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The surface electronic structure of CdS and CdSe has been studied during the initial stages of Schottky-
barrier formation with metals. Surface photovoltage spectroscopy, low-energy-electron-loss spectroscopy, and
ultraviolet photoemission measurements taken as a function of metal overlayer coverage show that interface
chemical reactions and local charge redistribution dominate the Schottky-barrier formation for both of these
semiconductors. Despite the reported contrast in Fermi-level pinning behavior of CdS and CdSe, intrinsic
surface states play no role in determining their Schottky-barrier heights. The microscopic metal-
semiconductor bonding causes work-function and band-bending changes which determine the macroscopic
space-charge characteristics of the interface. A critical heat of reaction AHS ~0.5 eV/(metal atom)
characterizes the compound formation inferred from alterations in the interface dielectric properties.

I. INTRODUCTION

Recent studies of metal-semiconductor contacts
have focused on the local bonding at the interface.
Several groups have reported electronic features
produced by metals on clean semiconductor sur-
faces which may affect the ultimate Schottky-bar-
rier properties.’*'®* Perhaps the most represen-
tative of these semiconductors are CdS and CdSe,
which exhibit interface behavior midway between
those of covalent and ionic semiconductors. Fur-
thermore, differences in interface behavior of
CdS and CdSe have until now been attributed* to
variations in intrinsic surface-state densities.'®
In this paper, I present results for CdS and CdSe
during the initial Schottky-barrier formation with
various metals. A general set of metal-induced
phenomena are observed for both reactive and un-
reactive metals. These results show that intrin-
sic surface states do not determine the barrier
heights of these metal-semiconductor contacts.
Rather, metals induce microscopic charge redis-
tribution of the interfaces which do account for
these barriers. For reactive metals, these con-
tacts are dominated by interface compounds that
are formed. For unreactive metals, the barrier
formation is related to discrete metal-induced
surface states. Bulk heats of formation and re-
action of the interface constituents are used to .
characterize these two regimes. Furthermore,
the extrinsic phenomena measured for CdS and
CdSe can be shown to apply to a wide variety of
semiconductors, particularly those with covalent
bonding.

CdS and CdSe can be viewed as representative
semiconductors because they span a wide range of
interface behavior with metals. This is illustrated
in Fig. 1. The index of interface behavior!*!7 S
is plotted versus the heat of compound formation'®
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AH  for a variety of semiconductors. The param-
eter S is defined by

qVBZS(‘Pu"Xsc)"‘C s (1)

where gV is the band bending in the surface-
space-charge region of the semiconductor, ¢,
and Xg, are the work function and electron affinity
of metal and semiconductor, respectively, and Cisa
constant. These parameters are illustrated schemat-
ically in the insert of Fig.1, Electronic structure
changes have been studied elsewhere for metals
on the covalent semiconductors Si,'*5 Ge,3
GaAs,>%" GaSb,”-° InAs,” InP,’*!! and GaP/
However, Fig. 1 shows that the more ionic
semiconductors CdS and CdSe span an even
wider range of interface behavior and may there-
fore be expected to exhibit more general interface
phenomena. It is noteworthy that the curve fit to
the data points is virtually identical to the well-
known curve of interface behavior S versus elec-
tronegativity difference AX of the same semicon-
ductor constituents.'® While AX and AHy can be
related via linear®® or quadratic® expressions,
Fig. 1 emphasizes the direct relationship between
chemical reactivity of the interface and Schottky-
barrier phenomena. This curve shows that cova-
lent semiconductors have lower heats of formation
and thus are less stable than ionic semiconductors
against chemical reaction with metals. As will be
shown, a critical heat of reaction exists for met-
als on CdS and CdSe, below which interface com-
pound formation is detected. Because CdS and
CdSe possess intermediate heats of formation,
such a critical heat of reaction will apply to semi-
conductors of both intermediate as well as cova-
lent bonding.

A complementary set of highly surface-sensitive
UHV spectroscopies were used to study the inti-
mate metal-semiconductor contacts. Low energy
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(100 eV) electron-loss spectroscopy (ELS) was .
employed to monitor changes in electronic exci-
tations caused by interface chemical reactions.
Because the escape depth of these electrons is
<5 A,2%?2 the chemical effects can be probed
with a resolution of monolayer thickness. The
surface photovoltage spectroscopy (SPS) technique
measured both metal-induced surface states as
well as the variations in band bending and work
function associated with increasing metal cover-
age. SPS is also highly surface-sensitive, exhib-
iting pronounced features corresponding to sub-
monolayer adsorption on semiconductors2*?* Ul-
traviolet photoemission spectroscopy (UPS) pro-
vided a complementary measurement of the sur-
face work function and uniquely determined the
Fermi level with respect to the band edges.
Again, the escape-depth resolution provided sen-
sitivity to only the top few monolayers. From
this combination of techniques, changes in band
bending with the surface space-charge region of
the semiconductor could be distinguished from
formation of dipoles at the intimate metal-semi-
conductor contact. Furthermore, the highly lo-
calized dipole formation and interface compound
formation measured by this combination of tech-
niques could be related to the ultimate Fermi-
level position and barrier height of the junction.
The ultrahigh-vacuum (UHV) techniques employ-
ed to characterize the metal-semiconductor inter-
faces are described in Sec. II. ELS results are
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presented in Sec. III A which establish a critical
heat of reaction for interface compound formation.
Metal-induced surface states for unreactive met-
als are reported in Sec. IIIB, while dipole forma-
tion measurements are described in Sec. IIIC for
both unreactive and reactive metals. Section IIID
deals with UPS measurements of dipole formation
and Fermi-level stabilization. We discuss the in-
fluence of interfacial chemical reactions and mi-
croscopic dipole formation on the macroscopic
interface properties for these and other semicon-
ductors in Sec. IV. Finally, these results are
summarized in Sec. V.

II. EXPERIMENTAL TECHNIQUES

The metal-semiconductor interfaces were pre-
pared and characterized in a stainless steel UHV
chamber with a base pressure p~6Xx10"!! Torr.
The.CdS and CdSe specimens were “ultrahigh-pur-
ity” single crystals supplied by Eagle-Picher Ind.
and Cleveland Crystals, Inc. with n-type carrier
concentrations of (1-4)x 10" cm™® (1-Q cm resis-
tivity). . A single “intrinsic” CdS crystal (10°-Q cm
resistivity) was also studied. These crystals were
4 x4x15 mm® bars with either (1010) or (1120)
square faces. The bars were scribed with a dia-
mond saw and cleaved in UHV with a tungsten car-
bide blade and an annealed Cu anvil.

The metals Al, Ag, Cu, and Au were evaporated
from a W wire in a horizontal sidearm which could
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be isolated from the main chamber by a metal
straight-through valve. An air lock attached to
this sidearm permitted evaporants to be changed

. without breaking vacuum. A quartz crystal and
frequency counter monitored the metal deposition
with a precision of 0.05-0.2 A. Metal was evap-
orated at a rate 1-3 A/min. with UHV chamber
pressure rising to 2~-5%10"*° Torr. The evapor-
ant was in the form of a collimated beam, into and
out of which the cleaved crystal faces were rotated
to obtain well-defined metal deposits. Surface-
metal coverage and ambient contamination were
monitored independently by Auger electron spec-
troscopy (AES) and x-ray photoelectron spectro-
scopy (XPS). These showed no detectable contam-
ination (<1% monolayer equivalent) over the
course of each experiment. In addition, LEED
pattern measurements monitored the changes in
surface atomic order with increasing metal cover-
age.

The SPS technique used to measure surface work
function and band bending has been described else-
where.**?5 Briefly, it consists of monitoring the
contact potential difference (CPD) between a vib-
rating Au reference probe and the semiconductor
surface as a function of incident photon energy Av
from an ir-uv prism monochromator. This CPD

could be measured continuously with a lock-in am-

plifier operating in a negative feedback circuit.
The changes in slope AV, /ARy correspond to
transitions to or from states within the band gap.
Work-function changes associated with the band
flattening under high-intensity, (>10'® photons/
cm?), above band-gap illumination gave a measure
of the band bending within the surface space-
charge region.

ELS measurements consisted of electron beam
excitation from a glancing incidence (~20°) elec-
tron gun and energy analysis of the backscattered
electrons with a double-pass cylindrical mirror
analyzer (CMA). Electron beam currents were
typically 1 pA/cm? at 100-eV) incident energy.
Second derivative spectra dN/dE* with a modu-
lation voltage 0.5 V peak to peak yielded energy
loss features with an overall resolution of 0.7 eV.

A hydrogen discharge lamp and vacuum-uv mon-
ochromator produced 10.2-eV radiation for UPS
measurements. The uv light was directed to the
specimen along the CMA and normal to the semi-
conductor surface by means of an elliptical mirror
inside the CMA.*® The surface sensitivity assoc-
iated with 10.2-eV incident photon energy®® proved
ideal for this study since composite energy distri-
bution curves (EDC’s) could be obtained from both
the thin metal overlayer and the underlying semi-
conductor. Multiple spectra of UPS, ELS, and
SPS were averaged and processed with a Tracor
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Northern signal averager and Nova 2/10 minicom-
puter.

III. RESULTS

The metal-semiconductor interfaces to be dis-
cussed in this paper are: Al on (1120) CdSe and
CdS, Cu on (1120) CdS, (1010) Cds, and (1120)
CdSe, Ag on (1010) CdS and (1120) CdSe, and Au
on (1010) Cds, (1120) CdS, and (1120) CdSe. This
set of junctions permitted comparison of interface
behavior between CdS and CdSe, between (1010)
and (1120) semiconductor surfaces, and among
metals of different interface reactivity.

A. Electron loss spectra of reactive vs unreactive interfaces

ELS spectra recorded as a function of metal
overlayer coverage exhibited features belonging
to two classes of chemical reactivity. Reactive
metals on CdS and CdSe exhibited strong changes
in ELS features which did not correspond to bulk-
loss features of either semiconductor or metal.
In contrast, unreactive metals showed only a
simple superposition of metal and semiconductor
loss features. As an example of a reactive inter-
face, Fig. 2 shows ELS spectra for Al on (1120)
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FIG. 2. ELS spectra of Al on cleaved (1120) CdSe as a
function of metal overlayer coverage. Shaded regions
correspond to features unrelated to bulk Al or CdSe.
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FIG. 3. AES spectra of 2 and 71-A thick Al overlayers

on (1120) CdSe. Incident electron beam energy was 2 kV.

CdSe as a function of metal overlayer thickness.!
The cleaved CdSe surface exhibited peak features
corresponding to bulk and surface plasmons, a
core level transition from the Cd 4d level to the
conduction band, as well as interband transitions.?’
These are labeled wg,, w,, Cd 4d, and I}, I,, I,
respectively, in Fig. 2. With the initial deposition
of 2 A of Al, this ELS spectrum changes complete-
ly. Furthermore, the LEED pattern of the ordered
CdSe surface disappears. Al reacts with the CdSe
surface and produces a chemical shift of the LMM
Al Auger peak for the metal overlayer on CdSe
relative to the thick Al film. This chemical shift
of 64 eV for the 2-A surface layer to 69 eV for a
71-A bulk film is shown in Fig. 3. The appear-
ance of only one shifted Al LMM peak in the 2-A
AES spectrum is evidence that Al forms a thin,
continuous film on CdSe rather than forming is-
lands. If islands of bulk metal were produced,
both shifted and unshifted LMM features would
appear. The absence of any residual CdSe fea-
tures in the 2-A ELS spectrum of Fig. 2 is further
evidence for a continuous Al overlayer.
. At intermediate metal overlayer coverages, a
new set of ELS features appear which ultimately
become the surface and bulk plasmons of Al.
These new features are indicated by the shading
in Fig. 2. There is no superposition of CdSe and
Al peak features. These features in fact arise
from coupled interface plasmon modes which can
be fitted to a four-layer interface model (e.g.,
semiconductor, reacted layer, metal, and vacuum)
to obtain the dielectric constant of the reacted in-
terface layer.'® For Al on CdS and CdSe, these
dielectric constants are lower and more ionic
than those of the semiconductor substrates, con-
sistent with the formation of Al chalcogenides.
Figure 4 illustrates ELS spectra for Cu on a
cleaved CdS (1010) face. Analogous to the Al spec-

tra, Cu on CdS removes the Cd 4d and surface
plasmon peaks as well as the ordered CdS LEED
pattern at monolayer coverages. Furthermore,
electron loss spectra taken with a 200-eV incident-
beam energy exhibit chemically-shifted MMM
Auger features® at these coverages. Figure 5
shows such a chemically shifted feature at 61.2 eV
as well as a second, unshifted MMM feature at
2-3 eV higher energy which appears at thicker
overlayers. The observation of both shifted and

_unshifted Auger peak features is an indication of

at least some island formation. However, normal-
ized AES spectra® of the first several Cu mono-
layers yielded metal surface coverages consistent
with deposition monitor thicknesses. The ELS
spectra of Fig. 4 show that a new set of hybrid
features unlike those of either metal or semicon-
ductor appear at intermediate metal coverages.
These peak features ultimately merge with the
bulk excitations of Cu at thick overlayer cover-
ages.3°'31

In contrast to the ELS features of Cu on CdS, Ag
deposited on a CdS (1010) face cleaved from the
same crystal exhibited only a superposition of
metal and semiconductor features. As shown in
Fig. 6, the ELS feature of CdS, particularly the
Cd 4d level transition at 13.5 eV and the surface
plasmon at 10.5 eV, decrease gradually with in-
creasing coverage and are slowly dominated by the
excitation features of bulk Ag.*"»3% The ordered
CdS LEED display persists for coverages of sev-
eral monolayers but shows no changes in the spot
pattern. Normalized XPS (Refs. 33 and 34) and AES
spectra showed incomplete Ag coverage of CdS up to
equivalent deposition thicknesses of several mono-
layers. Thisbehavior indicates possible island for-
mation, which is more likely to occur for such less
reactive interface bonding.’®* There is no evidence
for substantial diffusion of Ag into the CdS since the
ordered LEED pattern is not disrupted by the in-
itial Ag deposition, in contrast to LEED pattern
changes observed with metal diffusion into Si.?
Furthermore, Ag exhibits negligible bulk diffusion
in CdS,*® and CdSe,*” near room temperature.

The ELS spectra of Au on (1120) CdSe shown in
Fig. 7 exhibit features whose behavior with in-
creasing overlayer coverage is similar to that of
the Ag-CdS interface. The ELS peak features of
the CdSe appear only slightly altered with increas-
ing Au deposition. Again the ordered CdSe LEED
pattern persists for several equivalent monolayer
thicknesses of Au without any significant changes
in the spot pattern. Both XPS and AES measure-
ments indicated less than complete metal surface
coverage of the semiconductor even for an equiv-
alent thickness of 74 A. Again these features sug-
gested island formation, consistent with a rela-
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tively weak metal-semiconductor bonding. Diffus-
ion of Au into CdS near room temperature is also
negligible.>®

Because the plasmon and interband transitions of
Cu, Ag, and Au are more complex than those of
Al,%® and because of variations in thickness due to
possible island formation, it was difficult to gauge
the coupled-mode behavior at the Cu-, Ag-, Au-
semiconductor interfaces. Nevertheless, the
qualitative difference in ELS spectra between re-
active metals such as Al and Cu and unreactive
metals such as Ag and Au on CdS and CdSe estab-’
lishes a critical heat of reactivity for metals with
these semiconductors. This critical heat of reac-
tivity is described in Sec. V for CdS and CdSe as
well as more covalently bonded semiconductors.

25

B. Metal-induced surface states

While reactive metals can form surface com-
pounds with new electronic properties, unreactive
metals can also produce effects on surface elec-
tronic structure. In particular, Au on cleaved
CdS and CdSe induces discrete new states located
at energies within the semiconductor band gaps.
These new interface states are particularly signif-
icant in view of the complete absence of any in-
trinsic surface states on cleaved (1120) or (1010)
CdS and CdSe.?®?® Figure 8 shows SPS curves
measured as a function of metal overlayer cover-
age for Au on cleaved (1010) CdS. The cleaved
CdS features correspond to band-to-band transi-
tions at the absorption edge as well as bulk-trap
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FIG. 5. ELS spectra displaying Cu MMM Auger losses
as a function of metal overlayer coverage.

transitions reported elsewhere.* These bulk fea-
tures appear in all CdS SPS curves. With initial
Au deposition, new SPS features appear which
correspond to transitions to new states located
1.75 eV above the valence band and from states
located 1 eV below the conduction-band edge.
These transitions are illustrated in Fig. 9(a) along
with the change in surface work function measured
by SPS. It should be noted that these new elec-
tronic features appear for a relatively low equiv-
alent monolayer coverage 6=0.11 of Au. With in-
creasing coverage, the 1.0-eV transition disap-
pears and the SPS spectra display features corre-
sponding to complementary transitions into the
state 1.75 eV -above the valence-band edge and out
of this state to the conduction-band edge 0.75 eV
above. This is illustrated in Fig. 9(b). This band-
gap state shifts in energy with increasing coverage
[Fig. 9(c)], then is obscured by the thickening met-
al overlayer.

Extrinsic states also appear for Au on intrinsic
(10° Q@ ¢cm) CdS at approximately the same ener-
gies. For comparable overlayer coverages, the
positions of these states increase from 1.76 to

3.9 (l010) cd S -Ag
Ep =100 eV
38
. o M 56 9
265 A
2 (lse 76 Il 144
6.7R
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FIG. 6. ELS spectra of Ag on cleaved (1010) CdS as a
function of metal overlayer thickness. The same CdS
crystal was studied in Fig. 4.

1.86 eV above the valence band with increasing
coverages. Since the Fermi-level of 10°-Q cm
CdS lies 0.53 eV further away from the conduction
band than that of 1-Q cm CdS, these SPS results
show that bulk Fermi-level positions of CdS do not
affect the interface state behavior of the metal-
semiconductor contact.

The new SPS features induced by Au overlayers
are not associated with trap levels of Au diffused
into CdS, which have been observed by photolu-
minescence techniques.*® As already mentioned,
Au exhibits negligible bulk diffusion in CdS at
temperatures T 2 300° C.3® Furthermore, Au pro-
duced the new SPS features in the absence of any
thick metal reservoir or any incident electron
beam, both of which could have provided a driving
force for bulk diffusion. Figure 9 also shows that
the movement of the metal-induced state from
1.75 to 1.83 eV above the valence band with in-
creasing overlayer thickness is opposite in direc-
tion to the Fermi level, which moves toward the
valence band and the surface work function in-
creases. Because of the sharpness of the SPS
features at 1.75 and 0.75 eV in Fig. 8, this band-
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gap feature is considered to be a discrete level
rather than a broad continuum of states. Thus Au
on CdS forms discrete chemisorption levels in the
band gap before the Fermi level stabilizes and
thus before the adsorbed Au exhibits metallic be-
havior.

Submonolayer coverages of Au on (1120) CdSe
also induce new states in the semiconductor band
gap. Figure 10 shows SPS spectra of Au on cleav-

ed (1120) CdSe for different metal overlayer cov-
erages. Analogous to CdS, the cleaved CdSe sur-
face exhibits features corresponding to band-to-
band transitions at the band edge as well as a
bulk-trap transition determined previously.?® With
initial metal deposition, new SPS features appear
which correspond to a 1.26-¢eV transition from a
band-gap level to the conduction-band edge and a
1.14-¢eV transition from the valence band into a
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dicate transitions to and from states within the band gap
for energy E,.

second level. Those levels are unrelated to any
bulk dopant levels of Au in CdSe.®

Initial deposition of Ag and Cu on CdS also pro-
duced new levels at 1.96 and 1.8 eV respectively
above the valence-band edge. However, these
features could not be monitored for higher metal
coverage because of significantly lower photovol-
tage response.

The Au-induced states which persist with in-
creased overlayer coverage lie at energies in the
band gap which are close to the ultimate Fermi~
level positions of the macroscopic metal-semicon-
ductor contact. Mead and Spitzer have determined

E(ev)

bs= o+ 4eV

FIG. 9. Schematic energy-
level diagram of optical tran-
sitions in the band gap of CdS
corresponding to the SPS fea-
tures of Fig. 8. ¢4 is the work
function of each surface.
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TABLE I. Energy level positions above valence band Ey of Au-induced states and macro-
scopic Fermi levels of Au-CdS and CdSe interfaces. Barrier heights obtained from Ref. 41.

Macroscopic Fermi

Metal-induced

Barrier level position level position
Interface height (eV) above E,, (eV) above E, (eV)
1.75%
Au-CdS 0.8 1.65 1.50
. 1.14°%
Au-CdSe 0.5 1.25 0.45

2 Persists at higher metal coverage.

the barrier heights of Au on CdS and CdSe by in-
ternal photoemission.** The Fermi-level positions
derived from these barrier heights are given in
Table I along with the energy level positions of the
extrinsic states measured by SPS. As shown, the
levels observed to persist with increased metal
coverage are in good agreement with the ultimate
Fermi-level positions of the respective contacts.
Coupled with the absence of any intrinsic surface
states or chemical reactions, this correspondence
establishes the metal-induced surface states as
the only measured features which can influence the
Schottky-barrier formation.

C. Dipole formation of reactive and unreactive interfaces

The presence of new extrinsic surface states or
chemical reaction at metal-semiconductor con-
tacts causes a local charge redistribution and the
formation of interface dipoles. Until now, the di-
pole formation commonly inferred from macro-
scopic interface experiments has been attributed
to intrinsic surface states of the semiconductor,??
which are not present on CdS and CdSe.?®2® Here,
interface dipoles were measured from the effec-
tive change in semiconductor electron affinity y
during the initial stages of Schottky-barrier for-
mation of Au, Ag, and Cu on (1010) CdS and Au
on (1120) CdSe.

The changes in electron affinity Ay were deter-
mined from the relation

Ax=A¢p -AqVp, 1)

where A¢ is the change in surface work function
measured by SPS and AqV, is the change in band
bending determined from the band flattening under
intense, band-gap illumination. These parameters
are illustrated schematically in the insert of Fig.
1. The measured values of A¢ and AgV , repre-
sent averages taken from several areas of the
same crystal surface. Standard deviations were
<0.1 eV for A¢ and <0.01 eV for AgV;.

Figure 11 displays the changes in A¢ and AqV,

for Au on cleaved (1010) CdS. With initial Au
deposition, A¢ increases, whereas AqVremains
constant or decreases slightly. With increasing
metal deposition, both A¢ and AgV increase at
the same rate. The difference between A¢ and
AgV 5 submonolayer coverages indicates that a
positive dipole layer of magnitude 0.25 €V has
formed. For a fractional surface coverage of
~4% measured by AES and XPS, this corresponds
to a dipole moment of ~1.6 Debye or ~0.35 elec-
trons A/atom. Both Au on (1120) CdSe and (1120)
intrinsic CdS produce comparable dipole layers of
0.3 ev.

The effect of Ag deposition on the surface work
function and band bending of (1010) CdS is shown
in Fig. 12. The band bending decreases gradually
to zero while the work function increases toa
maximum at roughly 1 monolayer, then decreases

800 LLALELLLA] L L LR |

T 7 lllllll T

700 (1010) CdS-Au Ad

v vl 1 xlnul i1 eliary

- Ll
100 i i0 100
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FIG. 11. Change in surface work function A¢ and band
bending AgVy plotted vs increasing metal overlayer
thickness for Au on (10I0) CdS.
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toward the work function of bulk Ag. This varia-
tion is significant because it accounts for the n-
type band bending observed at Ag-CdS junctions,*
despite the fact that the Ag work function is less
than the electron affinity of CdS. This point is
taken up in later sections.

Evaporation of Cu onto (1010) CdS also produces

an effective increase in electron affinity as shown ‘

in Fig. 13. The work function also reaches a
maximum at approximately one monolayer, then
decreases. The subsequent increase in ¢ may be
due to S diffusion and the formation of Cu,S.** As
in the case of Ag, the peak in ¢ at monolayer
coverages accounts for the n-type band bending of
Cu-CdsS contacts even though the bulk Cu work
function is less than the electron affinity of CdS.
The magnitude of dipole formation also accounts
for the ultimate Fermi-level position of the met-
al-semiconductor contact. Table II exhibits a
comparison between the macroscopic Fermi-level
position determined from internal photoemission

thickness for Cu on (1010) CdsS.

measurements of barrier height*! and the micro-
scopic Fermi-level position deter mined from the
maximum increase in surface-work function. The
latter energy-level position is calculated from

E"Ev =Eg_(E0—EF)—A¢ma.x: (2)

where E =2.5 and 1.7 eV are the band gaps of CdS
and CdSe, respectively, and E —E,=0.1 eV is the
bulk Fermi-level position of each n-type semi-
conductor with respect to its conduction-band
edge. The parameter A¢,,. is the maximum
change in surface work function due to dipole
formation and band bending. For Au on CdS, the
band bending and Fermi level continue to change
after the initial dipole formation. For the other
interfaces, the Fermi level stabilizes with the
first few monolayers of metal coverage. Table II
shows that the dipole-induced work function
changes yield Fermi-level positions to within

~0.1 eV,

D. Fermi-level behavior of microscopic interface

Another gauge of local charge redistribution at
these metal-semiconductor contacts is the com-

TABLE II. Comparison of Fermi level positions of macroscopic and microscopic metal-
semiconductor interfaces. Barrier heights were determined from internal photoemission
measurements of Mead (14). The maximum change in surface work function A¢ ., due to di-
pole formation and band bending was measured by SPS.

Barrier Interface Fermi Metal-induced Contact Fermi
Interface height (eV) level above E,, (eV) Admax (V) level above E, (eV)
Au-CdS 0.78 1.72 0.75 1.65
Ag-Cds 0.56 1.94 0.35 2.05
Cu-Cds 0.36 2.14 0.15 2.25
Au-CdSe 0.49 1.21 0.30 1.30
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FIG. 14. Photoelectron spectra for a 3-A Cu overlayer on cleaved (1010) CdS. The valence-band edge E, and conduc-
tion-band edge E, of CdS are determined relative to the extrapolated leading edge (dashed line) of the bulk CdS peak

feature.

parison of surface work function and Fermidevel
position as measured by UPS. The Fermi-level

position relative to the semiconductor band edges
was obtained from composite energy distribution

curves (EDC’ s) of thin metal overlayers and semi-
conductor-substrates. Figure 14 illustrates such
a composite UPS spectrumfor 3 A Cu on (1010)
CdS. The cleaved CdS surface yields a character-
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FIG. 15. Photoelectron
spectra for a 7-A Ag over-
layer on cleaved (1010)
CdS. The valence-band
edge E, and conduction-
band edge E, of CdS are
determined relative to the
extrapolated leading edge
(dashed line) of the bulk
CdS peak feature.
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istic EDC which is easily separable from the com-
posite metal-over-semiconductor spectra. This
bulk CdS structure comprises the peak feature
between -6 and -2 eV in Fig. 14 and is used to
determine the valence-band edge E, of CdS in the
composite spectrum. The conduction-band edge
E, is then located from the energy gap value of
2.5 eV.#* The EDC width of cleaved CdS yields an
ionization energy of 7.3 €V, in agreement with
results of Shay and Spicer?® and thereby a CdS
electron affinity of 4.8 eV. This last result con-
firms the absence of any surface contamination
since CdS exposed to poorer vacuum conditions
exhibits lower electron-affinity values.*

For 3 A of Cu on CdS, an additional tail of states
appears which defines the Fermi level in the band
gap as shown. Photoemission from a thick Cu
overlayer confirm that this energy is indeed the
ultimate Fermi-level position. Figure 14 shows
that a dipole layer must be formed since the work
function of this surface ¢=4.62 eV is less than
the electron affinity y=4.8 eV of CdS. This is in-
dicated in Fig. 14 by the mismatch of metal and
semiconductor vacuum levels E# and E 5, re-
spectively.

Figure 15 shows a similar composite photoelec-
tron spectrum for 7-A Ag on CdS. Again, the tail
of states above the leading edge of CdS structure
defines the Fermi level in the band gap. The vac-
uum level mismatch E¥_— ESC indicates a dipole
consistent with the work function variation in Fig.
12.

The Fermi-level positions of Ag and Cu on CdS
measured by UPS are 2.05+0.1 eV and 2.1 +0.1 eV
above E,, respectively, in good agreement with
their ultimate Fermi-level positions as given in
Table II. These positions do not shift appreciably
with further metal coverage. Thus the ultimate
Fermi-level positions of these metal semicon-
ductor contacts are defined within the first one or
two overlayers of metal coverage.

1V. DISCUSSION

Despite their reported difference in Schottky-
barrier behavior with metals,*! CdS and CdSe ex-
hibit similar interface electronic features. Both
CdS and CdSe show extrinsic electronic features
due to interface chemical reactions, metal-induced
surface states, and microscopic dipole formation.
Furthermore, neither semiconductor has intrinsic
surface states which can account for the interface
band bending.

The qualitative difference between EL.S measure-
ments of reactive vs. unreactive metal-CdS and
-CdSe interfaces leads to an estimate of the crit-
ical heat of interface reaction. Table III lists

heats of interface reaction AH, for common metals
with CdS and CdSe. These AH, values represent
the most stable products of the reactions

M+(1/X)CdS~ (1/X)(M,S+Cd), (3a)

M +(1/X)CdSe ~ (1/X)(M ,Se + Cd), (3b)

where M is a metal atom, X is a coefficient, and
AHp is calculated per metal atom. Table ITI is
divided into unreactive and reactive metal-semi-
conductor interfaces separated by an intermediate
region. Stars mark compounds of the four metals
studied by ELS. As shown, unreactive metals such
as Au and Ag lie above the intermediate region
while reactive metals such as Cu and Al are below
it, so that the critical heat AHS is ~0.5 eV /metal
atom. This critical heat of reaction is greater
than zero, reflecting the reduced energy needed to
break semiconductor bonds in the surface and es-
tablish new bonds with the metal adsorbate. Reac-
tion between a metal and a free semiconductor
molecule would require more energy to completely
dissociate the cation constituent of the semicon-
ductor.

The divisions in Table IOI show that most metals
react with CdS and CdSe surfaces. Furthermore
the critical heat of reaction AH$~0.5 eV/metal
atom should apply at least as well to covalent
semiconductors since their heats of formation are
lower than those of CdS and CdSe (see Fig. 1), and
interface compound formation is thus more likely.
Andrews and Phillips have already shown a cor-
relation between interface chemical reactivity and
barrier heights for transition metals on Si,*6'%’
and Bené and Walser have described this correla-
tion in terms of a thin interface layer between
metal and semiconductor.*® Rowe ef al.?2 have
also attributed their ELS results for metals on Si
to an intermediate region rather than a sharp
interface boundary. Clearly the formation of in-
terface compounds for metals on these semicon-
ductors shows that intrinsic surface states, even
if observed on the unperturbed semiconductor
surface, are not relevant to the interpretation of
Schottky-barrier behavior.

Heats of reaction AHalso provide a more sig-
nificant ordering of interface behavior than metal
electronegativity. Despite the relationship be-
tween AH and AX,'®2° metals with the same elec-
tronegativity, such as Ag and Cu, can exhibit
qualtitatively different interface chemical behavior
in contact with the same semiconductor. In addi-
tion, heats of reaction AH, can be correlated with
individual metal-semiconductor Schottky-barrier
heights to reveal a transition in junction behavior
between reactive and unreactive interfaces.*?

The determination of interface reactivities by
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TABLE III. Heats of reaction for common metals with CdS and CdSe AH values are for most
stable compounds and are normalized per metal atom. Stars designate possible compounds of
interfaces studied by ELS. The transition between reactive and unreactive metals indicates a
critical heat of reaction AHS ~ 0.5 metal atom.

Heat of reaction
(eV/metal atom)

Metal sulfide

Heat of reaction

Metal selenide (eV/metal atom)

Unreactive *AuS 3.94
Bi,S; 1.99
HgS 1.00
PtS 0.69

*Ag,S 0.61
PbS 0.53
FeS 0.51

Reactive *CuyS 0.50
SnS 0.43
ws, 0.41
NiSy_¢7 0.29
InS 0.16
Crs 0.15
TaS, —-0.57
ZnS -0.58
Gas -0.62
MnS -0.66
Cs,S -1.00
Ti,S -1.27

*Al,Sg -1.43
MgS -2.10
ThS, ¢ -3.53

*AuSe 1.36

HgSe 1.05

WSe, 1.05

FeSy. g 0.75

PtSey g 0.69

SnSe 0.58

*Ag,Se 0.52

c PbSe 0.46
Al Bi,Se 0.42
*CuySe 0.41

In,Se 0.16

MnSe -0.10

ZnSe -0.15

Ga,Se —-0.20

*Al,Seg -0.69

Ti831 .5 -1.00

MgSe -1.54

ThSe, ¢ —2.66

Eq. (3) and heats of formation does not take into
account the microscopic kinetics of the adsorbed
metal-semiconductor interface. In principle, the
surface kinetics can be important in describing
the course of interface reaction. However, they
are apparently unnecessary for the description of
the systems observed here since the interfaces
reach equilibrium and no time-dependent phenom-
ena are noticed. Furthermore, any analysis of
the surface energetics is complicated by potential
barriers due to charge and/or atomic rearrange-
ment. To describe such processes from a kinetic
point of view, one requires detailed information
about the interface atomic positions.

The dipole formation observed for both reactive

and unreactive interfaces dominates the Fermi-
level movements which take place at the semi-
conductor surface during Schottky-barrier forma-
tion. These dipoles are in fact necessary to ac-
count for the n-type band bending which is produc-
ed on CdS and CdSe for metals with work functions
¢y less than the semiconductor electron affinities
Xsc- This situation is illustrated by the schematic
energy-band diagram in Fig. 16(a). From UPS
measurements here and elsewhere®® ., =4.8eV

and Xc4s.=4.9 €V. These are greater than the Cu
and Ag work functions ¢¢,=4.5,"* and ¢,,=4.0,%
respectively. According to a simple picture of
interface charge transfer,® electrons should
transfer from the metal into the semiconductor,
causing the surface Fermi level E to rise with
respect to the conduction-band edge E, and there-
by producing downward (p-type) band bending in
the surface space-charge region. However, inter-
nal photoemission measurements of the surface
barrier ¢z for Cu and Ag on CdS and CdSe show
that the Fermi level actually moves to lower en-
ergies below E, and that the bands bend upward.*
Figures 12 and 13 show that this Fermi-level
movement takes place within the first few mono-
layers of metal coverage and that the work func-
tion of the metal overlayer gradually decreases
toward the bulk metal work function ¢,. Figure
16(b) illustrates a model for the spatial variation
in energy bands which agree with the work function
and Fermi-level measurements. As shown, a neg-
ative dipole layer forms at the intimate metal-
semiconductor interface and the resultant discon-
tinuity in local work function is screened out with
distance into the metal. Although positive dipoles
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FIG. 16. Schematic energy band diagram of metal and semiconductor surface space charge region (a) at infinite sep-
aration, (b) after contact with no additional band bending, and (c) after contact with additional band bending. The inter-
face region between metal and semiconductor is illustrated proportionally larger to display dipole effects.

are expected for the electron-donating metals,
the negative dipoles observed may be due to metal-
atom diffusion into the outermost plane of semi-
conductor.atoms. Interdiffusion of metal and
semiconductor atoms over thicknesses of several
monolayers has already been observed for Au on
III-V compound semiconductors®* and Al on
GaAs.®® In the case where the band bending con-
tinues to increase with metal coverage, such as
for Au on CdS, the variation in metal work func-
tion is minimal and the n-type band bending in-
creases. As shown in Fig. 16(c), both the dipole
energy Ay and the change in band bending AgVy
can then contribute to the surface barrier ¢5. In
both cases, however, an interface dipole is re-
quired to account for the ultimate Fermi-level
position of the contact.

The observation of dipole formation reported
here is not unique to CdS and CdSe. Based on
available electron affinity and work function val-
ues, some form of local charge redistribution is
necessary to account for the sign and magnitude of
barrier formation'* for most metal-semiconductor
contacts. Recent evidence for microscopic dipole
formation in other semiconductor systems include
measurements of Al, In, and Ga on Si,! Cs on
InP,'! Cs on GaSb,® and Cs on GaAs. In each
case, substantial changes in surface work function
and electron affinity occur for monolayer or sub-
monolayer metal coverages. Analogous to metals
on CdS and CdSe, Cs on GaSb exhibits dipole for-
mation in the absence of any intrinsic surface
states.®

The interface dipole measurements reported
here yield qualitative confirmation of the interface

charge redistributions predicted by several theor-
etical calculations. Heine described charge tun-
neling from metal into semiconductor band gap to
form short-range dipoles.®® Pellegrini has recent-
ly treated the interface tunneling process in great-
er detail.’” This phenomenon has been observed
experimentally®® and interpreted® for bulk metal-
semiconductor junctions. |The SPS results in this
paper demonstrate that such charge redistribution
takes place even before the metal atoms form a
bulk Fermi level.

Louie and co-workers®®! have performed self-
consistent pseudopotential calculations for micro-
scopic metal-semiconductor interfaces which take
into account the charge redistribution of the con-
tinuum states®® as well as the band-gap electronic
structure. As with the tunneling calculations,
these results show that the influence of the metal
overlayer extends only two or three layers into
the semiconductor and that the outermost semi-
conductor atoms have slightly more negative
charge than corresponding atoms deeper in the
bulk. Self-consistent calculations of Applebaum
and Hamann® also describe a highly localized di-
pole with the same sign.

The optical measurements of the intimate metal
-CdSs and -CdSe interfaces display no evidence for
band-gap “closure” as predicted by the micro-
scopic polarizability approach of Inkson.®* On the
other hand, the importance of interface chemical
reactions in determining the electronic properties
of these contacts is consistent with the chemical
bonding approach of Andrews and Phillips,*+*’
which was used to correlate barrier heights with
Si—transition-metal reactivity.
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The spatial variation of the chemical and elec-
tronic data show that a microscopic theory of met-
al-semiconductor interfaces is required to de=
scribe the Schottky-barrier formation. Such a
theory requires detailed information about the
atomic positions of metal and semiconductor at-
oms. In general, this determination is complica-
ted by reconstruction of the semiconductor sur-
face, interdiffusion of metal and semiconductor
atoms, and the formation of more than one sur-
face bonding configuration. Characterization of
surface molecular compounds via surface-sensitive
UPS may provide a description of such interfaces.

V. CONCLUSIONS

Measurements of the surface electronic struc-
ture of CdS and CdSe during the initial stages of

Schottky-barrier formation show that interface
chemical reaction and local charge rearrangement
rather than any intrinsic surface states of the
semiconductor dominate the barrier-height prop-
erties. Despite their apparent difference in inter-
face behavior, metals form dipoles on both CdS
and CdSe. Both reactive and unreactive metals
cause microscopic charge rearrangement and the
local metal-semiconductor bonding of the first one
or two monolayers control the ultimate Fermi
level and barrier height of each junction.
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