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Alignment of valence photoemission, x-ray absorption, and substrate density of states
for an adsorbate on a semiconductor surface
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A method for determining the placement of x-ray absorption data into an experimental density of states for
an adsorbate-semiconductor system is motivated and illustrated with the cases of bi-isonicotinic acid, isonico-
tinic acid, and benzoic acid on rutile TiO2~110!. Special attention is paid to experimental aspects, as well as the
role of Z11 effects and the choice of reference level.
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I. INTRODUCTION

Heterogeneous systems are interesting because of
level of complexity they display compared to simple cryst
and because they give one flexibility to tune properties
combining systems with different attractive features. O
motivation here is nanostructured systems such as the G¨t-
zel cell ~see, e.g., Ref. 1!, which can be loosely described a
consisting of light-absorbing molecules coupled to a hig
surface-area semiconducting charge separator, but the p
lem can be generalized to apply to many heterogeneous
tems whose electronic properties are of interest.2 A full
characterization of the electronic excitations of an adsorb
or other coupled system requires the assessment of bot
occupied and the unoccupied electronic states of the cou
components. The occupied states are conveniently map
with photoemission spectroscopy~PES!, and the unoccupied
states can be measured with methods like inverse photoe
sion~IPES! and x-ray absorption spectroscopy~XAS!. Of the
latter two, IPES has a very low cross section and is
generally accessible. XAS presents interpretational c
lenges due to the presence of a core hole, which becaus
its localized extent tends to strongly perturb the valen
states much in the way that an extra nuclear charge woul
(Z11 effect!. XAS has the advantage that it is available
many synchrotron beamlines and can therefore be applie
the same samples as PES, which facilitates the compar
of data from the two spectroscopies, as well as providing
atom-specific probe. To exploit the full potential of the me
ods, it is useful to directly compare PES, which measu
electron kinetic energies, and XAS, which measures pho
energies necessary to excite core electrons to unoccu
levels.

For molecules chemisorbed on metal surfaces it has b
shown that a common energy scale for both PES and XA
readily established by referring the binding energy of
core level relevant for XAS to the metal Fermi level (EF).
For these systems the onset of states in XAS correspond
that particular energy.3,4 This result relies on the efficien
charge transfer screening provided in these systems and
cannot readily be applied to adsorbates on semiconduc
0163-1829/2003/67~23!/235420~7!/$20.00 67 2354
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substrates. Moreover, in general no spectral structure is
sociated with the chemical potential (EF) in the latter cases
and sample charging can shift the photoemission spectr
unknown amounts. Hence both intrinsic and practical asp
make the analysis of semiconducting substrates more c
plicated than that of metallic substrates.

Here we will detail and illustrate a strategy,2,5 similar to
the one for metallic samples, for the case of an adsorbat
a semiconductor surface.6 This strategy relates the energie
measured in PES and XAS, and the substrate density
states is included in the full image of the electronic structu
The relationship between the latter and the core-excited
sorbate density of states measured in XAS is particula
interesting for charge transfer studies involving core-exci
adsorbate states, since it indicates from which of these st
such a transfer is possible.2,5 As will be discussed below
results in that matter should also have some bearing on
elucidation of the charge transfer characteristics ofoptically
excited adsorbates. We begin with the case of bi-isonicot
acid @(C5H3NCOOH)2# adsorbed on rutile TiO2~110!, with
which the alignment procedure is presented in some de
and for which several useful auxiliary investigations ha
already been carried out. We then apply the procedure
isonicotinic acid (C5H4NCOOH) on TiO2~110! and benzoic
acid (C6H5COOH) on TiO2~110!. The latter comparison pro
vides additional insight into core hole effects, constituting
experimental investigation of theZ11 effect.

II. EXPERIMENT

The PES and N 1s and C 1s XAS experiments were
performed at beamline 22/D1011 at MAX-Lab in Lund.10,11

The complete experimental details, including the charac
ization of the samples, are contained in Refs. 7~bi-
isonicotinic acid!, 12, and 13~isonicotinic acid and benzoic
acid!.

In short, the base pressure was in the low-10210-Torr
range in the preparation chamber and in the low-10211-Torr
range in the analysis chamber. The TiO2~110! single crystals,
purchased from Dje´vahirdjian, Industrie de Pierre
Scientifique, Monthey, Switzerland, and from MaTec
Jülich, Germany, were made conducting by annealing
©2003 The American Physical Society20-1
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131026 Torr O2 at 700 °C. The substrate surface was th
prepared by repeated cycles of Ar sputtering and annealin
131026 Torr O2 at a temperature between 570 and 700 °
until no spectral signatures of C and O contaminations w
found. The chemicals were obtained from Sigma-Aldri
with a guaranteed purity of more than 99% and were th
oughly outgassed in vacuum before use. The molecules w
deposited onto the substrate from a thermal sublimator w
pressure and temperature monitors. By keeping the subs
at 200 °C it was achieved that either close to a monolaye
a full monolayer of adsorbates was formed.

The x-ray absorption spectra were measured in pa
yield mode employing detector biases of2330 V (N 1s)
and 2220 V (C 1s), respectively. The C 1s x-ray absorp-
tion spectrum had to be corrected for a highly varied ba
ground, which in our case is mainly due to beamline-induc
changes in the second-order light transmission.14

The monolayers that result from this procedure are ch
acterized by a 2M-bidentate-adsorbate—substrate bond
tween each carboxylic group and two Ti atoms of the s
face. The pyridine ~isonicotinic acid!, bipyridine ~bi-
isonicotinic acid!, and phenyl~benzoic acid! rings stand
upright on the surface with an approximate tilt angle of 2
~bi-isonicotinic acid! ~Ref. 7! and an estimated maximum ti
angle of 40°~isonicotinic and benzoic acids! ~Ref. 12!. For
the monomers adsorbate-adsorbate interactions are sig
cant, as detailed in Refs. 12 and 13.

III. RESULTS AND DISCUSSION

In Fig. 1 the valence electronic structure of bi-isonicotin
acid on TiO2~110! is illustrated. Bi-isonicotinic acid is a mol
ecule that is important as a ligand in the ‘‘N3’’ dye employ
for light absorption sensitization of oxide substrates.15 In or-
der to understand the electron transfer from an excited
sorbate molecule to the oxide substrate knowledge of
valence electronic structure is imperative, since such a tr
fer on the fs time scale can proceed only if the substr

FIG. 1. Combination of valence photoemission spectra~PES!,
an x-ray absorption spectrum~XAS!, and a substrate band gap e
timate for a monolayer of bi-isonicotinic acid adsorbed on ru
TiO2~110! to give an image of the electronic structure of the co
excited adsorbate system. The spectra have been placed on a
mon energy scale; in addition, the photon energy scale of the x
absorption spectrum has been given.
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density of states matches that of the adsorbate. For semi
ductor systems this means that one has to be able to eluc
the relative positions of the band gap and adsorbate state
combination of PES, XAS, and knowledge of the quasipa
cle band gap yields the desired parameters for a core-exc
state, as can be seen from Fig. 1 for bi-isonicotinic acid
TiO2~110!. The lowestp resonance of the adsorbate lies a
proximately 2.5 eV above the valence-band edge—i.e.,
estimated 0.6 eV below the substrate conduction-band e
which has been placed 3.1 eV~the value for the optical band
gap! above the valence-band edge for rutile TiO2. Thus, any
charge transfer from this particular resonance is preven
~within the core-hole lifetime! by the electronic mismatch o
adsorbate and substrate states. In contrast, the two hi
resonances in the x-ray absorption spectrum overlap the
strate density of states and a rapid charge transfer is not
possible, but also observed.5

Before further describing how the spectra obtained fr
the different techniques and the substrate density of st
can be placed on a common energy scale, we would like
start out with a consideration of the relationship betwe
x-ray absorption and photoemission for the case of an ad
bate on a semiconductor surface. The corresponding ene
ics are presented in Fig. 2. As pointed out in the Introducti
no spectral structure is in general connected to the chem
potential for the case of systems with electronic gaps~insu-
lators and semiconductors!. Therefore it is more convenien
to use the vacuum level as a reference for the photoemis
spectra since it can be obtained routinely.8 The resulting elec-
tron removal energies are often termed ionization potent
~IPs!, and their values are those of excitations in which t
electron is promoted from a core or valence level to
vacuum level. This is also the energy necessary to ionize
sample, containingN electrons, to the ground state of th

-
om-
y

FIG. 2. Schematic of the energetics of an adsorbate system
semiconductor surface~in the spirit of Ref. 2!. The adsorbate is
assumed to retain its molecular character in spite of the subs
coupling, and thus its energy levels are discrete, albeit often bro
ened by the bonding. The semiconductor continua are defined
the hatched areas, while the gap is not patterned. Important in
context is that the discrete molecular levels correspond to the c
excited adsorbate system, while the substrate energy cont
should refer to quasiparticle states.
0-2
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FIG. 3. Illustration of the fundamental calibration and alignment procedure used here. (a1) The ionization potential of the core levels
derived from the separation of the core level from the secondary electron cutoff. This energy has been taken to lie halfway up t
curve. (a2) In the present case, the so-calibrated C 1s core level was used to determine the ionization potential of the other core leve~b!
The photon energy in the x-ray absorption spectrum that numerically equals the value of the ionization potential corresponds to th
level. By setting it to zero and inverting the energy scale the x-ray absorption spectrum is placed on the same scale as the pho
spectra.~c! Upper curve: combination of the monolayer valence photoemission and x-ray absorption spectra, aligned as described i
Lower curve: the substrate density of states is taken into account by a valence photoemission spectrum of the clean crystal~approximately
7–46 eV ionization potential! and by an estimate of the location of the substrate conduction band~approximately22 –6 eV).
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system containing a vacancy in the particular orbital pro
and withN21 remaining electrons.16 Now the x-ray absorp-
tion spectra can be placed on the same scale by the obs
tion that an excitation to the vacuum level in PES is a
measured at a particular point in the x-ray absorption sp
trum, with the photon energy given by the ionization pote
tial. The common scale is then established by identifying
photon energy nominally equal to the corresponding co
level ionization potential, choosing this energy as the X
origin and inverting the relative energies. This correspond
determining electron removal energies in XAS. In fact, a
other photoemission reference level~such as the conduction
band edge, the valence-band edge, or the Fermi edge, i
cessible! is equally usable, as long as the relative energie
the valence and core levels are known.2 This can be appre
ciated by assuming that not the ionization potential, bu
somewhat higher~lower! energy had been chosen as ref
ence. If the energies of the valence band are known rela
to the core level, a prerequisite in the procedure, these e
gies are then moved to higher~lower! values. But also the
reference point of the x-ray absorption spectrum is chan
by the new choice and corresponds to a higher~lower! pho-
ton energy, which moves the x-ray absorption spectrum
tures to lower~higher! energies on the common scale. T
relationship between XAS and PES is thus conserved.
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In Fig. 3 these concepts are now applied to bi-isonicoti
acid on TiO2~110! to show how the full picture of the va
lence electronic structure presented in Fig. 1 emerges.
determination of the ionization potentials follows the proc
dure outlined in Ref. 8 and is described again in the follo
ing. It should be stressed that this procedure handles s
that are connected with sample charging.17

In panel (a1) the secondary cutoff and the C 1s level of a
bi-isonicotinic acid monolayer on rutile TiO2~110! are
shown, one measured directly measured after the other w
out any intervening change in the experimental setup.18 The
crystal was biased by27.0 V to ensure that the low-kinetic
energy electrons would reach the analyzer. Thus the kin
energies shown in Fig. 3 are shifted to higher values. T
photon energy for this measurement is calibrated by mea
ing the kinetic energy difference of a photoemission feat
excited with light in first and second order at the chos
monochromator setting. This, combined with the observ
kinetic energy, enables one to determine the ionization
tential. The scales for the ionization potentials of the oth
core levels and the valence band are obtained either in
same way or, as in the present case, by using the C 1s as a
reference@see Fig. 3(a2)].

In panel~b!, the N 1s absorption spectrum is given. Firs
0-3
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FIG. 4. Experimental density of states for isonicotinic acid and benzoic acid on TiO2~110!. ~a! Isonicotinic acid. As for bi-isonicotinic
acid, the lowermostp resonance lies within the gap, approximately 0.4 eV further from the conduction-band edge than the com
resonance in bi-isonicotinic acid.~b! Benzoic acid. For the calibration of the x-ray absorption spectrum, the ionization potential of the p
ring C 1s level has been used. This procedure puts the peak ascribed to a Ccarboxyl 1s→3b1 excitation at an ionization potential above th
conduction band edge. If the ionization potential of the carboxylic C 1s peak is used for calibration instead, this peak is found below
conduction band edge; cf. Fig. 5.~c! Sketch of the 3b1 and 1a2 p* orbitals of N 1s-excited gas phase isonicotinic acid cut above the no
plane~Ref. 30!. These labels, which correspond to those for pyridine, are not strictly correct since the presence of the~nonsymmetrical!
carboxylic group reduces the symmetry of isonicotinic acid with respect to pyridine. In the same way, these orbital labels are also
the discussion of benzoic acid.
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the photon energy scale is calibrated. This is done in
same manner as just described, by measuring a photoe
sion peak excited with first- and second-order light at
energy relevant for the XAS. The extremely high linear
and reproducibility of the monochromators in the pres
case then assures an accurate photon energy scale fo
entire spectrum. The spectrum is then put onto the ioniza
potential scale as explained above.

The result is given in the uppermost curve of panel~c!, in
which the valence spectrum and the XAS were combined
show the adsorbate electronic structure. It has to be kep
mind that neither of these spectra correspond to the grou
state energies, but to the valence and core-excited ones
spectively. The shape of the former, however, often
sembles the ground-state density of states quite closely~see,
e.g., Ref. 19!, as in the present case. In order to achiev
comparison to the substrate density of states, a clean cr
valence spectrum was measured and referenced to
vacuum level in the same way as described above~any other
reference level would do as well, as discussed above!. The
lower curve in panel~c! gives this spectrum. The O 2s and
Ti 3p levels at 27 eV and 42 eV, respectively, align very w
with those of the adsorbate spectrum. The unoccupied d
sity of states has been included by giving an estimate for
location of the conduction-band edge, which is determin
by the size of the band gap which has been set to20 the
optical value.24

More sophisticated routes to a comparison of the ad
bate core-excited density of states to the substrate densi
states comprise the inclusion of a substrate density-of-st
calculation~this alternative was chosen in Ref. 5 for the b
isonicotinic acid/TiO2~110! system! or of a properly refer-
enced IPES measurement of the bare crystal. The latter
23542
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cedure has been used, for example, in Refs. 2 and 25, sin
corresponds to the measurement of energies of electron
eling states and is therefore more reliable than ground-s
theoretical results when electron-electron interactions are
able. However, the acquisition of an angle-integrated sp
trum which represents the density of states sufficiently w
is not always achievable, as in the present case.

At this point it seems appropriate to give a comment
the use of the vacuum level. Ishiiet al.26 have called atten-
tion to the fact that the local vacuum level is generally d
ferent from an idealized vacuum level at infinity becau
most surfaces are terminated by a dipole layer. We wo
like to stress that the method of obtaining the vacuum le
presented here indeed determines its local value. The po
tial of a dipole layer with a~macroscopic, i.e., substrate d
ameter! extensionL, where L is typically in the range of
millimeters, is essentially constant for observation distan
from the sample much smaller than27 L. Hence, e.g., quan
tum tunneling does not play a role for the photoexcitati
threshold. This implies, by virtue of energy conservatio
that the secondary cutoff gives a measure of the lo
vacuum level. The vacuum level at infinity is in general n
a measurable entity as spectrometer contact potentials i
ence the position of the vacuum level relevant for the p
toelectron throughout its path to the detector.28 However,
since the entire spectrum of an insulating sample shifts w
the vacuum level~for cases of uniform potentials!, the en-
ergy relationships determined using the local vacuum le
are the correct ones.8

Now we would like to turn to two more applications o
the procedure described. This concerns the monolayer
isonicotinic acid and of benzoic acid29 on rutile TiO2~110!;
cf. Fig. 4. Isonicotinic acid is the monomer counterpart
0-4
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ALIGNMENT OF VALENCE PHOTOEMISSION, X-RAY . . . PHYSICAL REVIEW B67, 235420 ~2003!
bi-isonicotinic acid. Not unexpectedly, the electronic stru
ture of N 1s-excited isonicotinic acid resembles quite close
that of bi-isonicotinic acid, with the lowest unoccupied o
bital situated within the substrate bandgap@panel ~a!#. The
main difference is found for the higher unoccupied orbit
that overlap the conduction band. A comparison with benz
acid excited at the ring carbonK edge is now interesting
since this, by virtue of theZ11 approximation, can be
viewed as representative for the ground-state pyridi
carboxylic acid monomers~isonicotinic acid, nicotinic acid,
and picolinic acid, all C6H4NCOOH), although modified by
the presence of an additional hydrogen atom bonded to
excited C atom. In theZ11 approximation the atom on
which the core hole produced in the XAS resides is repla
with an atom that possesses an additional nuclear cha
Such a description leads often to a quantitatively good
scription of the resonance energies in XAS.2,31 The core-
excited density of states of benzoic acid on TiO2~110! is
shown in panel~b! of Fig. 4. It is seen that the lowest ab
sorption resonance now contains two spectral features w
can be attributed to the 3b1 and 1a2 states32 @cf. Fig. 4~c!#.
For symmetry reasons the latter is not visible in the Ns
XAS of isonicotinic acid or, at least, only as a slight broa
ening of the lowest resonance. From quantum chemical
culations it is expected that the lowest unoccupied orbita
isonicotinic acid overlaps the conduction band in the grou
state,35 much as shown for bi-isonicotinic acid.36 Within the
Z11 approximation, this tendency is confirmed in Fig.
which shows that the lowest resonance of benzoic acid at
eV lies approximately 1 eV closer to the vacuum level
that energy scale than the corresponding isonicotinic a
resonance. This confirms experimentally that the location
the lowest unoccupied state of isonicotinic acid within t
band gap is largely an excitonic effect—i.e., due to the in
action between the core hole and excited electron.

Such effects are observed not only for core excitatio
but for optical valence excitations as well.A priori the rela-
tionship between valence excitons and core excitons on
same molecules is not clear. A comparison of the bind
energies of corresponding core and valence excitons in
matic compounds (C60, benzene, and pyridine! shows that
these are very similar.37 This indicates that the core-leve
techniques employed here should have some impact in
interpretation of charge transfer in optically excited system
Care has to be taken, however, to ensure that the exc
states prepared with the different methods are compara
The lowest excited state of ‘‘N3’’~which contains bi-
isonicotinic acid as a ligand; see the Introduction!, for ex-
ample, is a metal-to-ligand charge transfer~MLCT! state
with no valence vacancy on the bi-isonicotinic acid ligand38

and thus any excitonic effect could be expected to be sig
cantly smaller in the organometallic system.

An analysis of the benzoic acid spectrum in Fig. 4~b!
reiterates the importance of including the excitonic chara
in any analysis of the absorption spectra. The ionization
tential of the carboxylic C 1s orbital is about 4 eV larger
than that of the ring carbons.13 The existence of two distinc
C 1s absorption edges manifests itself in the XAS peak
1.7 eV in panel~b! of Fig. 4. It can be ascribed to an exc
23542
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tation from the carboxylic C 1s level to the lowest unoccu
pied orbital (3b1).39 The same resonance is shown in Fig.
Here, however, the carboxylic 1s ionization potential was
used for the energy scaling which places the resonance in
band gap. The position is actually closer in energy to tha
N 1s excited isonicotinic acid than for the phenyl C 1s ex-
cited benzoic acid molecule. This illustrates that the co
hole location has a direct impact on the electronic struct
of the excited molecule and hence the size of the core e
ton binding energy.40

Resonant photoemission can be used for the determ
tion of whether an excited electron stays localized on
molecule during the core-hole lifetime or whether it is de
calized into a continuum coupled to the adsorbate.2 Without
dwelling on the details of resonant photoemission we sim
note that the occurrence of a resonant photoemission si

FIG. 6. Comparison of C 1s XAS and RPES for benzoic acid
In both cases the spectra have been corrected for a highly va
higher-order background~Ref. 14!. The strong resonant photoemis
sion signals at 285 eV and 288 eV photon energy indicate str
localization of the excited electron to the adsorbate. An assignm
of the smaller peaks is not motivated, as the background~Ref. 14!
easily induces smaller structures.

FIG. 5. Unoccupied density of states for benzoic acid for
XAS calibration which employs the ionization potential of the ca
boxylic C 1s. The only peak shown is that which is ascribed to
Ccarboxyl 1s→3b1 excitation and which is found at approximate
1.7 eV ionization potential in Fig. 4~b!.
0-5
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J. SCHNADTet al. PHYSICAL REVIEW B 67, 235420 ~2003!
is a sign of full or partial localization during the core-ho
lifetime ~see, e.g., Refs. 5 and 41!. A resonance within the
substrate band gap efficiently prevents any transfer to
substrate on the femtosecond time scale, and thus a st
resonant photoemission signal should be observed. Simil
a resonance in close proximity to the band edge could
show a relatively strong localization.42 Based on the tota
density of states shown in Fig. 4~b!, a resonant photoemis
sion signal is expected for both the Cphenyl 1s→3b1 and the
Ccarboxyl 1s→3b1 excitations, which is in good agreement43

with the experimental observation in Fig. 6. Thus Fig. 6 is
experimental corroboration of the assignment of the re
nance in Fig. 5.

IV. CONCLUSIONS

It has been detailed how photoemission and x-ray abs
tion spectra together with an estimation for the substrate d
sity of states can be employed to construct a full image of
core-excited density of states for an adsorbate on a semi
ductor surface. This concerns in particular the relations
between the core-excited unoccupied density of states o

*Corresponding author. Present address: Department of Ph
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