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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 TJ(110). Special attention is paid to experimental aspects, as well as the
role of Z+ 1 effects and the choice of reference level.
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[. INTRODUCTION substrates. Moreover, in general no spectral structure is as-
sociated with the chemical potentidt{) in the latter cases,
Heterogeneous systems are interesting because of tlaad sample charging can shift the photoemission spectra by
level of complexity they display compared to simple crystalsunknown amounts. Hence both intrinsic and practical aspects
and because they give one flexibility to tune properties bynake the analysis of semiconducting substrates more com-
combining systems with different attractive features. OurPlicated than that of metallic substrates.
motivation here is nanostructured systems such as the Gra Here we will detail and illustrate a strategy.similar to
zel cell (see, e.g., Ref.)Lwhich can be loosely described as the one for metallic samples, for the case of an adsorbate on

consisting of light-absorbing molecules coupled to a high-2 semiconductor surfaeThis strategy relates the energies

surface-area semiconducting charge separator, but the profieasured in PES and XAS, and the substrate density of

e can be generalzed 1o apply o many heerageneous s,SE1° 2 ncuded i e ful mege of he eecroric it re
tems whose electronic properties are of intefeat.full P

sorbate density of states measured in XAS is particularly

characterization of the electronic excitations of an adsorbate . S . .
Ihteresting for charge transfer studies involving core-excited

or oth(_ar coupled system requires the gssessment of both tl& sorbate states, since it indicates from which of these states
occupied and the unoccupied electronic states of the coupl ch a transfer is possibé.As will be discussed below;

components. The occupied states are conveniently mappedsits in that matter should also have some bearing on the
with photoemission spectrosco§ES, and the unoccupied g cidation of the charge transfer characteristiceptically
states can be measured with methods like inverse photoemigscited adsorbates. We begin with the case of bi-isonicotinic
sion(IPES and x-ray absorption spectroscoAS). Ofthe  gcig [ (CsHsNCOOH),] adsorbed on rutile Tigi110), with
latter two, IPES has a very low cross section and is notyhich the alignment procedure is presented in some detail
generally accessible. XAS presents interpretational chaland for which several useful auxiliary investigations have
lenges due to the presence of a core hole, which because glready been carried out. We then apply the procedure to
its localized extent tends to strongly perturb the valencésonicotinic acid (GH,NCOOH) on TiQ(110 and benzoic
states much in the way that an extra nuclear charge would dacid (GHsCOOH) on TiGQ(110. The latter comparison pro-
(z+1 effech. XAS has the advantage that it is available atvides additional insight into core hole effects, constituting an
many synchrotron beamlines and can therefore be applied ®xperimental investigation of the+ 1 effect.
the same samples as PES, which facilitates the comparison
of data from the two spectroscopies, as well as providing an Il EXPERIMENT
atom-specific probe. To exploit the full potential of the meth-
ods, it is useful to directly compare PES, which measures The PES and N 4 and C I XAS experiments were
electron kinetic energies, and XAS, which measures photoperformed at beamline 22/D1011 at MAX-Lab in Luttf!
energies necessary to excite core electrons to unoccupidihe complete experimental details, including the character-
levels. ization of the samples, are contained in Refs. (bi-

For molecules chemisorbed on metal surfaces it has bedsonicotinic acid, 12, and 13(isonicotinic acid and benzoic
shown that a common energy scale for both PES and XAS iacid).
readily established by referring the binding energy of the In short, the base pressure was in the low-fgTorr
core level relevant for XAS to the metal Fermi levédd). range in the preparation chamber and in the low*rorr
For these systems the onset of states in XAS corresponds tange in the analysis chamber. The J{@QLO) single crystals,
that particular energy? This result relies on the efficient purchased from Djehirdjian, Industrie de Pierre
charge transfer screening provided in these systems and th8gientifique, Monthey, Switzerland, and from MaTecK,
cannot readily be applied to adsorbates on semiconductingllich, Germany, were made conducting by annealing in
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FIG. 1. Combination of valence photoemission spe¢RES, °&eF',“S'§s'°n (S;Ag)'m

an x-ray absorption spectrufXAS), and a substrate band gap es-
timate for a monolayer of bi-isonicotinic acid adsorbed on rutile  FIG. 2. Schematic of the energetics of an adsorbate system on a
TiO,(110 to give an image of the electronic structure of the core-semiconductor surfacén the spirit of Ref. 2. The adsorbate is
excited adsorbate system. The spectra have been placed on a coassumed to retain its molecular character in spite of the substrate
mon energy scale; in addition, the photon energy scale of the x-ragoupling, and thus its energy levels are discrete, albeit often broad-
absorption spectrum has been given. ened by the bonding. The semiconductor continua are defined by
the hatched areas, while the gap is not patterned. Important in this
1x 1078 Torr O, at 700 °C. The substrate surface was thencontext is that the discrete molecular levels correspond to the core-
prepared by repeated cycles of Ar sputtering and annealing ixcited adsorbate system, while the substrate energy continua
1x 10 8 Torr O, at a temperature between 570 and 700 °C,should refer to quasiparticle states.
until no spectral signatures of C and O contaminations were
found. The chemicals were obtained from Sigma-Aldrichdensity of states matches that of the adsorbate. For semicon-
with a guaranteed purity of more than 99% and were thorductor systems this means that one has to be able to elucidate
oughly outgassed in vacuum before use. The molecules wetge relative positions of the band gap and adsorbate states. A
deposited onto the substrate from a thermal sublimator witfombination of PES, XAS, and knowledge of the quasiparti-
pressure and temperature monitors. By keeping the substraée band gap yields the desired parameters for a core-excited
at 200 °C it was achieved that either close to a monolayer ostate, as can be seen from Fig. 1 for bi-isonicotinic acid on
a full monolayer of adsorbates was formed. TiO,(110). The lowestsr resonance of the adsorbate lies ap-
The x-ray absorption spectra were measured in partigProximately 2.5 eV above the valence-band edge—i.e., an
yield mode employing detector biases 330 V (N 1s) estimated 0.6 eV below the substrate conduction-band edge,
and —220 V (C 1s), respectively. The C 4 x-ray absorp- Which has been placed 3.1 é¥he value for the optical band
tion spectrum had to be corrected for a highly varied backgap above the valence-band edge for rutile Ji@hus, any
ground, which in our case is mainly due to beamline-inducegharge transfer from this particular resonance is prevented
changes in the second-order light transmissfon. (within the core-hole lifetimgby the electronic mismatch of
The mon0|ayers that result from this procedure are Charadsorbate and substrate states. In contrast, the two hlgher
acterized by a 2M-bidentate-adsorbate—substrate bond b&esonances in the x-ray absorption spectrum overlap the sub-
tween each carboxylic group and two Ti atoms of the surstrate density of states and a rapid charge transfer is not only
face. The pyridine (isonicotinic acid, bipyridine (bi-  Possible, but also observéd.
isonicotinic acid, and phenyl(benzoic acidl rings stand Before further describing how the spectra obtgined from
uprrght on the surface with an approximate tilt ang|e of 25°the different teChniqueS and the substrate den5|ty of -States
(bi-isonicotinic acid (Ref. 7 and an estimated maximum tilt can be placed on a common energy scale, we would like to
angle of 40°(isonicotinic and benzoic acifi§Ref. 12. For ~ Start out with a consideration o_f the relationship between
the monomers adsorbate-adsorbate interactions are signifizray absorption and photoemission for the case of an adsor-

cant, as detailed in Refs. 12 and 13. bate on a semiconductor surface. The corresponding energet-
ics are presented in Fig. 2. As pointed out in the Introduction,
IIl. RESULTS AND DISCUSSION no spectral structure is in general connected to the chemical

potential for the case of systems with electronic gapsu-

In Fig. 1 the valence electronic structure of bi-isonicotiniclators and semiconductgrsTherefore it is more convenient
acid on TiG,(110) is illustrated. Bi-isonicotinic acid is a mol- to use the vacuum level as a reference for the photoemission
ecule that is important as a ligand in the “N3” dye employed spectra since it can be obtained routirffhe resulting elec-
for light absorption sensitization of oxide substratem or-  tron removal energies are often termed ionization potentials
der to understand the electron transfer from an excited adiPs), and their values are those of excitations in which the
sorbate molecule to the oxide substrate knowledge of thelectron is promoted from a core or valence level to the
valence electronic structure is imperative, since such a transracuum level. This is also the energy necessary to ionize the
fer on the fs time scale can proceed only if the substratsample, containindN electrons, to the ground state of the
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FIG. 3. lllustration of the fundamental calibration and alignment procedure used hgr&h@ionization potential of the core levels is
derived from the separation of the core level from the secondary electron cutoff. This energy has been taken to lie halfway up the cutoff
curve. (3) In the present case, the so-calibrated cibre level was used to determine the ionization potential of the other core (yel.
The photon energy in the x-ray absorption spectrum that numerically equals the value of the ionization potential corresponds to the vacuum
level. By setting it to zero and inverting the energy scale the x-ray absorption spectrum is placed on the same scale as the photoemission
spectra(c) Upper curve: combination of the monolayer valence photoemission and x-ray absorption spectra, aligned as described in the text.
Lower curve: the substrate density of states is taken into account by a valence photoemission spectrum of the cldappnysi@lately
7-46 eV ionization potentigland by an estimate of the location of the substrate conduction (agpdoximately—2—-6 eV).

system containing a vacancy in the particular orbital probe In Fig. 3 these concepts are now applied to bi-isonicotinic
and withN— 1 remaining electron® Now the x-ray absorp- acid on TiG(110 to show how the full picture of the va-
tion spectra can be placed on the same scale by the observance electronic structure presented in Fig. 1 emerges. The
tion that an excitation to the vacuum level in PES is alsodetermination of the ionization potentials follows the proce-
measured at a particular point in the x-ray absorption specdure outlined in Ref. 8 and is described again in the follow-
trum, with the photon energy given by the ionization poten-ing. It should be stressed that this procedure handles shifts
tial. The common scale is then established by identifying thgnat are connected with sample charghfg.

photon energy nominally equal to the corresponding core- |, panel (a) the secondary cutoff and the G level of a
level ionization potential, choosing this energy as the XASpi.isonicotinic  acid monolayer on rutile TiQLLO are

origin and inverting the relative energies. This corresponds tQ, 0" 5ne measured directly measured after the other with-
determining electron removal energies in XAS. In fact, any '

S -~ “out any intervening change in the experimental séfuthe
other photoemission reference levelich as the conduction 8[ystal was biased by 7.0 V to ensure that the low-kinetic-

band edge, the valence-band edge, or the Fermi edge, if a lect Id h th | Thus the Kineti
cessible is equally usable, as long as the relative energies ofNergy €lectrons would reach the analyzer. 1hus e kinetic

the valence and core levels are knoffihis can be appre- energies shown in Eig. 3 are shifteq to h_igher values. The
ciated by assuming that not the ionization potential, but d)hoton energy for this measurement is calibrated by measur-

somewhat higheflowen energy had been chosen as refer-INd the kinetic energy difference of a photoemission feature
ence. If the energies of the valence band are known relativéxcited with light in first and second order at the chosen
to the core level, a prerequisite in the procedure, these enefdonochromator setting. This, combined with the observed
gies are then moved to high@owen values. But also the Kinetic energy, enables one to determine the ionization po-
reference point of the x-ray absorption spectrum is changetﬁntiaL The scales for the ionization potentials of the other
by the new choice and corresponds to a higt@wer) pho-  core levels and the valence band are obtained either in the
ton energy, which moves the x-ray absorption spectrum feasame way or, as in the present case, by using the @sla
tures to lower(highen energies on the common scale. Thereferencqsee Fig. 3(8)].

relationship between XAS and PES is thus conserved. In panel(b), the N 1s absorption spectrum is given. First,
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FIG. 4. Experimental density of states for isonicotinic acid and benzoic acid oy(TiQ. (a) Isonicotinic acid. As for bi-isonicotinic
acid, the lowermostr resonance lies within the gap, approximately 0.4 eV further from the conduction-band edge than the comparable
resonance in bi-isonicotinic acith) Benzoic acid. For the calibration of the x-ray absorption spectrum, the ionization potential of the phenyl
ring C 1s level has been used. This procedure puts the peak ascribed g3« 1s— 3b; excitation at an ionization potential above the
conduction band edge. If the ionization potential of the carboxylicsdak is used for calibration instead, this peak is found below the
conduction band edge; cf. Fig. &) Sketch of the 8; and 1a, #=* orbitals of N 1s-excited gas phase isonicotinic acid cut above the nodal
plane (Ref. 30. These labels, which correspond to those for pyridine, are not strictly correct since the presencénohsyenmetrical
carboxylic group reduces the symmetry of isonicotinic acid with respect to pyridine. In the same way, these orbital labels are also used for
the discussion of benzoic acid.

the photon energy scale is calibrated. This is done in theedure has been used, for example, in Refs. 2 and 25, since it
same manner as just described, by measuring a photoemisarresponds to the measurement of energies of electron trav-
sion peak excited with first- and second-order light at areling states and is therefore more reliable than ground-state
energy relevant for the XAS. The extremely high linearity theoretical results when electron-electron interactions are siz-
and reproducibility of the monochromators in the presentable. However, the acquisition of an angle-integrated spec-
case then assures an accurate photon energy scale for tihem which represents the density of states sufficiently well
entire spectrum. The spectrum is then put onto the ionizatiois not always achievable, as in the present case.
potential scale as explained above. At this point it seems appropriate to give a comment on
The result is given in the uppermost curve of paieglin  the use of the vacuum level. Ishét al?® have called atten-
which the valence spectrum and the XAS were combined taion to the fact that the local vacuum level is generally dif-
show the adsorbate electronic structure. It has to be kept iferent from an idealized vacuum level at infinity because
mind that neither of these spectra correspond to the groundnost surfaces are terminated by a dipole layer. We would
state energies, but to the valence and core-excited ones, fike to stress that the method of obtaining the vacuum level
spectively. The shape of the former, however, often represented here indeed determines its local value. The poten-
sembles the ground-state density of states quite clgsely, tial of a dipole layer with a@macroscopic, i.e., substrate di-
e.g., Ref. 19 as in the present case. In order to achieve aametey extensionL, whereL is typically in the range of
comparison to the substrate density of states, a clean crystalillimeters, is essentially constant for observation distances
valence spectrum was measured and referenced to thieom the sample much smaller tifarL. Hence, e.g., quan-
vacuum level in the same way as described aliamg other  tum tunneling does not play a role for the photoexcitation
reference level would do as well, as discussed aboMee  threshold. This implies, by virtue of energy conservation,
lower curve in panelc) gives this spectrum. The Os2zand  that the secondary cutoff gives a measure of the local
Ti 3p levels at 27 eV and 42 eV, respectively, align very well vacuum level. The vacuum level at infinity is in general not
with those of the adsorbate spectrum. The unoccupied der measurable entity as spectrometer contact potentials influ-
sity of states has been included by giving an estimate for thence the position of the vacuum level relevant for the pho-
location of the conduction-band edge, which is determinedoelectron throughout its path to the deteéfoHowever,
by the size of the band gap which has been sét the  since the entire spectrum of an insulating sample shifts with
optical value?* the vacuum levelfor cases of uniform potentiglsthe en-
More sophisticated routes to a comparison of the adsorergy relationships determined using the local vacuum level
bate core-excited density of states to the substrate density afe the correct onés.
states comprise the inclusion of a substrate density-of-states Now we would like to turn to two more applications of
calculation(this alternative was chosen in Ref. 5 for the bi- the procedure described. This concerns the monolayers of
isonicotinic acid/TiQ(110 system or of a properly refer- isonicotinic acid and of benzoic aéition rutile TiO,(110);
enced IPES measurement of the bare crystal. The latter praf. Fig. 4. Isonicotinic acid is the monomer counterpart of
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bi-isonicotinic acid. Not unexpectedly, the electronic struc- Lol bt bilialsy Benzoic acid
ture of N 1s-excited isonicotinic acid resembles quite closely Cearoryl 16 = 304 on rutile
that of bi-isonicotinic acid, with the lowest unoccupied or- TiO2(110)
bital situated within the substrate banddganel(a)]. The

main difference is found for the higher unoccupied orbitals

that overlap the conduction band. A comparison with benzoic 9

acid excited at the ring carbok edge is now interesting, : |
since this, by virtue of theZ+1 approximation, can be \ \ TN

viewed as representative for the ground-state pyridine-

carboxylic acid monomeré&sonicotinic acid, nicotinic acid, .

and picolinic acid, all gH,NCOOH), although modified by \ \ [ 11O, substrate:

the presence of an additional hydrogen atom bonded to the TT T T T T TP TT P TTTTTTTTTTT cosr:glit?o:rba:d

excited C atom. In th&Z+1 approximation the atom on 4 2 1

which the core hole produced in the XAS resides is replaced Evac - E (eV)

with an atom that possesses an additional nuclear charge. , , ) ,

Such a description leads often to a quantitatively good de-, F!G- 5. Unoccupied density of states for benzoic acid for an

scription of the resonance energies in XA% The core- XAS f:ahbratlon which employs the ionization pote_ntlal of_ the car-

excited density of states of benzoic acid on JiCL0) is boxylic C 1s. The only peak shown_ is t_hat which is ascrlped toa

shown in panelb) of Fig. 4. It is seen that the lowest ab- Ccarboxyl 15— 3y excitation and which is found at approximately
. . . 1.7 eV ionization potential in Fig.(#).

sorption resonance now contains two spectral features wh|cjﬁ

can be attributed to thet3 and 1a, stated? [cf. Fig. 4(c)].

For symmetry reasons the latter is not visible in the &l 1

XAS of isonicotinic acid or, at least, only as a slight broad-

ening of the lowest resonance. From quantum chemical cal-

culations it is expected that the lowest unoccupied orbital o

isonicotinic acid overlaps the conduction band in the groun

state®® much as shown for bi-isonicotinic acil Within the

Z+1 approximation, this tendency is confirmed in Fig. 4

-o- N 15 XAS

tation from the carboxylic C 4 level to the lowest unoccu-

pied orbital (%,).%° The same resonance is shown in Fig. 5.
ere, however, the carboxylicslionization potential was

sed for the energy scaling which places the resonance in the

and gap. The position is actually closer in energy to that of
1s excited isonicotinic acid than for the phenyl G &x-

cited benzoic acid molecule. This illustrates that the core-

. ; X ole location has a direct impact on the electronic structure
which shows that the lowest resonance of benzoic acid at 4.4 .« axcited molecule and hence the size of the core exci-
eV lies approximately 1 eV closer to the vacuum level on n binding energs®
that energy sc_ale th?” the cor_respondlng Isonicotinic améo Resonant photoemission can be used for the determina-
resonance. This confirms experimentally that the location o{

the | K ied state of isonicotini id within th ion of whether an excited electron stays localized on the
€ lowest unoccupied state ot isonicotinic acid within the,, ;00 e during the core-hole lifetime or whether it is delo-
band gap is largely an excitonic effect—i.e., due to the inter

tion bet th hol d ited elect ‘calized into a continuum coupled to the adsori3atéthout
ac g)n he \]irveetn € col;e 0 %an ; eX(I:' ef electron. itai dwelling on the details of resonant photoemission we simply
uch etiects are observed not only for core eXCtalionSyyie that the occurrence of a resonant photoemission signal
but for optical valence excitations as wel.priori the rela-

tionship between valence excitons and core excitons on the T T TO TR T
same molecules is not clear. A comparison of the binding i Benzolc aoid / TI0s(110)
energies of corresponding core and valence excitons in aro- i1
matic compounds (§5, benzene, and pyridineshows that Ph

these are very simila¥. This indicates that the core-level id 4
techniques employed here should have some impact in the
interpretation of charge transfer in optically excited systems.
Care has to be taken, however, to ensure that the excited 1
states prepared with the different methods are comparable. B
The lowest excited state of “N3"(which contains bi- M i
isonicotinic acid as a ligand; see the Introducjiofor ex- H v
ample, is a metal-to-ligand charge transf®étLCT) state §

with no valence vacancy on the bi-isonicotinic acid ligdhd, d T
and thus any excitonic effect could be expected to be signifi- 284 26 288 200 202
cantly smaller in the organometallic system. Photon energy (eV)

An analysis of the benzoic acid spectrum in Figb)4 FIG. 6. Comparison of C 4 XAS and RPES for benzoic acid.
reiterates the importance of including the excitonic charactef, poth cases the spectra have been corrected for a highly varied
in any analysis of the absorption spectra. The ionization popjgher-order backgrountRef. 14. The strong resonant photoemis-
tential of the carboxylic C & orbital is about 4 eV larger sjon signals at 285 eV and 288 eV photon energy indicate strong
than that of the ring carbort$.The existence of two distinct ocalization of the excited electron to the adsorbate. An assignment
C 1s absorption edges manifests itself in the XAS peak abf the smaller peaks is not motivated, as the backgrd®ed. 14
1.7 eV in panel(b) of Fig. 4. It can be ascribed to an exci- easily induces smaller structures.

g,

A“‘A C1is RPES“
Baa, saaatag

C 1s XAS
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is a sign of full or partial localization during the core-hole adsorbate in comparison to the unoccupied states of the sub-
lifetime (see, e.g., Refs. 5 and ¥JA resonance within the strate. The procedure thus allows one to assess the electronic
substrate band gap efficiently prevents any transfer to thematching between adsorbate and substrate.

substrate on the femtosecond time scale, and thus a strong The alignment procedure has been applied to three cases:
resonant photoemission signal should be observed. Similarlpamely, bi-isonicotinic acid, isonicotinic acid, and benzoic
a resonance in close proximity to the band edge could stilacid adsorbed on rutile TiK0110). It has been seen that core-
show a relatively strong localizatidi.Based on the total excitonic effects play an important role in the exact energy
density of states shown in Fig(l¥), a resonant photoemis- relationships and that these effects depend on the location of
sion signal is expected for both the(,,; 1s—3b; and the  the core hole. Since similgvalence excitonic effects may
Ccarboxyl 15— 3b; excitations, which is in good agreem&ht occur in optically excited samplés,the techniques used
with the experimental observation in Fig. 6. Thus Fig. 6 is anhere can, when employed with care, also be used to gain
experimental corroboration of the assignment of the resoinformation on systems in whickvisible) light absorption
nance in Fig. 5. plays an important role.

IV. CONCLUSIONS
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