
Photoelectron spectroscopy
Studies of intrinsic surface states and of absorbate
surface states, both at ultraviolet and x-ray photon energies,
are among the many applications of this versatile probe.

Dean E. Eastman and Marshall I. Nathan

The surge of growth in surface science,
demonstrated by this special issue of
PHYSICS TODAY, can be attributed to
several complementary factors. First,
the gas-solid interface is amenable to
investigation by many new research
tools that involve various combinations
of electrons, photons, ions, electric
fields and so on. Second, the insights
and information obtained from modern
surface-science experiments are useful
to many technologically important
fields, such as catalysis, corrosion and
semiconductor devices among others.
Third, two-dimensional interfaces such
as the gas-solid interface constitute a
distinct phase of condensed matter with
unique properties that we are only be-
ginning to understand—thus, studies of
solid surfaces are an attractive "new
frontier" for materials scientists and are
being vigorously explored.

As pointed out by Charles Duke and
Robert Park in their recent review,1 a
complete description of a surface in-
volves answering several questions, in-
cluding:
^ What atomic species are present?
• What is their structural arrange-

ment?
• How are their valence electrons dis-

tributed in space and in energy?
In this article we will address the

third of these questions, and attempt
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through several selected examples to il-
lustrate the interesting and important
types of surface phenomena where ul-
traviolet and x-ray photoelectron spec-
troscopy can provide understanding of
electronic structure.

Photoelectron spectroscopy is an ex-
tremely simple and versatile method for
probing the electronic structure of a va-
riety of surfaces. Several tunneling-
type surface-electron spectroscopies,
each with unique advantages and disad-
vantages, can also probe valence elec-
trons, and they are described by E.
Ward Plummer, John W. Gadzuk and
David Penn in this issue. In addition,
there are many other surface spectros-
copies involving photons or electrons
that can be used to probe valence elec-
trons.

Types of surfaces

Before turning to a description of
photoelectron spectroscopy and its ap-
plications, let us schematically charac-
terize several types of surface com-
plexes in terms of their electronic and
spatial structure. We define the sur-
face of the solid as the outermost atom-
ic layer or two including any foreign
atoms adsorbed onto it or absorbed into
it, either substitutionally or interstitial-
ly. When absorbed species exist over
several layers into the solid, such as oc-
curs in oxidation, we shall loosely call
this complex a surface compound.

The physical and chemical properties
of a surface are largely determined by
electronic interactions whose character-
istics are reflected in the spatial charge
distribution2 and energy distribution of

the electronic states of the surface
atoms.

As an example, the termination of a
solid (figure la) can result in the occur-
rence of new electronic states, confined
to the surface region, which have physi-
cal properties and energy levels differ-
ent from those of the underlying bulk.
As we shall describe, these new "intrin-
sic" surface states occur both in and
near the forbidden band-gap energy for
semiconductors. Charge transfer in-
volving these states causes bending of
the bulk energy bands near the surface.
These states can also influence electron
barriers at metal-semiconductor con-
tacts (Schottky barriers) and play an
important role in metal-oxide-semicon-
ductor devices. Atoms and molecules
adsorbed on the surface (figure lb) or
absorbed a few layers deep (figure lc)
play an important role in heterogeneous
catalysis, corrosion, and so on. Energy-
level measurements can provide insight
concerning the interactions involved in
chemical reactions at surfaces, and can
also be used as a "fingerprint" to identi-
fy what molecular or atomic species are
present at the surface, even during a
reaction.

Energy-level measurements

In photoelectron spectroscopy, pho-
tons of a given energy are used to excite
electrons above the vacuum level <p;
some of these excited electrons are
emitted into the vacuum, where their
energy distribution, or photoelectron
spectrum N, is measured with an elec-
tron energy analyzer (figure 2). Param-
eters that can be varied include the
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Three types of surface complexes. Gray dots denote "bulk" lattice
atoms, and colored dots denote atoms (or molecules) adsorbed on the

surface or absorbed into the surface region. Colored wiggly lines
denote valence bonds associated with the surface. Figure 1

photon energy hv, polarization ep and
direction fl; of the incident radiation
and the energy E and direction flf of the
emitted electron. Thus photoelectron
spectra depend on all these parameters
in general, and we can say that N =
N(E, flf, hv, fp, fi;). For magnetic sam-
ples, N may depend on electron spin
polarization as well. In practice, what
is usually measured is the electron ener-
gy distribution N(E, hv) averaged over
a range of emission angles fif for one or
more fixed photon energies.

We show the photoemission process
in the energy-level diagram of figure 3,
where the energy levels for a nickel sur-
face with an adsorbed layer of oxygen
are sketched schematically. A photon
of energy hv is absorbed by exciting one
of the filled valence or core level elec-
trons upwards in energy by hv, thereby
giving rise to an energy distribution of
excited electrons (colored lines). Some
of these electrons are sufficently close
to the surface that they can leave the
solid without loss of energy (that is,
without inelastic scattering). The ki-
netic-energy distribution, or photoelec-
tron spectrum N(E,hv), of these unscat-
tered electrons is measured (colored
levels), together with the smooth back-
ground of secondary electrons that oc-
curs because of strong inelastic elec-
tron-electron scattering. This energy
distribution directly reflects the distri-
bution of initially filled states for both
the nickel surface and the adsorbate.
(In figure 3 these are the d-band states
and core level for nickel and the 2p
states of oxygen.) Since the photoem-
ission process involves the excitation of

a single electron for each absorbed pho-
ton, we can directly determine the one-
electron binding energies EB = hv — E
— <p (where <p is the work function), level
widths and line shapes of these filled
electron levels.

If the photon is in the ultraviolet en-
ergy range, say between 4 and 50 eV,
the technique is called "ultraviolet pho-
toelectron spectroscopy"; if it is in the
x-ray energy range (commonly 1486 eV
(aluminum x-rays) or 1253 eV (magne-
sium x-rays)), it is called "x-ray photo-
electron spectroscopy."

Important ultraviolet sources for this
purpose are hydrogen discharge lamps
(4-11.6 eV) and, for surface studies, he-
lium (21.2 and 40.8 eV) and neon (16.8
and 26.9 eV) resonance lamps3. The
resonance lamps are very simple, in-
tense, and of sufficiently high energy to
permit the valence electron energy lev-
els of adsorbed species to be measured.
Such sources yield high electron count-
ing rates (around 104-105/sec) and typi-
cally permit photoelectron spectra to be
taken for samples of about 1 mm2 area
in a few minutes, with an energy resolu-
tion of about 0.2-0.3 eV. Electron-en-
ergy distributions are typically mea-
sured in an electrostatic deflection-type
energy analyzer with an electron multi-
plier for electron counting. In photo-
electron spectroscopy with x rays, which
is generally less surface sensitive than
with uv, it is possible to measure energy
levels of core electrons of atoms as well
as the energy levels of valence electrons.

Recently, radiation produced by ac-
celerating electrons in a synchrotron
has been used for photoemission mea-

surements that span both the ultravio-
let and x-ray regions, and the distinc-
tion between the two types of photo-
electron spectroscopy has become
blurred.4 These synchrotron-radiation
sources provide an intense continuum
of linearly polarized radiation in an ul-
trahigh vacuum environment and have
many exciting and unique applications,5

including that of photoelectron spec-
troscopy.

The surface sensitivity of photoelec-
tron spectroscopy is determined by two
main factors. First, only those electron
states that have nonvanishing wave
functions within an escape depth l(E)
of the surface can contribute to the un-
scattered photoelectron current. This
escape depth, which is determined by
inelastic electron-electron scattering, is
much shorter than the photon absorp-
tion depth, and typically varies in the
range 5 to 20A for electrons in the ener-
gy range of a few electron volts to a
thousand electron volts. Thus, the out-
ermost layers of a solid contribute to
the photoelectron current in an expo-
nentially diminishing manner for suc-
cessively deeper layers with a character-
istic decay distance l(E) of about 5 to
20 A. Because several layers are typi-
cally sampled by photoelectron spec-
troscopy, the largest fraction of the
photocurrent is usually associated with
bulk states rather than intrinsic or ex-
trinsic (adsorbate-induced) surface
states. Also, photoelectron spectrosco-
py cannot usually determine whether or
not sorbed species are on the surface or
incorporated into the outer few layers.

For adsorbed species, or species ab-
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Photoelectron spectroscopy apparatus
shown schematically, with definitions of the
parameters involved: incident photon energy
hv, polarization tp, angle of incidence fi|, elec-
tron energy E and angle of emission fif of the
emitted electrons. Figure 2

sorbed within l(E) of the surface, the
most important factor that determines
surface sensitivity is usually the ratio of
photoionization cross sections of the ad-
sorbate levels to those of the host solid.4

As an example, for common residual
gases or organic species adsorbed on
transition metals, maximum surface
sensitivity for probing valence levels oc-
curs at low energies (between 15 and 50
eV) because of the relative cross sec-
tions involved.

We now turn to a discussion of some

experimental results for several of these
types of surfaces. All data are for sur-
faces prepared and measured in ultra-
high vacuum (pressures in the mid-
10"10 Torr range or better), so that ad-
sorption of unwanted species is negligi-
ble during the time required to perform
the experiment.

Intrinsic surface states

One might expect that electronic
states of the chemically bonding va-
lence electrons of surface atoms would
be severely affected by the surface dis-
continuity—that is, that they can be
quite different from their counterparts
in the bulk solid. Indeed, this is the
case for many materials, particularly for
the covalently bonded semiconductors
(Si, Ge, GaAs, etc.), where the bonds in
the bulk are each made up of two elec-
trons shared by adjacent atoms. The
surface can leave dangling bonds, each
with only one electron (figure la).
Thus, both filled and empty electron
surface-state energy levels, which are
different from bulk energy levels, occur
for these "dangling" bonds.

Such surface states have long been
known to play an important role in de-
termining electron barriers at semicon-
ductor interfaces. The elegant pioneer-
ing measurements of band bending, sur-
face work functions, photoemission

Ni 3d

0 2p

Ni 3p core level

BAND ENERGY

KINETIC ENERGY

E - ,;,

ELECTRON BINDING ENERGY

Schematic energy-level diagram for adsorbed oxygen on nickel. This figure illustrates the pho-
toemission process, showing the direct one-electron relation between observed kinetic energies
for valence and core-level electrons (color) and their initial energy states (black). Figure 3

yields and energy distributions for clean
semiconductor surfaces by Fred Allen
and Garth Gobeli represent a signifi-
cant contribution of photoelectron
spectroscopy to surface science.6

The energy distribution of filled sur-
face states can be seen directly with ul-
traviolet photoelectron spectroscopy.7'8

The example shown in figure 4a is of a
(111) silicon surface for both a freshly
cleaved surface and for a surface that
has been saturated with oxygen.7 The
oxygen bonds chemically to the silicon
surface and saturates the dangling
bonds, thereby eliminating these intrin-
sic surface states and giving rise to new
extrinsic silicon-oxide states, which ap-
pear at much lower energy. By sub-
tracting the spectrum for the oxidized
surface from that of the clean surface,
the density of filled surface states is ob-
tained for (111) silicon as shown in fig-
ure 4a. This band of surface states has
a peak just below the top of the bulk va-
lence-band states (Ev) and a dimin-
ishing tail of states extending up to the
Fermi energy E-p, which is pinned in the
bulk band gap7 about 0.3 eV above Ew.

Empty surface states can also be ob-
served with photoemission in certain
cases, with a continuous source of uv ra-
diation such as synchrotron radiation
from a storage ring.9 To observe unoc-
cupied states, as shown for (110) GaAs
in figure 4b, one measures the number
of slow secondary electrons Nsec(hv,E)
at a fixed final-state kinetic energy E as
the photon energy hv is scanned
through the threshold for transitions
from a sharp core level to the conduc-
tion band and empty surface states.
Basically, this yield spectrum is indi-
rectly measuring the photon energy de-
pendence of core-level excitations, and
thus it reflects the empty final state
density near the surface; it is roughly
equivalent to an optical absorption
measurement on a very thin sample
with a thickness equal to an escape
depth l(E). This indirect process in-
volves optical excitation, de-excitation
of the core level by an Auger process
(see Robert Park's article in this issue),
and subsequent secondary electron
emission.9

We can see intrinsic empty surface
states for a (110) GaAs surface in the
partial yield spectrum of figure 4b. An
optical absorption spectrum,10 which
probes a thickness of approximately
1000 A and thus does not show surface-
state transitions, is also shown in figure
4b. The sensitivity for observing sur-
face states in the yield spectrum occurs
because only optical excitations within
an effective escape depth (roughly 10-
25 A) from the surface can contribute to
the measured photocurrent. In figure
4b we see two peaks, corresponding to
transitions into a narrow empty surface
band, with the Ga 3d core level being
left in either of two spin-orbit split
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X-ray photoelectron spectra (a) and ultraviolet photoelectron spectra (b) for a saturated layer
of CO adsorbed on (100) tungsten (black curves). Both the oxygen 1s core-level and valence-
level spectra show the molecular a-phase and dissociated /3-phase of adsorbed CO. The col-
ored curves show the remaining /3-phase after removal of the weakly bound a-phase. (Part a
Is from reference 12, figure 11, and part b is from reference 11.) Figure 5

states (CI5/2 and A.3/2, with about 0.5 eV
splitting). The shape of these surface
states is shown by the colored region,
which corresponds to ds/2 transitions.
To determine the energy position of
these surface states one subtracts the
measured ds/2 core-level binding energy
(£B(d5/2) = 18.6 eV) from the photon
energy. We observe a band of surface
states in the bulk 1.4-eV energy gap be-
tween the valence bands (Ev) and con-
duction bands (Ec), with a peak at 0.9
eV and edge at 0.6 eV above Ev. These
empty surface states determine the
Fermi energy position at the surface
and cause the energy bands to bend up
in n-type III-V semiconductors, both
for vacuum-semiconductor interfaces

and for metal-semiconductor interfaces
(for example, Schottky barriers).

"Simple" adsorbate surface states

Adsorption of simple molecules on
metal surfaces has long been a favorite
subject of surface scientists. Among
the many surface techniques available,
photoelectron spectroscopy has seen ex-
tensive use since its first application to
molecular adsorption.3 Both x-ray and
uv techniques give directly the ioniza-
tion energies of the electronic states of
adsorbed molecules, from which we can
infer information about the molecular
identity, electronic interactions and
structure of the molecule on the surface.
Ultraviolet photoelectron spectroscopy

enjoys advantages in resolution, intensi-
ty, and surface sensitivity in probing
valence electrons of adsorbates; with x
rays, on the other hand, one can mea-
sure chemical shifts of adsorbate core
levels (changes in core-level energies
due to valence-electron interactions).
Such core level measurements can pro-
vide information about the chemical
state of the adsorbate and its bonding
to the surface.

From the voluminous photoelectron-
spectroscopy literature on simple adsor-
bates, we have chosen for our example
(figure 5) measurements for adsorbed
carbon monoxide on single-crystal (100)
tungsten, which has been studied both
with uv11 and with x rays.12 This sys-
tem has been extensivelv studied, and it
is well known that CO adsorbs in two
distinct types of states, a and /3. Figure
5 shows difference curves (the spectra
for CO adsorbed on W minus that of
clean W) for both x ray and uv photo-
electron spectroscopy. Note the adsor-
bate-induced change in emission for the
O(ls) level and valence-electron energy
region. A saturation coverage of about
one atomic layer (shown by the black
curves) contains both a- and /3-phase
CO. As we can see in both the core lev-
els and valence levels, these two phases
have quite different electron binding
energies. The weakly bound a-phase is
easily removed by heating, leaving the
more strongly bound /3 phase (colored
curve).

If we compare the /3-phase spectra
with those obtained for oxygen and car-
bon adsorbed on (100) W, we find that
/3-phase CO is essentially dissociated
upon adsorption.11-12 In contrast, the
a-phase level—which is very similar to
levels seen for CO adsorbed on many
metals—is characteristic of molecular
CO rather than dissociated CO. We
have no space here for discussion of the
additional information about adsorbed
CO on W that has been obtained; it in-
cludes correlations with surface struc-
tures, surface phase transitions, identi-
fication of the a-CO orbitals, and much
else.11-12

Surface oxidation of nickel

We show some observations3 of the
formation of a surface compound on
nickel by oxidation in figure 6. At low
oxygen exposures (figure 6a), emission
from a level characteristic of adsorbed
oxygen is observed at 5 eV below the
Fermi energy, in addition to the emis-
sion from the metallic d-bands of nickel
within 3 eV of the Fermi energy. Fur-
ther exposure (figure 6b) results in the
spectrum losing its metallic character
and becoming insulator-like—in other
words, the density of states at the Fermi
energy has nearly vanished. By com-
parison with the spectrum for bulk NiO
in figure 6c we can identify the levels
for oxidized Ni near 2 eV and 5 eV with
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those of the d-electrons of oxidized
Ni2+ and with surface oxide "p" bands.
Thus, the spectra show that oxidized Ni
is similar to bulk NiO.

An important difference between x-
ray13 and uv spectra for bulk NiO is
seen in figures 6c and 6d. Namely,
with x rays the p-bands are absent and
only the d-states are visible, together
with a multielectron transition satel-
lite.13 On the other hand, with uv we
observe both p and d states. This oc-
curs as a result of the energy depen-
dence of the relative photoionization
cross-sections. Generally, the states
that are either more localized or possess
higher angular momentum, (or both)

Clean nickel
d-bands

Chemisorbed oxygen
(0.75L)

h, = 21.2 eV

Surface oxide on nickel

(Ni + 59LO?)

Ni2+ (d8)

Oxide "p"-bands

h, = 21.2 eV

NiO (100) single crystal

Ni2+

v d-states

h> = 20 eV

NiO x-ray photoemission

spectroscopy (Mg Ka)

Multielectron satellite

12 8 4 0 = EF

ELECTRON BINDING ENERGY (eV)

Oxidation of nickel. Part a shows uv photo-
electron spectra for clean NI and for NI with
about half a monolayer of chemisorbed oxy-
gen (ref. 3). Part b Is the spectrum for a sur-
face oxide formed by oxygen exposure (ref.
3). This spectrum shows features similar to
that of bulk (100) single-crystal NIO (part c);
that Is, both spectra show Nl2+ 3d-state emis-
sion near 2 eV and oxide p-band emission
centered near 5 eV. Part d Is the x-ray pho-
toelectron spectrum (ref. 13) for bulk NIO;
showing Nl2^ 3d-state emission but no oxide
p-band emission. Figure 6

have larger cross sections at higher pho-
ton energies. Thus x-ray photoelectron
spectroscopy is usually much less sur-
face sensitive than the uv technique for
adsorption of common residual gases on
transition metal surfaces.

Adsorbed hydrocarbons

Photoelectron spectra for clean sin-
gle-crystal Ni(lll) and for Ni(lll) with
a chemisorbed layer of benzene (CeHe)
are shown in figure 7, together with
spectra for several layers of condensed
benzene and for gas phase benzene.1415

Part b of the figure shows the difference
spectrum AN(E) between the spectra
for chemisorbed benzene on Ni(lll)
and for clean Ni(lll); here the five
lower-lying peaks are associated with
benzene energy levels. Several impor-
tant points are illustrated by figure 7,
including the role of x-d bonding in hy-
drocarbon chemisorption, the use of
photoemission spectra as a "finger-
print" of the adsorbed molecular
species, and the large changes in ioniza-
tion energies of a non-chemical bonding
nature (relaxation shifts) that occur for
adsorbed species.14

Before discussing the spectrum for
chemisorbed benzene, we should com-
pare the spectra for gas-phase benzene
and condensed benzene (figures 7c and
7d). Relative to the gas-phase spec-
trum, we see that all levels for con-
densed benzene shift to smaller ioniza-
tion energies, with relative level posi-
tions and intensities largely unchanged.
This behavior usually occurs when weak
bonding is involved; the uniform relaxa-
tion shift to lower ionization energy is
due not to chemical bonding but rather
to increased screening of the excited
state by surrounding electrons for the
condensed phase.14 Such relaxation ef-
fects (typically in the range 1-3 eV) also
occur for adsorbed species and compli-
cate theoretical descriptions of their ab-
solute ionization energies.

When we compare chemisorbed ben-
zene (figure 7b) with condensed ben-
zene (figure 7c) we again observe that
the ionization energies of all lower-lying
a orbitals are further reduced due to re-
laxation effects, but the ionization ener-
gy of the uppermost doubly-degenerate
7r orbital is increased. This shift sig-
nifies 7r-d bonding, which is involved in
the strong chemisorption bonds for un-
saturated hydrocarbons on transition
metals. Also, the spectra in figure 7
serve as a "fingerprint" of what species
are present; that is, the similarity of the
spectra for chemisorbed and gas phase
benzene indicates that most of the ad-
sorbed benzene remains structurally as
benzene. This is often not the case, as
we next illustrate with an example of a
surface reaction, the dehydrogenation
of chemisorbed ethylene (C2H4) to acet-
ylene (C2H2) on Ni(lll).

Photoelectron difference curves

AN(E) for chemisorbed acetylene and
ethylene on (lll)Ni are shown in figure
8. Molecularly adsorbed acetylene has
three energy levels between 4 and 12
eV, whereas molecularly adsorbed eth-
ylene has four levels. The molecular
nature of these adsorbates has been es-
tablished by comparison with gas-phase
spectra.14 For ethylene, molecular ad-
sorption only occurs at low tempera-
tures (about 100 K for the data in figure
8). Upon heating to 230 K, hydrogen is
evolved and the spectrum for chemi-
sorbed ethylene is dramatically altered
(figure 8b), changing to a spectrum
identical to that of chemisorbed acety-
lene. At room temperature, exposure
to ethylene results in only an adsorbed
acetylenic species. These results clear-
ly show that chemisorbed ethylene
undergoes thermally activated dehydro-
genation to chemisorbed acetylene for
temperatures above about 230 K. This
question as to the chemical nature of
adsorbed ethylene on nickel has been
the subject of many earlier investiga-
tions (roughly half of all hydrocarbon
chemisorption-catalysis work done to
date), which were inconclusive. At
higher temperatures, further dehydro-
genation occurs; we find that chemi-
sorbed acetylene is stable for tempera-
tures below about 470 K, and above this
temperature it completely dehydrogen-
ates and forms carbonaceous species.14

Photoelectron spectroscopy allows us
to understand the driving mechanism
for this ethylene dehydrogenation reac-
tion. The observed 7r-level bonding
shifts for chemisorbed acetylene and
ethylene show that the 7r-d bonding
strength of adsorbed acetylene is much
greater than that of adsorbed ethylene,
thereby causing an exothermic reaction
that results in a lower energy state.

A very desirable feature of ultraviolet
photoelectron spectroscopy for chemi-
sorption and surface-reaction studies is
that photodissociation and photode-
sorption cross sections are very small
for adsorbed species, including sensitive
adsorbates such as organics. Thus sur-
face complexes usually are not affected
by the measurement probe. This is in
contrast with techniques such as Auger
electron spectroscopy, appearance-po-
tential spectroscopy and low-energy
electron diffraction, which involve inci-
dent electron beams that can often alter
the adsorbed species.

Future prospects

In addition to the primary applica-
tions of photoelectron spectroscopy to
surfaces that we have described, namely
energy-level measurements and molecu-
lar "fingerprinting" with uv resonance
lamps and x-ray sources, exciting new
applications and extensions of photo-
electron spectroscopy are currently un-
derway in many laboratories. These in-
clude
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a Benzene (CLHJ on Ni( l 11)

ELECTRON IONIZATION ENERGY (eV)

The effect of benzene chemisorbed on nickel. Part a shows photo-
electron spectra N(E) for clean (111) Ni and for (111) Ni with a chemi-
sorbed layer of benzene (ref. 14). Part b shows the adsorbate-in-
duced difference in emission, AN(E), from the clean surface for chem-
isorbed benzene—note the benzene-derived levels between 4 and 14
eV. Part c shows AN(E) for a weakly bound condensed layer of ben-
zene, and part d illustrates N(E) for gas-phase benzene (ref. 15).
Compare parts b and c with the gas-phase spectrum (d) to see shifts
due to relaxation (AeR) and chemical bonding (AcB). Figure 7
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Acetylene and ethylene on nickel. Part a is the photoelectron differ-
ence spectrum AN(E) for chemisorbed acetylene on (111) Ni, showing
C2H2-derived levels between 4 and 12 eV (ref. 14). Part b shows
AN(E) for chemisorbed ethylene on (111) Ni at a temperature of about
100 K and for dehydrogenated ethylene, which occurs on warming to
above 230 K. Note that, upon dehydrogenation, ethylene becomes
identical to chemisorbed acetylene. At higher temperatures still, fur-
ther dehydrogenation occurs; the chemisorbed acetylene is stable up
to about 470 K, above which it dehydrogenates completely. Figure 8

• angle-resolved and/or polarization-
dependent uv photoelectron spectrosco-
py measurements
• energy-dependent photoionization
cross-section measurements of both ad-
sorbed and gas-phase molecules over an
extended energy range (for example,
10-100 eV) exploiting synchrotron ra-
diation, which can give new information
concerning the identity of surface ener-
gy levels, and
• the combination and correlation of
photoelectron spectroscopies with other
spectroscopies such as mass spectrosco-
py or other electronic spectroscopy
techniques.16 Such experiments will
give additional information ranging
from new insight on catalytic reactions
to new information on surface electron-
ic states.

The polarization «p of radiation inci-
dent at an oblique angle is an important
parameter in determining the relative

strengths of photocurrents due to sur-
face states and bulk states.17 Spectra
taken with the light polarized out of the
plane of the surface often show greatly
enhanced surface-state emission rela-
tive to spectra taken with the light po-
larized parallel to the plane of the sur-
face. The use of polarized radiation to
enhance and identify surface features
has not been widely recognized or used
until now, and promises to be very use-
ful.

Angular-resolved photoelectron spec-
troscopy measurements, in which ener-
gy distributions N(E, fif) are measured
as a function of electron emission angle
fif, promise to have several interesting
applications. These include:
• determination of the geometrical ori-
entation of adsorbed molecules or
atoms18

• determination of the angular disper-
sion of intrinsic surface state emis-

sion,19 which can yield new information
concerning the momentum-dependence
of surface states, and
• angle-resolved photoemission mea-
surements that contribute to our basic
understanding of the photoemission
process, including such important ques-
tions as how to distinguish between
"bulk" and "surface" photoemission
currents.

We have briefly described here sever-
al applications of photoelectron spec-
troscopy to the study of the electronic
properties of surfaces. As we men-
tioned, photoelectron spectroscopy can
also be used to obtain surface-composi-
tion information (especially the x-ray
technique) and, possibly, to obtain sur-
face structural information. Photoelec-
tron spectroscopy is attractive in that it
is both simple and versatile; it is easy to
illuminate any surface, and easily inter-
pretable spectra of emitted electrons
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can be measured over a wide range of
energies with simple energy analyzers.

Such photoemission measurements,
together with those of various other sur-
face electronic spectroscopies, are stim-
ulating—and being stimulated by—
numerous theoretical models and meth-
ods (as J. Robert Schrieffer and Paul
Soven explain in their accompanying
article). Together, the multitude of
new experimental techniques and theo-
retical models are resulting in rapid
progress in our understanding of surfac-
es. We are only near the beginning of
such an understanding, and there are
innumerable challenges in extending it
and applying it to useful fields.

We are indebted to many colleagues at
IBM for helpful discussions regarding this
article, including Joseph E. Demuth, War-
ren D. Grobman, Norton D. Lang, James C.
McGroddy, Erling Pytte, Gary W. Rubloff,
Merrill W. Shafer, and John E. Smith, Jr.
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