)] is a spectrum, indicated by the dotted curve,
for a Ag coverage of only 0.003 A (0.002 ML}. Their
difference, after correcting for a band-bending change, is
shown in curve (b), and represents extra emission arising
from Ag 4d electrons. The great sensitivity is the conse-
quence of both the large photoionization cross section of
the 4d electrons at the chosen photon energies, which is
—100 times that of the s and p valence electrons of Ga
and P, and the favorable binding energy of the Ag 4d32

which overlaps the heterpolar gap of the GaP. The Ag
41 emission rapidly increases both in intensity and width
and dominates the spectra at larger coverages. Its line
shape evolves as well, from an essentially featureless and
broadened singlet at the lowest coverage, to the doublet
structure characteristic of metallic Ag, curve (f), which
remains unchanged for higher Ag coverages. The line

GaP(110)
2p
80 eV

0

shape at 1 A of Ag, and to some extent that at 0.5 A
[curves (d) and (e)], already exhibit the features of metal-
lic Ag, although the width is narrower than the fully
developed peak at 10 A. The width of the Ag 4d emis-
sion has been used as a criterion to determine the onset of
metallicity for Ag/GaAs. A more convincing manifes-
tation of this onset is the appearance of a metallic Fermi
edge in the valence-band EDC's. We show in Fig. 5 ex-
panded spectra for emission near the valence-band edge.
Although emission electrons, presumably from the Ag 5s
states, already "tail" towards the energetic position of
the future Fermi edge for 0.5 A of Ag, the edge does not
become evident until Ag coverages of —1 A. For
Ag/GaAs the Fermi edge appeared at coverages nearly
four times smaller, which suggests a larger surface mo-20

bility (less interaction} for Ag on GaAs(110) than on
GaP(110). The appearance of a Fermi edge is crucial in
the development of the band bending that ultimately
determines the Schottky barrier. This topic will be exten-
sively discussed in Sec. IV, after we present and discuss
the core-level analysis for Cu and Au on GaP.

B. Cu/GaP(110)

clean (a)

The Ga 3d core-level spectra for the freshly cleaved n-

type GaP(110) surface and for Cu coverages of 0.01, 0.1,
1, 5, and 10 A are shown in Fig. 6. For this particular
cleave it was necessary to initially include a third com-
ponent on the high-KE side of the clean spectrum, Fig.
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FIG. 2. P 2p spectra for Ag on n-type GaAs(110). The cover-
ages and component designations are identical to those of Fig.
1.

FIG. 3. Attenuation of the emission intensities of the Ga 3d
and P 2p core levels with nominal Ag coverage.
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6(a), which represents a small portion of the surface that
was subjected to some cleavage-induced band bending of
unknown origin. The addition of some Cu [curves (b) and
(c)] causes the band bending to become homogeneous
across the surface, as can be judged from a line shape
comparison with the corresponding spectrum for Ag in

Fig. 1. Generally we find that for surfaces which exhibit
areas of different band bending the addition of & 0.01 ML
of metal tends to increase the average band bending and
equalize EF throughout the surface. This observation im-

i I I

Ag ON GaP(110)

hv = 80eV

plies that any initial cleavage-induced band bending is
caused by a relatively low density of defect states. These
states are readily suppressed by the larger number of
states produced during deposition, whose density is com-
parable to the number of deposited atoms. ' %e find that
the band bending with coverage is reproducible and is in-
dependent of the initial position of EF for the cleaved
surface. In contrast to Ag, Cu is the more reactive, as is
evident in the Ga 3d core-level spectrum for 1 A [Fig.
6(d)], which clearly indicates the presence of a shoulder
on the high-KE side of the main peak. This structure al-
ready becomes evident in the spectral decompositions at
0.3 A, and is consistent with the presence of elemental
Ga liberated by an exchange reaction with the Cu. Its in-

tensity increases with coverage and attains a value com-
0

parable to the intensity of the bulk component for a 10-A
coverage. Although not clearly evident from Fig. 6, the
line shape of the replaced Ga component includes a
Doniach-Sunjic contribution with an asymmetry factor of
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FIG. 4. Valence-band EDC's for clean n-type GaP(110), solid
0

curve (a), and covered with 0.003 A of Ag —dotted symbols in
{a). Their difference is shown in curve (b). The remaining spec-
tra (c) and (d) are for Ag coverages of 0.1, 0.5, 1, and 10 A.

FIG. 5. Expanded view of the emission-edge region of the
valence-band EDC's for Ag on GaP(110). The appearance of

0

the metallic Fermi edge is evidence for 1 A coverage, curve {b).
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0.1, which clearly demonstrates that the replaced Ga is
metallic. Moreover, the KE of this component relative to
the bulk component is equal to the value of 0.7 eV found
for Ga on GaAs(110), ' which suggests that the Ga is ag-
gregated and not extensively alloyed with Cu. It was also
necessary to include the surface component into our fits
for 5 A (-4 ML) of Cu, which indicates that the Cu
forms three-dimensional clusters as well. Th C -G

hasep ase diagram indicates a broad solid-solution region
near room temperature, void of any compound h

The P2 s
p ases.

e p spectra for the corresponding Cu coverages
are shown in Fig. 7. The clean-surface spectrum [curve

(a)] is composed of just the bulk and surface components;
t e latter includes a shifted contribution from the bulk,
as discussed for the Ga 31 spectrum of Fig. 6(a), which
overlaps the surface peak and whose size cannot be in-
dependently determined. As a function of coverage, the
surface contribution decreases and disappears beyond 5
A, in agreement with the Ga 3d core-level data. A
unique feature of these spectra is the apparent absence of
a component attributable to Cu-P reactions, as the bulk
component appears to remain the sole contributo t th

p spectra [e.g. , curve (f)]. However, the P 2p attenua-
tion curve, shown together with the Ga 3d and Cu 3d in-
tensity curves in Fig. 8, reveals a tendency for the P 2p
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FIG. 6. Ga 3d spectra for indicated Cu coverages on n-t e
GaP(110). Th). he line designations are the same as Fig. 1. The

n n- ype

dotted component on the high-KE side of the clean surface
spectrum is attributed to residual band bending, which vanishes
with Cu coverage (see text). The long dotted-dashed com-
ponent, seen in curves (d) —(fI on the high-KE side, is due to free
Ga.
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p p tra for indicated Cu coverages on n-typ
aP(110). The surface component is detectable to coverages of
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5 A. Only one broadened component is required to fit the 10 A
spectrum, which has comparable contributions from closely
overlapping bulk and reacted components.
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emission intensity to remain larger than that for Ga 3d.
The latter incorporates both the metallic Ga and the bulk
contributions, which is represented by the solid line. If
the remnant P 2p component were solely of bulk origin,
its attenuation curve would follow closely the solid line of
the Ga 3d bulk component. Since this is not observed,
we conclude that the principal contribution to the P 2p

P2
spectrum for coverages beyond 5 A, where the Ga 3d da an

p curves diverge in Fig. 8, is from a reaction product
whose binding energy essentially equals that of the P 2
bulk ccomponent. Furthermore, this reaction product

e p

tends to diffuse to the top of the Cu layer, where it
remains only slightly attenuated by additional Cu. The
binding energy of this product suggests that it is not ele-
mental P, which would be expected to lie, as for As on
GaAs, at a lower KE relative to the bulk component.
The tendency of Cu-P compound formation and their
phase diagram "suggests that the P is bonded to Cu in a
definite stoichiometric but unknown ratio, a view sup-
ported by the constancy of its binding energy throughout
the coverage range (to 30 A). As an aside, the close over-
lap of the bulk and reacted components can lead to con-
siderable uncertainties in the band-bending values for
measurements that rely solely on the P 2p spectra. This
point will be clarified in the next section, where we deter-
mine from the band-bending studies that the bulk and
reacted components are separated by & 0.1 eV.

The evolution of the valence-band spectrum with Cu
coverage is shown in Fig. 9. Again we show superim-
posed spectra for clean n-type GaP(110) [solid line, curve
(a)] and for a Cu coverage of 0.01 A (-0.01 ML, dotted
curve), together with their difference [curve (b)]. The ap-
parent lower sensitivity for Cu 3d compar d t A 4d,

'

arge y due to the overlap of the Cu 3d emission with the
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FIG. 8. Emission intensities of the P 2p, Ga 3d, and Cu 3d
core levels as a function of Cu coverage. The solid curve is the
bulk contribution to the Ga 3d signal calculated from the spec-
tral decompositions of Fig. 6.
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FIG. 9. Valence-band EDC's for clean and Cu covered
GaP(110) surfaces. A spectrum for 0.01 A Cu coverage (dotted
curve) is superimposed on the clean spectrum (solid line) in

curve (a). The magnified difference is shown in curve (b); its sole

structure, due to Cu 3d emission, intensifies, and dominates the
spectra at higher coverages [curves (c)—igi], but does not
broaden appreciably.
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main valence-band structure of the GaP. As the cover-

age increases the Cu 3d contribution emerges from the
background [curve (c)], and like Ag 4d, totally dominates
the valence-band spectrum for Cu coverages near 1 A
and beyond. A bulk Cu-like valence-band spectrum is

0

only observed near 30 A [curve (g)]. A possible reason
for the larger thickness required for Cu to exhibit bulk-

like spectral properties, compared to Ag, can be attribut-
ed to the additional presence of Ga and P reaction prod-
ucts in the thin Cu overlayers. The similarities of the
spectra in the 1 —10-A range would suggest that the Cu
overlayer displays metallic properties. However, the ap-
pearance of a Fermi edge is only obvious for Cu cover-
ages beyond 2 A, as shown in Fig. 10. As for Ag, emis-
sion due to filled states of largely Cu 4s origin extends
into the gap region of the GaP before the appearance of
the Fermi edge, as can be readily observed in spectrum
(a) for 1 A coverage. For such small coverages the Cu
film is not continuous, but consists of clusters of Cu and

Ga which are dispersed over the surface with regions of
bare GaP exposed up to thicknesses of at least —5 A. A
noticeable difference between Ag and Cu on GaP(110) is
that the latter exhibits metallicity at thicknesses at least
twice those for Ag, which suggests a lower surface mobil-
ity of the Cu atoms, an observation that is consistent with
the greater reactivity of Cu.

C. Au/AgP(110)

The effect of Au depositions on the Ga 3d core-level
EDC's is shown in Fig. 11. The spectrum of the clean
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valence-band EDC's for Cu on GaP(110). The appearance of a
metallic Fermi edge is barely evident for a Cu coverage of 2 A,
curve (b).
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FIG. 11. Ga 3d spectra for indicated coverages of Au on n-

type GaP(110). Component designations are the same as for
Figs. 1 and 6.
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l I

Au ON n-GaP(110}

p

80 eV

clean (a)

surface, curve (a), again shows the detailed features of a
good cleave, which are readily decomposed into bulk
(dashed) and surface (dotted-dashed) contributions. Un-
like Ag and Cu, the spectral features are rapidly
broadened with moderate coverages of Au, e.g. , for 0.3 A
depicted in curve (b), which suggests inhomogeneous
band bending resulting from strong chemical interac-
tions. Evidence for these can also be observed at this
coverage by the weak structure on the high-KE side of
the bulk line, and its rapid growth for larger Au cover-
ages. Its energetic position relative to the bulk peak of
-0.3 eV remains unchanged with coverage and suggests

that unlike the Cu case, the Ga never aggregates into me-
tallic Ga [relative energy 0.72 eV (Ref. 31)], but rather
remains dispersed in the Au, possibly in a unique bonding
environment as previously proposed by Trafas et al.
The interaction of Au and GaP is substantially more in-
tense than for Cu, as can easily be ascertained by compar-

O

ing the spectra for the 10-A depositions in Figs. 6 and 11.
Some clustering of the Au appears to take place, as the
surface component remains observable to coverages of 3
A (-2 ML).

The P 2p spectra for corresponding Au coverages are
shown in Fig. 12. Evidence for a reaction product is also
observed for a Au coverage of 0.3 A [curve (b}] on the
low-KE side of the bulk peak. It continues to increase
with coverage and remains at 0.68 eV below the bulk
component. This value is somewhat larger than the value
of 0.55 eV reported by Trafas et al. , which was de-
duced from less resolved spectra. At first glance the bulk
peak appears to remain dominant even at 10 A [curve
(e)]; but a comparison with the expected bulk intensity
contribution in the Ga 3d spectrum [Fig. 11(e)] indicates
that this apparent P 2p bulk peak must contain additional
contributions from another reaction product. This con-
clusion is also supported by the attenuation curve of the
P 2p intensity with Au coverage, shown in Fig. 13, which
indicated that phosphorus (as well as Ga) remains in the
vicinity of the surface. A similar conclusion was reached
by Trafas et ai. , who also identified the reacted product
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FIG. 12. P 2p spectra for indicated coverages of Au on n-

type Gap(110). A reaction component, long dotted-dashed line,
0

is already apparent for 0.3 A coverage, curve (b), on the low-KE
side of the dashed bulk component. The latter for 10 A cover-
age, curve (e), includes, as for Cu, the bulk component and a
large but unseparable reacted component.
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FIG. 13. Emission intensities of the P 2p, Ga 3d, and Au 4f
core levels as a function of Au coverage.
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as being distinct and separated by —0.38 eV from the
bulk peak. From our Ga 3d data and the band-bending
studies to be presented in the next section, we conclude
that the binding energy of this P 2p component is well
within 100 meV of that of the bulk peak; consequently, a
separation of such overlapping spectra into two closely
separated components is quite arbitrary, unless constraint
by complementary data from the Ga 3d spectra. This
coincidence of the two P 2p peaks is similar to the Cu
case, which would suggest that similar chemical environ-
ment may apply for the two cases. Trafas et al. sug-
gested elemental P as the origin for this component for
Au, whereas they assign the lower-lying reacted com-
ponent to P dispersed in Au. For Cu we argued that the
reacted component implies P—Cu bonding; a similar sit-
uation is not obvious for Au, as at most a single metasta-
ble Au-P compound has been reported and the solubility
of P in Au appears to be low. However, we do not
concur with its previous assignment to elemental P,
which, as for As/GaAs, should lie on the high-binding-
energy (low-KE) side of the bulk peak. Consequently, we
will tentatively assign the low-KE reacted component to
elemental P, and the higher-lying one to P weakly bonded
to Au, with both components segregating to the surface.
Also shown in Fig. 13 is the intensity of the Au 4f emis-
sion normalized to the thick-coverage intensity. Its rapid
initial rise for submonolayer coverages ( (2 A) is sub-
linear even for a linear plot, which is indicative of
clustered growth. This tendency is also manifested in
Fig. 13 at higher coverages, at which the Au 4f curve in-
creases substantially slower than expected for non-
clustered growth. Thus the strong tendency for three-
dimensional growth for Au on GaP(110) is analogous to
observations of Au on GaAs(110).

The tendency for clustering is also apparent in the
valence-band spectra, shown in Fig. 14. Curve (a) is a
composite of a spectrum of the clean surface (solid line)
and that for a coverage of -0.003 A (0.002 ML, dotted
curve). Their difference, shown in curve (b), consists of a
single, albeit somewhat noisy peak, whose origin derives
from the Au 5d states, as can be readily ascertained from
the spectra at higher coverages. This single peak sug-
gests that for our lowest coverages the Au consists
predominantly of single atoms dispersed over the surface.
A spectrum for a coverage of 0.03 A is shown in curve
(c). Its difference spectrum with that for the clean sur-
face is shown in curve (d), which already exhibits a split-
ting of the Au 5d structure that is indicative of aggrega-
tion of the Au atoms. This splitting increases with cover-
age as the Au clusters and eventually assumes full metal-
lic characteristics. Only minor changes in line shape are
observed for Au coverages beyond 10 A. Full metallic
characteristics are not observed until 3 A of Au have
been deposited, which can be inferred from the appear-
ance of a Fermi edge, as shown magnified in the inset.
Emission at the Fermi edge becomes more obvious for
higher coverages, as shown, for example in curve (g) for
10 A. Thus, compared to Ag and Cu, the formation of
the Au Fermi edge requires the largest deposit of the
metal. This observation appears to be related to the de-
gree of reactivity, which reduces the surface mobility

(smaller clusters) and enhances intermixing of the metal
and reaction products, features that are likely to delay
the onset of metalhcity.

(a)

{bJ „
d'ff x2 clean

CO

CC

tX:
L-
CO
K

M
Z

2-'

62 64 66 68 70 72 74 76 78

KINETIC ENERGY (eV)

FIG. 14. Valence-band EDC's for Au on GaP(110). Super-

Imposed on the clean-surface spectrum [solid line, curve la)] is
0

the dotted curve for 0.003 A coverage. Their difference, curve

(b), shows a single emission structure due to Au 5d electrons.
0

Curves (c) and (d) correspond, respectively, to 0.03 A coverage
and its difference spectrum with the clean surface. The Au 5d

splitting increase with coverage, curves (e)—(g). A metallic Fer-
0

mi edge is only observable at coverages ~ 3 A of Au, as shown

in the inset for curve (P.
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IV. BAND-BENDING STUDIES

The changes in the position of the Fermi level relative
to the VBM for n and p-type GaP(110), deduced from
the bulk components of the Ga 3d and P 2p emission
spectra, are shown in Figs. 15(a)—(c) as a function of cov-
erage of the three metals. The amount of band bending is
determined by the separation of EF from the
conduction-band minimum (CBM) at 2.26 eV for n-type
substrates, and from the VBM for p-type substrates. Un-
like GaAs(110), for which flat-band conditions are readily
achieved for p-type samples, cleaved GaP(110) generally
exhibits appreciable band banding on both n- and p-type
substrates. Consequently, the determination of the posi-
tion of EF for the cleaved surface becomes somewhat
problematic, as one must determine the top of the valence
band from its spectrum. The technique generally used is
simply to consider a straight-line approximation to the
valence-band emission edge and declare its intersection
with the zero-emission background as the VBM. The va-
lidity of this approach is supported by a detailed analysis
of the valence-band structure. For lack of a better
method, we take the same approach here. There are
some caveats about this approach for surfaces that are al-
ready exhibiting band bending, as for most GaP(110) sur-
faces. ' ' ' This phenomenon, being generally inho-
mogeneous for a freshly cleaved surface, introduces struc-
ture in the valence-band edge, including tails, which
render the aforementioned method for the VBM deter-
mination somewhat arbitrary. By using both n- and p-
type substrates, this uncertainty is greatly reduced by
cross referencing the deduced VBM for the clean surfaces
with the energetic separation of their core levels. The re-
sults shown in Fig. 15 were obtained by this approach.
Because of the difficulties of separating bulk and reacted
components in the P 2p spectra for Cu and Au above -5
A, we disregard the high-coverage P 2p data in the deter-
mination of the band bending. The lines drawn through
the points represent the best fit to the most reliable data.
Uncertainties in the absolute position (relative to the
VBM) of EF is less than +0.1 eV for the three metals,
whereas the uncertainty of the relative differences of EF
among the three metals is less than +0.05 eV.

The curves for Ag and Cu on n-type GaP are charac-

terized by a nearly constant value of EF over much of the
sub-angstrom coverage region. This suggests that the Ag
and Cu atoms induce nearly-coverage-independent accep-
tor levels, labeled E, in Fig. 15, which are independent as
well of the initial band bending and differ, as stated in the
last section, from the cleavage-induced levels. Au exhib-
its a narrower region of constant or nearly constant EF

0
below 1 A, indicating that its acceptor level varies with
coverage, a consequence, perhaps, of the more reactive
nature of the Au/GaP interface. On p-type substrates all
three metals produce a similar behavior in the coverage
dependence of the Fermi level, which consists of an initial
increase in EF, followed by a plateau near 0.5 A and a
subsequent decrease at higher coverages. This effect is
referred to as an overshoot. Coinciding with the appear-
ance of metallic characteristics in the overlayer, as deter-
mined from the appearance of an Fermi edge, EF drops
in the band gap for all three metals on both n and p--type
substrates. Of equal significance is the observation that,
following this drop, the positions of EF on n- and p-type
GaP coincide. Both observations are the consequence of
the dominance of metallic states in the determination of
the ultimate position of EF, and are in general agreement
with results obtained for metal/GaAs(110) interfaces
formed at room temperature.

V. DISCUSSION

Table I summarizes prior determinations of Schottky-
barrier heights for the three metals on GaP. Most data
represent electrical measurements on devices prepared
under diverse conditions, with the exception of the pho-
toemission (PE) results of Brillson et al. and this work
on similarly prepared surfaces. Consequently, we will
discuss these results first. There is some disagreement in
the absolute values of the barrier heights for Au and Ag
in these measurements. These discrepancies may arise
both from a lower spectral definition (resolution) in the
reported spectra of Brillson et al. and in their omission
to extract rigorously the bulk components from their
spectra. Our own values, whose absolute accuracy is
better than +0.1 eV, lie on the higher end of barrier
heights for all three metals, with Au lying slightly outside

TABLE I. Summary of previous and present determinations of Schottky-barrier heights, in eU, for
Au, Ag, and Cu on n-type Gap. The last row corresponds to barrier heights determined by use of the
delocalization model (Ref. 16).

Surface
orientation

not given
(111)
(111)

not given
(111)
(111)
(110)
(110)
any

Au

1.52

1.30
1.42
1.52
1.38
1.55
1.65

1.44

1.14
1.38
1.51

1.37
1.32

CU

1.44
1.26
1.30
1.31

1.25
1.41
1.39

Method

I-V
I-V
C-V

I-V, C-V
I-V
I-V
PE
PE

deloc. model

Reference

38
24
24
23
39
39
25

this work
this work
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AEF =E~—E; (2)

For I„=6.01 eV, and P 's for polycrystalline metals

the range of values determined by the electrical measure-
ments. However, the latter values exhibit considerable
scatter, which makes them unsuitable as reference values.
Since the difference of our measured values of the
Schottky barriers for Ag and Au is only 0.18 eV, com-
pared to a work-function difference of -0.8 eV, our re-
sults imply strong deviations from ideal Schottky-Mott
behavior. This observation is consistent with prior elec-
trical measurements, ' but disagrees with the prior
photoemission results. However, systematic photoemis-
sion studies on both n- and p-type GaP over a broader
metal work-function range are needed before a final as-
sessment can be made on the claimed ideality of the
metal-GaP(110) system. ' For comparison, we also show
in Table I values for Schottky-barrier heights derived
from the delocalization model, ' which is based on the
properties of the pure metal, and thus does not include
the inhuence of alloying on the interface properties.

The delocalization model assumes the existence of a
large interface density of states whose origin derives from
acceptorlike defect or impurity states that are generated
during the metal-deposition process. These states are
discrete prior to the onset of metallicity in the overlayer
and are the states responsible for determining the Fermi
level for the submonolayer coverages of the noble metals
on n-type GaP(110) shown in Fig. 15. We assume the
nearly constant EF to lie in close proximity to the
adsorbate-induced acceptor levels, which are labeled E;
in Fig. 15. The presence of the developing metallic over-
layer broadens these levels into resonances through the
interaction of the metallic and impurity wave functions. '

The resonances assume the role of an interface density of
states which can accept the charge required for the estab-
lishment of an interface dipole that equalizes the Fermi
level on both sides of the junction. The degree of charg-
ing is proportional to the difference between the ioniza-
tion energy of the semiconductor, I„and the metallic
work function P, and is therefore small for the larger-
work-function metals. The small interface charge for
such metals implies that the Fermi level lies low in the
resonances and hence produces a large Schottky-barrier
height on n-type substrates. ' The formalism of the mod-
el is particularly suited to calculate the changes in the
Fermi level (b,E~) during the metallization process, as the
defect level E, is known from the experimental data. Un-
der equilibrium conditions the Fermi level is given by

E~=(I„—P )
—4@k,,se X,q, tr .

The last term in Eq. (1) is the interface-dipole contribu-
tion, whose factors represent the density of impurity
states at the interface X, (-5X10' cm ), the dipole
charge separation A., (-1 A), and the e6'ective charge per
resonance q,~. The latter charge, which is generally less
than 0. 1 ~e~, is obtained from self-consistent solutions of
Eqs. (1) and (2) of Ref. 16, with a Lorentzian broadening
parameter I =0.11 eV. ' The change in EF is simply
given by

2.5
CBM Ag ON GaP(110)
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FIG. 15. The evolution of the interfacial Fermi level EF with
metal coverage on n- and p-type GaP(110) for (a) Ag, (b) Cu,
and (c) Au. E& marks the energy of a metal-adatorn —induced
acceptor level. AEF is the change in EF due to the development
of metallic characteristics in the overlayer.

in Eq. (1), we obtain the following values for REF: —0.21
( —0.27), —0.40 ( —0.44), and —0.54 ( —0.50) eV for Ag,
Cu, and Au, respectively, which compare favorably with
the experimental values given in parentheses. As for
GaAs, ' we may calculate Schottky-barrier heights based
on a "universal" defect level, which for simplicity we as-
sume to lie at mid gap (1.13 eV). Using the same pro-
cedure as before, we obtain the Schottky-barrier heights

( = 1.13 b,EF—) for the noble metals on n typ-e

GaP(110) listed in Table I.
The generally good agreement of the predictions of the

delocalization model, both in the changes of EF with
metallization, and the magnitudes of Schottky-barrier
heights, supports, as for GaAs, the basic premises of the
model. These include the dominant role of defect or im-

purity states in determining EF for metal coverages near
a monolayer, and the strongly perturbing inhuence of the
metallic states on the impurity levels once the overlayer
becomes metallic. The model thus has great similarities
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with the metal-induced gap-state models, " ' but unlike
these the delocalization model includes the presence of
defect states and their modifications (delocalization) in
the presence of metallic states. The delocalization model
includes an intrinsic variation of barrier heights with me-
tallic work functions, which the MIGS models generally
lack. ' ' The latter shortcoming is also inherent to the
universal defect model of the Schottky barrier, which
also cannot account for the observed large variations in

EF with onset of metallicity.
It is relevant at this stage to comment on the possible

effects of photon-induced band-bending changes (photo-
voltage effects) during the photoemission experiments.
This effect has been invoked recently to explain the
coverage-dependent evolution of the Fermi-level position
on GaAs near 100 K measured by photoemission spec-
troscopy excited with synchrotron radiation. ' These
results are characterized by a nearly-coverage-
independent position of EF high in the band gap on n-

type GaAs, followed by a rapid drop towards midgap for
metal coverages exceeding —1 A. Furthermore, the posi-
tions of E~ on n- and p-type GaAs, unlike the room-
temperature studies, remain separated up to the max-
imum metal coverages for which the core-level data could
still be extracted ( —10 A). Although dominant at low
temperatures, photovoltage effects could still be
influential at room temperature for low-doped samples
under extreme irradiation conditions. In fact, Alonso
et al. ' recently attributed the "delayed" convergence of
the EF's at room temperature for silver on n- and p-type
GaP(110) to photovoltage effects produced by the high-
intensity synchrotron radiation of their undulator beam-
line. They also observed coverage-dependent Fermi-edge
energies for Ag, which they attributed to the same effect,
and used these values to correct their band-bending data.
The corrected curves are in good agreement with our re-
sults of Fig. 15(a). Based on this agreement, as well as
the lack in energy shifts of the metallic Fermi edges for
our metal overlayers and the convergences of EF for all
three noble metals on n- and p-type GaP, we conclude
that under our experimental conditions photovoltage
effects play a minor role ( & 0.05 eV).

%e would like to comment briefly on the question of
the existence of intrinsic gap states derived from the Ga
dangling bonds. The assumption of their presence, —1.7
eV above the VBM, was based on the observation of
contact-potential differences consistently less than the ex-
pected band-gap value. Subsequent failures by various

workers to achieve fiat-band cleaves for n-type GaP(110)
appeared to support this view. However, recently
Chiaradia et al. reported the achievement of a limited
number of cleaves that indicated near-flat-band condi-
tions. The position of EF was deduced from estimates of
the VBM in their valence-band EDC*s. One of our n-
type cleaves for the Cu depositions [Fig. 15(b)] suggested
as well that we had achieved near-flat-band conditions
(EF -2. 1 eV above the VBM). This conclusion was sup-
ported by an unusually high energetic difference (1.73 eV)
between the bulk Ga 3d component for this cleave and
the corresponding component for a well-cleaved p-type
surface in the same series. Both points are indicated in
Fig. 15(b). EF on most of the n-type cleaves, however,
fell in the range 1.4—1.7 eV, and thus exhibited initial
band bending of 0.4-0.7 eV, comparable to the values ob-
served on the p-type cleaves. The latter surfaces con-
sistently exhibited emission structure of lower apparent
resolution than those on n-type material. As stated ear-
lier, the lower apparent resolution is generally attributed
to band bending that is not homogeneous across the sur-
face. The observation that the n-type emission structure
is consistently sharper, with little difference between the
flat-band cleave and those with considerable more band
bending, suggests that the defect levels on n-type surfaces
are energetically and spatially more homogeneous than
their p-type counterparts, which would suggest that their
origins are differently as well. The above observations
are consistent with our previous arguments against the
importance of photovoltage efFects in the present studies,
since the dominance of such effects would otherwise re-
sult in energy differences between the core levels of fresh-
ly cleaved n- and p-type GaP that are consistently near
the band-gap value, as well as yield line shapes that are
characteristic of flat-band conditions.
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