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The layer dependent evolution of the unoccupied electronic structure and electron dynamics at the naphthalene/
Ag(111) and the anthracene/Ag(111) interfaces have been investigated with femtosecond time and angle
resolved two photon photoemission. With the exception of the peaks observed for the naphthalene monolayer,
all excitations in the two photon photoemission spectra fit a hydrogenic progression, substantiating their
assignment as image potential states. The monolayer excitations for naphthalene cannot be assigned as either
image potential states or electron affinity (EA) levels, but rather as hybridized EA/image potential states. The
binding energies and lifetimes of the image potential states for naphthalene and anthracene exhibit two
significant differences that demonstrate the tremendous variation in the coupling between the image potential
and the EA levels of naphthalene and those of anthracene. First, the binding energies at the naphthalene/
Ag(111) interface exceed those of the anthracene/Ag(111) interface, even though anthracene has a larger EA
than naphthalene. Second, the 1.1 ps lifetime fomtke 1 image potential state for a bilayer of anthracene
exceeds tha = 1 lifetime for a bilayer of naphthalene by a factor of 30. Theoretical calculations demonstrate
that the transition from a near resonant to a nonresonant interaction between the image potential and the
adsorbate EA levels causes these significant variations in binding energies and lifetimes.

I. Introduction charge at a distance from the surface equal in magnitude, but
S o ) opposite in direction, from that of the electron. The resultant
Charge injection into and ejection out of molecular materials coylomb potential outside of the metal surface supports an
constitutes an essential step in the function of molecular jyfinjte series of hydrogenic states that converge to the vacuum
electronics. The chemically inert interfaces formed between gnergy, termed image potential states. The image potential and
linear aromatic semiconductors and noble metal electrodes havgpe probability density for they = 1 and then = 2 image
been _utilized _in_proto_type field effect transistors, injec_tion lasers, potential states appear in Figure 1a. The image potential binds
and light-emitting diodes® and provide a class of interface e electron just a few angstroms outside of the surface, making
with which to study the influence of interfacial electronic hem sensitive to variations in the interfacial electronic
structure on electron injection. The energetic position of the gt ctured-—13 The binding energy of image potential states can
organic semiconductor conduction band, or electron affinity e fit to a hydrogenic progression
(EA) level, with respect to the electrode Fermi level influences
device function by determining the height of the electron E.—— 0.85 eV (1)
injection barrier. Characterizing the interfacial electronic struc- B (n+ a)?
ture at the union of the organic semiconductor and the device
electrodes thus becomes essential to understanding electroivith the quantum defect parameteranging from 0 to 0.5 for
injection in organic electronics.” The present study utilizes ~ metal surfaces. States in the TPPE kinetic energy spectra that
femtosecond (fs) time and angle resolved two photon photo- can be fit to a hydrogenic progression can clearly be assigned
emission (TPPE) to study both the dynamics of heterogeneousas image potential states. An image potential also exists at the
electron transfer and the energetics of electron photoinjection interface between a metal and a dielectric, as shown in Figure
into the organic semiconductors anthracene and naphthalenelb. This image potential converges to the EA level, not the

physically adsorbed on a Ag(111) surface. vacuum energ¥Eya, and the dielectric screens the interaction
The electronic structure at an interface differs from that of Petween the image charge and the electron:

the bulk crystals, even in the absence of chemisorption, due to 1

the interfacial image potential. The image potential results from Ve=—7, EA ()

the interaction between an electron outside of a surface and the
surface polarization induced by the electron. The effect of the The dielectric constant in the denominator accounts for this
surface polarization can be represented as a positive imagedielectric screening.
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be fit to a hydrogenic progression. This clearly supports the
(a) assignment of all but the naphthalene monolayer excitations as
= image potential states. The spectrum for a monolayer of
.................. naphthalene on Cu(111) also fails to fit a hydrogenic progres-
sion!! The non-hydrogenic energies reflect the strong hybridiza-
tion of the image potential states with the EA levels of
naphthalene. Two other experimental observations warrant
emphasis. First, the binding energies of the peaks in the
naphthalene spectra exceed those for anthracene, even though
anthracene has a larger EA than naphthalene. Second,=he
1 image potential state lifetime for a bilayer of anthracene, 1.1
ps, exceeds the = 1 lifetime for a bilayer of naphthalene, 40
Vacuum fs, by a factor of 30. These results differ from those of an inverse
— . 2 photoelectron spectroscopy (IPS) study conducted by Frank et
-10 0 10 20 30 . ; : . i
al. on the interfacial unoccupied electronic states for a series of
Z (A) linear acenes, benzene through pentacene, adsorbed on a Ag-
b (111) surfacé8 In contrast to the present study, the peak binding
( ) energies increased with increasing adsorbate EA, leading to the
= assignment of all of the peaks as adsorbate EA |e¥els.
//_]_N“‘u"“‘*" The primary experimental trends seen in the present study
have been successfully accounted for with theoretical model
Zc - . . . L
h v calculatlpns. Dielectric continuum descrlpthns of aqlsprbate
app electronic structure have been successful in explaining the
influence of numerous adsorbates on image potential $f2&%.
— Vagpt+ Ve The dielectric continuum model, however, does not reproduce
Ep the experimental findings for naphthalene and anthracene on
Metal Dielectric Ag(111)2* An alternative description of the adsorbate electronic
L I structure, based on the two-band nearly free electron model,
=20 0 50 100 has successfully reproduced the primary experimental results.
z (A) Analysis of the calculation provides an explanation for experi-
. . - mental findings, as well as the failure of the dielectric continuum
Figure 1. (a) The image potential in a vacuum appears, as do the

electron probability densities for the first two image potential states. model. Briefly, the energetic position of the adsorbate conduc-

The abscissa corresponds to the distance from the metal surface, withfion band with respect to the energy of the image potential states
negative values of residing in the substrate and positive valuezof  at the layer/vacuum boundary determines the strength of their

residing in the layer or vacuum. The shaded regions represent theinteraction and dictates the binding energies and lifetimes of

valence and conduction bands for the Ag(111) surfade, at 0. (b) the electronic states observed with TPPE. The explanation
The screened image potenthl converges to the adsorbate electron appears schematically in Figure 2.

affinity EA. A linear potentiaMap,represents the bias potential applied
during organic LED operationz; represents the distance from the . .
surfage a% which the prliednzfcorcg cancels the image force in the Il. TPPE Experimental Technique

dielectric.z; separates the interfacial region from the bulk. Time- and angle-resolved TPPE excites electrons from

occupied metal bands to unoccupied interfacial states with a
pump pulse and photoemits the excited electrons with a probe
fpulse. Measuring the number of electrons detected as a function
of time delay between the arrival of the pump and probe pulses
at the interface determines the lifetime of the transient electronic
states populated with the pump pulse. The afigiependence

of the photoemitted electron’s kinetic enerfy,, determines

the electronic state’s effective mass parallel to the surface.

A nearly free electron state will possess a parabolic dispersion,

1 ' )
w N —

4

Energy (eV)

EA

The image potential in the dielectric directly influences
electron injection. While the screened image potential will
reduce the energy barrier to charge injection, the presence o
the image potential may not increase electron injection ef-
ficiency. If the bound states of the screened image potential
have binding energies greater than the Fermi en&rgyf the
metal electrode, electrons will be transferred from the electrode
into the dielectric. Bussac et al. have shown that this electron
transfer will result in a surface dipole layer that inhibits electron
injection® The image force also moves the maximum in the
potential away from the metal surface. Figure 1b shows the
screened image potential and a uniform applied potenfigh
such as those applied during organic LED operation. The point wherek, = «/ZmeEkm/hzsinH is the wave vector parallel to the
at which the applied force equals the image forgseparates interface,m is the free electron mass, aiif is the kinetic
the interfacial region from the bulk. Fer= 3 and an applied  energy for photoemission normal to the interface. This relation-
bias of Vapp = 1073 V/A, z. = 35 A For electron injection to  ship between the electronic state energy and wave végtor
occur, the electron must enter the dielectric and then migrate will be referred to as the state’s dispersion for the remainder of
tens of angstroms from the metal surface to reach the maximumthis article. A brief description of the time and momentum
in the potential. This can greatly reduce the injection effici- resolved TPPE experimental design will precede the detailed
ency#16 particularly for materials with low electron mobilities,  discussion of the experimental and theoretical results. An energy
such as semiconducting polyméfrs. resolution of roughly 30 meV results from the uncertainty in

For the numerous coverages of benz&heaphthalene, and  the electron time-of-flight and the energy width of the laser
anthracene adsorbed on Ag(111), only the peaks in the TPPEpulses. The instrument response function exhibits a Gaussian
kinetic energy spectrum for a monolayer of naphthalene cannotprofile with a full width at half-maximum of 100 fs. The

Egn = Eo + Rk, Z/2m (3)
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Figure 2. Schematic representation of the influence of naphthalene and anthracene adsorptiom entheage potential state. The abscissa
corresponds to the distance from the metal surface, with negative valaessifling in the substrate and positive valueg oésiding in the layer

or vacuum. The shaded regions represent the allowed energy levels in the substrate and the overlayer. The unshaded regions represent the energeti
gaps between allowed energies, termed band gaps. (ay) #hé electron density is shown at the hydrogenic binding energy@B85~eV. For

naphthalene, the = 1 image potential state is degenerate with the first EA level. This results in ararge electron density in the naphthalene

bilayer and am = 1 lifetime similar to that of the clean surface. (b) Tihhe= 1 electron density at the hydrogenic binding energy-6t85~eV

appears. For anthracene, the= 1 image potential state coincides with the band gap between the first and second EA levels. This weak interaction
excludes the = 1 electron from the anthracene bilayer and results in =l lifetime significantly longer than that of the clean surface. Calculated

wave functions appear in Figure 9.

experimental dynamics can be simulated by convolving the
measured instrument function with an exponential decay. Least-
squares fitting of the experimental dynamics with the simulated
dynamics results in the reported decay constants. The anthracene
and naphthalene crystals possess sufficient vapor pressure to
be introduced into the ultrahigh vacuum chamber via a leak
valve. Sample preparation involves sputtering and annealing
cycles, with the cleanliness of the surface monitored by TPPE
and Auger electron spectroscopy (AES). Surface characterization
is achieved with low energy electron diffraction (LEED), AES,
and TPPE. More detailed descriptions of the experimental
apparatus can be found in previous review.
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Ill. Naphthalene and Anthracene Layer Growth and (b)
Work Function Determination

The adsorption of naphthalene and anthracene on Ag(111) 1L n=1
has been investigated with multiple techniques, and many
aspects of aromatic layer growth on the Ag(111) surface have L n=1 = n=3

been determined. Naphthalene and anthracene physisorb with
the plane of the molecule parallel to the Ag(111) surf&e@. L L L L 1
. ) : ; -1.0 -08 -06 -04 -02 0

LEED studies confirm that adsorption results in ordered Binding Energy (eV)
monolayers82223 The multilayer coverages also result in
ordered crystal structures as determined by LEED. Changes inFigure 3. Photoelectron kinetic energy spectra for naphthalene (a) and
coverage result in changes in the image potential state bindingaqthracene (b). SPeICtra labeled |, I”' and g.' rde_fer to mono-, bi-, and
energies, as shown in Figure 3. For intermediate coverages, thet[(g?l/:rlcoverages. mage potential state binding energies appear in
TPPE photoelectron kinetic energy spectra will possess two '
hydrogenic series of states, one corresponding to the lowerelectronic states in the TPPE kinetic energy spectra. This was
coverage and the other to the higher coverage. For the growthachieved with two approaches. The first involves fitting the
of naphthalene and anthracene, image potential state signal fromimage potential state energy separations to a quantum defect
the new layer coincided increases while the image potential stateparametera, whereE = —0.85/(1 + a)? eV. The extent by
signal from the old coverage decreases, confirming the layer which the binding energies so obtained differ from the predicted
by layer growth mechanisit:2> LEED analysis confirms the  values gives the change in work function. This method could
accuracy of the TPPE determined coverage. Annealing of the not be applied to the naphthalene monolayer because the binding
mono-, bi-, and trilayer of naphthalene occurred at 180, 130, energies do not fit a hydrogenic series. The second method
and 110 K, while the corresponding temperatures for the involves determining the photoemission kinetic energy width
anthracene mono- and bilayers are 175 and 140 K. for an accelerating voltage bias between the sample and the

Physisorption modifies the surface dipole, resulting in a work detector so that both a high and a low energy cut off are present
function change. This change in work function must be in the kinetic energy spectd.The cumulative changes in the
measured to determine the binding energy of the transientwork function for a mono-, a bi-, and a trilayer of naphthalene
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TABLE 1: Experimental and Calculated Image Potential
State Binding Energies (eV)

n=1 n=2 n=3
exptl calcd exptl caled exptl calcd

naphthalene

monolayer —0.96 -0.94 -0.22 -0.23 -0.14 -0.11
bilayer -0.74 -0.73 —-0.20 -0.17 -0.09 -0.11
trilayer -0.62 -0.64 -0.18 -0.16

anthracene

monolayer —0.70 -0.68 -0.19 -0.20 -0.09 -0.10
bilayer —-0.52 -0.53 -0.16 -0.17

interaction time between the electron and the anthracene layer
- o g for dynamic localization of then = 1 image potential state
400 electron?” The 1.1 ps decay constant for the bilayer refers to
the lifetime of the localized state.

In addition to monitoring excited-state lifetimes, the layer
dependent electronic structure can be measured with angle
resolved TPPE. Figure 3a shows the kinetic energy spectra for
naphthalene physisorbed on Ag(111), while Table 1 contains
the measured binding energies. Adsorption of a monolayer of
naphthalene increases the binding energy of the most bound
o excitation in the TPPE spectra from0.77 eV for the clean
100 200 300 Ag(111) surface to—0.96 eV, due to the strong coupling
between the adsorbate first EA level and the= 1 image
potential state. The enhanced signal for the second and third
excitations relative to the first peak in the naphthalene monolayer
spectrum suggests that= 2 andn = 3 interact strongly with

- —G—n.g g | the adsorbate second EA level. While a series of three peaks

0" 1000 2000 3900 4000 5000 6000 occur for the naphthalene monolayer, they do not fit an image
Time (fS) potential state progression. The energy spacing between the first
Figure 4. The population dynamics of tie= 1 image potential state WO excitations in the naphthalene monolayer, 0.74 eV, closely
for mono- and bilayer naphthalene (a) and anthracene (b). The ( resembles the 0.71 eV energy spacing between the first two
refer to the monolayer data points and thg o the bilayer data points. EA levels for gas-phase naphthaléélhese results indicate
The fits to the experimental data appgar as solid lines, while the daShedthat the excitations result from strong Coupling between the
line represents the instrument function. The data clearly shows the image potential states and EA levels and cannot be classified

similar n = 1 dynamics for mono- and bilayer naphthalene, as well as . . o
the tremendous increase im= 1 lifetime upon the adsorption of a as simply one or the other. While the excitations for the

second layer of anthracene. The inset in (b) shows the anthracene’@Phthalene monolayer do not correspond to image potential
monolayem = 1 dynamics along with the instrument function. Image ~ States, they will be referenced by the quantum number
potential state lifetimes appear in Table 2. throughout the remainder of this article for convenience.
Adsorption of a second and then a third naphthalene layer result
in reduced binding energies for all the excitations, as shown in
are —0.62+ 0.07,-0.72+ 0.02, and—0.75+ 0.02 eV. The Table 1. The peaks observed for the bi- and the trilayer of
corresponding changes for anthraceneﬂ@eﬁgi 0.02ev for naphthalene do fit an image potential state progression. This
the r_nonolaye_r and-0.74+ 0.02 eV for the bilayer. Al C'ted_ indicates that the strongest interaction between the adsorbate
binding energies refle_ct the results of quantum defect determlnedEA levels and the interfacial image potential states occurs for
changes in work funct|on,_e>_<cept for the nqphthalene monolayer. the monolayer. A TPPE study of the naphthalene/Cu(111)
Frank et al. measured similar work function changes-6f5 interface observed similar trends fin= 1 binding energiest
+ 0.1 eV for both naphthalene and anthrac&he. - i
The kinetic energy spectra for a mono- and a bilayer of
. . . anthracene adsorbed on Ag(111) appear in Figure 3b. The
Il\\l/épi):r?g?ednes'[::ﬁj EAlﬁfr::gzg:nthJ dcég:ﬁe%ngang?ﬂf)s for adsorption of a monolayer of anthracene decreases the binding
energy ofn = 1 from —0.77 eV for clean Ag(111) t6-0.70
Then = 1 dynamics for mono- and bilayers of naphthalene eV. This should be contrasted with naphthalene and benzene,
and anthracene appear in Figure 4, while Table 2 contains thewhere then = 1 state has binding energies-60.96 and—0.84
measured decay constants. The lifetimes of the excited state€V.1° Adsorption of the anthracene bilayer results in further
at the naphthalene/Ag(111) interface slowly increase with both reduction in the image potential state binding energies. The
the quantum numben and the layer thickness. While the series of peaks for the monolayer and the bilayer fit hydrogenic
lifetimes do increase with, they exhibit a less pronounced progressions. While anthracene has a larger first EA level than
dependence that the® increase in lifetime found for metal  either benzene or naphthalene, the peaks at the anthracene/Ag-
surface$® The gradual increase in lifetime with naphthalene (111) interface have the smallest binding energies.
coverage resembles neither the results for anthracene nor those The two-dimensional band structure parallel to the interface
for benzené? The multilayem = 1 lifetime does not vary from  for excited electronic states can be determined with angle
2 to 5 layers of benzene, while time= 1 lifetime for a bilayer resolved TPPE. For the majority of interfaces, image potential
of anthracene exceeds that of a monolayer by a factor of 60. states have wide band, nearly free electron dispersSicis.
The comparatively long = 1 lifetime provides the necessary zero time delay between the pump and probe pulses, all
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Figure 6. Comparison of the IPS and TPPE experimental binding
energies®!8 The results for benzene, naphthalene, and anthracene
i (b) appear from left to right. The<X) correspond to the IPS results for
2—3 adsorbate layers and the vertical lines represent the uncertainty
of these measurements. The figure also shows the TPPE results for
adsorbate bilayers. Th®] represent the = 1 binding energies and
the () represent tha = 2 binding energies. While the two techniques
produce similar results for benzene and naphthalene, the IPS and TPPE
results for anthracene differ significantly.
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ate treatment of the adsorbate layer electronic structure. While

the dielectric continuum model effectively represents for the
influence of an adsorbate with a single attractive EA level, such
as Xe and benzene, the model cannot account for the presence
. . . of two attractive EA levels separated by a band #&3:20.21
0.04 0.08 0'121 0.16 0.20 Anthracene and naphthalene, which both have two attractive
k” (A ) EA levels, require a more sophisticated treatment of the layer
. . . L . electronic structure. The present study uses the two-band NFE
Figure 5. The dispersion of thex = 1 image potential states for -
naphthalene (a) and anthracene (b). Dispersions labeled I, II, and IlI mode_l for the Iaye_r electronic _stru_cture. The band Stru_ctures
refer to monolayer, bilayer, and trilayer coverages. The measured ~ USed in the calculations appear in Figure 7. Recent experimental
1 m*/me are 0.8+ 0.1, 1.3+ 0.2, and 1.2+ 0.2 for a mono-, bi-, and studies of carrier dynamics in the linear acene crystals of
a trilayer of naphthalene and 0490.1 and 1.0t 0.1 for a monolayer anthracene, tetracene, and pentacene confirm the nearly free
and a bilayer of anthracene. The measured 2 n*/me are 1.2+ 0.2 electron band structure of these materfls.
and 1.0+ 0.1 for mono- and bilayer naphthalene and £®.1 for In the two-band NFE model, the influence of the ion core
monolayer anthracene. potential on the free electron is treated as a first-order perturba-
tion. The perturbatioVy equals one-half of the band gap at the
excitations for both naphthalene and anthracene exhibit nearlyBrillouin zone boundary. Solving the following secular equation
free electrorm* (see Figure 5). For naphthalene, the= 1 m* gives the electron energieswith respect to the first EA level
increases upon the adsorption of the second layer, whila the of the adsorbate:
= 1 binding energy decreases. This indicates that the interaction

1.2

of the perpendicular and parallel components ofithe 1 wave (R12m¥) K% — € Vy —0
function with th_e quorbate layer need not exhibit the same layer v, (722m)(k — g)? — e ()
dependent variation. The smaller deviation of thiefrom me
for anthracene indicates a weaker interaction between 1 with k being the wave vector anglbeing a reciprocal lattice
and the layer, fully consistent with the observed lifetimes and yector. The resultant wave function for a state degenerate with
binding energies. the band gap consists of exponentially damped evanescent wave,
A comparison of the IPS results of Frank et al. and the TPPE
results of Gaffney et al. appear in Figuré®e8 For benzene, v. = e¥cospz+ 9) (5)
C

naphthalene, and anthracene, peaks with similar binding energies

are ass_igned as EA levels in the.I.PS study and image potential,; i, the realp and imaginaryg parts of the wave vector being
states in the TPPE study. Additionally, the IPS spectra for yetermined by the energy of the state. For states degenerate
anthracene contains a peak clearly absent from the TPPE spectr i, an adsorbate band,= 0, and the wave function consists

Whgthgr the different assignmgnt_s correctly reflect differe_nt of an undamped plane wave. The symmetry and orientation of
excitations remains unclear at this time. The absence of the f'rStthe molecular orbitals out of which the bands form determines

EA level in the TPPE spectra appears to indicate that the two

) - the phased of the wave function. The lack of information
techniques need not observe the same excitatfons.

regarding the molecular orientation for multilayer naphthalene
and anthracene makes a priori determination the wave function
phase impossible. Instead, the calculation uses the wave function
phase in the layer to match the amplitude and first derivative

Meaningful theoretical calculation of interfacial unoccupied of the layer wave function to that of the wave function in the
electronic structure and electron dynamics requires an appropri-substrate.

V. Theoretical Modeling of the Naphthalene/Ag(111) and
Anthracene/Ag(111) Interfaces
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TABLE 2: Experimental and Calculated Image Potential

(a) State Lifetimes (fs)
1.0t n=1 n=2 n=3
exptl calcd exptl calcd exptl calcd

057 naphthalene

monolayer O+ 10 25 30+£10 125 70+£10 90

bilayer 40+ 10 32 80+10 280 120t20 90

0 trilayer 60+ 10 44 100+ 30 440
anthracene

monolayer 20t 10 100 49+4 220 110+£10 230

-0.5 bilayer 1100+ 200 1000

___/ of —1.0 and—0.2 eV for naphthalene and1.5 and—0.2 eV

. , _ . ) for anthracené83536 While the position of the first band
minimum can be assigned independently of all other parameters,
0.05 0.15 0.25 0.35 045 the position of the second band minimum depends on the band
(b) m* and the band gap width. The model uses of 1.5m; for
naphthalene and 1.6 for anthracene, consistent with the
experimental findings of S¢émoet al.2% and band gap widths
05} of 0.5 eV for naphthalene and 1.3 eV for anthracene. These
parameters result in a first bandwidth of 0.37 eV for naphthalene
0} and 0.17 eV for anthracene, as can be seen in Figure 7.
Before discussing the results a few details of the numerical
05} calculations should be mentioned. The calculation of the
unoccupied interfacial electronic structure for naphthalene and
10t anthracene adsorbed on Ag(111) involves partitioning of the
potential energy and wave function into three distinct regions
-15 — corresponding to the substrate, the overlayer, and the vacuum.
, . \ . The calculation uses a two-band NFE model for the substrate,
0.1 02 03 0.4 which has been shown to effectively represent the effect of the
k| ( A—l) Ag band structure on the interfacial electronic sté?é$z37The
slope and amplitude of the wave function solution in the
Figure 7. The conduction band structure for naphthalene (a) and substrate and overlayer must be matched at their interface. The
anthracene (b). The Figure depicts the two-band nearly free electrongjope and amplitude of the wave function at the layer vacuum
band structure of the first two unoccupied conduction bands of boundary are propagated numerically through the image po-
naphthalene and anthracene used in the theoretical calculations. Secno'f'ential in the vacuum?38 The numerical propagation uses a

V discusses the selection of the relevant parameters. - . f .
P fourth and fifth order RungeKutta integrator with adaptive

As demonstrated by the preceding, the construction of the step sizes. The trial solutions are evaluated over a range of

overlayer band structure depends critically on the selection of energies to identify so!utions for which th? wave funqtiorl
the parameters for the two-band NFE model. Significant vanishes by 150 A outside the layer. To avoid a singularity in

parameters include the layer crystallographic consarthe the poter)tial at the Iayer/vacgum boundary, the potential in the
band minima (EA)*, and gap (%;). Literature values for the vacuum is cut off 1.3 A outside the layer for naphthalene and

overlayer lattice constants and the molecular orientations within 2.3 A for anthraqene. These vglues give thg b,eSt agreement
the crystal unit cell do not exist for thin layers of naphthalene Petween calculation and experiment. The lifetime of image
and anthracene adsorbed on Ag(111). No theoretical value existdCtential states have been shown to be proportional to the
for the distance between adsorbed naphthalene or anthraceng@iculated electrpn _denS|ty of the wave function in the metal .
and the Ag(111) surface, but the similar adsorbate orientation | N c@lculated lifetimes reported in Table 2 reflect the empiri-
of benzene, naphthalene, and anthratemekes the theoretical ~ Cally determined lifetime of excited electrons in Ayscaled
value of 2.4 A for benzene on Ag(111) a reasonable estifdate. PY the electron probability density in the substréte.

Less information exists for the multilayer thickness, so an
average of the anisotropic nearest neighbor distance in the
molecular crystal, 7.5 A for naphthalene and 8.5 A for
anthracene, provides a reasonable estiffatde lattice con-
stant,a, in the direction normal to the surface determines the  Tables 1 and 2 present the experimental and theoretical results
Brillouin zone boundaryr/a. The present calculation uses the for image potential states at the naphthalene/Ag(111) and the
multilayer lattice constant foa, a choice that will increase in  anthracene/Ag(111) interfaces. The model successfully repro-
accuracy as the layer thickness increases. The calculation utilizedduces the layer dependent trends in binding energies and
dielectric constants of 3 for naphthalene and 4 for anthra- lifetimes for both naphthalene and anthracene, as shown in

—_
o

Binding Energy
5

VI. Theoretical Results and Comparison to Experiment
for the Naphthalene/Ag(111) and Anthracene/Ag(111)
Interfaces

cene3334 Figure 8. Two results of the binding energy calculations should
The aromatic molecular crystal literature assists in the be emphasized. First, the model effectively accounts for both
determination of the band minima and band gap wiétlgilinsh the transition from the hybridized states of the naphthalene

and Gipek provide a phenomenological method for calculating monolayer to the image potential states of the naphthalene bi-
the crystal EA levels from the gas-phase electron affinity levels and trilayers. Second, it reproduces smaler= 1 binding

and the electronic polarizability of the crystalThe present energies for anthracene than for naphthalene, despite the larger
calculations use the slightly modified values for the band minima EA of anthracene. The model reproduces the layer and adsorbate
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Figure 8. Comparison between the calculated and measnoredl
binding energies (a) and lifetimes (b) as a function of layer thickness.
The (©) correspond to anthracene and tiig) (o naphthalene. The
theoretical calculations successfully reproduce the layer dependent
trends inn = 1 image potential state binding energies and lifetimes

for both naphthalene and anthracene. I
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dependent trends in = 1 lifetimes. It also reproduces the (A)
gradual layer dependent increase in= 1 lifetime for Z

naphthalene and the dramatic layer dependent increaseiin the Figure 9. The calculatesh = 1 image potential state probability density
= 1 lifetime for anthracene. The calculated lifetimes for the for naphthalene (a) and anthracene (b). The abscissa corresponds to
higher image potential states vary more strongly from experi- the distance from the metal surface, with negative valueszobsiding
ment than those fon = 1. The model also predicts quantum inthe sqbstrat_e anpl positive valuezoésiding in the I_ayer or vacuum.
well formation for n = 3, a prediction unsubstantiated by The solid ve_rtlcal_llne refers to the substrate/laye_r interface, while the
. ! dashed vertical line refers to the layer/vacuum interface. Tke 1

experiment. energies for naphthalene reside in the first conduction band of the layer

The significant variations in image potential state binding and result in largen = 1 electron densities in both the layer and
energies and lifetimes for benzene, naphthalene, and anthracensubstrate. The wave vector of the wave function in the naphthalene
layers reflect the variations in the unoccupied electronic layer determines the distance between the nodes in the layen Fhe
structures of the aromatic molecules. The conduction bands of1 energies for anthracene reside in the layer band gap and result in
naphthalene and anthracene, pictured in Figure 7, dictate thesmalln = 1 electron densities in both the layer and substrate.
strength of the interaction between the image potential states
and the adsorbate EA levels. For image potential statesresults found for the anthracene/Ag(111) interf&e€ Hexaflu-
degenerate with the first naphthalene conduction band, theorobenzene has an attractive EA level at 1.3 eV, derived from
resultant wave function will have a large electron density in the C-F ¢" orbitals, and an attractive EA level at about 0.6
the layer and the substrate. This can be seen in the calculatecV, derived from the €C 7" orbitals. Unlike anthracene, a
n = 1 wave functions for the naphthalene/Ag(111) interface series of states do appear with larger than hydrogenic binding
shown in Figure 9a. For image potential states degenerate withenergies, as expected for the dielectric continuum model. The
the layer band gap, such as= 1 for anthracene, the wave short excited-state lifetimes indicate that these states reside in
function will be exponentially damped in the layer. This results the hexafluorobenzene layer. Dielectric continuum model
in a small electron density in the layer and the substrate as showrcalculations support the assignment of these states as image
in Figure 9(b). The experimental= 1 lifetimes for naphthalene  potential states trapped in the screened image potential in the
dictate thah = 1 image states with binding energies froer.96 hexafluorobenzene layer, consistent with the experimental and
to —0.62 eV be degenerate with the first naphthalene conductiontheoretical results for the benzene/Ag(111) interface. The
band. Without a relatively large conduction bandwidth, the different results seen for anthracene and hexafluorobenzene may
calculation would not be able to reproduce the short lifetimes reflect hexafluorobenzene’s smaller energy gap. The first two
observed for multilayer naphthalene. EA levels of hexafluorobenzene should be about 0.7 eV apart,

The findings of a TPPE investigation of the hexafluoroben- roughly 0.5 eV closer than the first two EA levels of anthracene.
zene/Cu(11l) interface provide an interesting contrast to the The closer proximity of the hexafluorobenzene EA levels may
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result in band overlap between the first two EA levels, while the cross section for exciting adsorbate EA lev@Is.potential
anthracene will have a band gap. means of studying the influence of electronic coupling between
As mentioned previously, the calculated lifetimes presented the adsorbate and the substrate would be extending the study
in Table 2 result from the calculated electron density in the to more reactive metal substrates on which aromatic molecules
substrate and do not account for image potential state decaychemisorb. The interface that would result from chemisorption
into the unoccupied electronic states of the layer. The theory to a low work function metal such as aluminum would more
results in calculated lifetimes shorter than the experimental closely resemble the working interfaces in organic LEDs and
lifetimes for anthracene, even though the model does not includeprovide a system with which to study the influence of strong
electron decay into the layer. This suggests a weak interaction€lectronic interaction on charge injection into molecular elec-
between the image potential states and the EA levels of tronic materials.
anthracene, where the presence of an unoccupied EA level in These experimental and theoretical findings lead to two
the layer has been confirmed by 1855, conjectures regarding electron injection at organic semiconduc-
tor-metal interfaces. First, the likelihood of photoinjection
increases when the organic semiconductor EA levels couple
VII. Conclusions strongly to the image potential. For anthracene, no electron
injection occurs as only image potential states weakly coupled
dtso the adsorbate conduction bands appear in the kinetic energy
pectra. For naphthalene, strong coupling of the first conduction
and to the image potential results in the excitation of electrons
om the metal into the organic semiconductor. Second, the

The layer dependent evolution of the naphthalene/Ag(111)
and the anthracene/Ag(111) unoccupied electronic structure an
electron dynamics have been investigated with time and angleb
resolved TPPE. With the exception of the peaks observed forfr

]E!:e r;]a%hthalene monolayer, all gxtcna;'tlcips ':‘hthe TPPE Spe(t:'[rapresent article has demonstrated the inability of the dielectric
It a hydrogenic progression, substantialing teir assignment asg, i, ym model to explain electron photoinjection into thin

image potential stat_es. The m_onola_yer exmtanons for naphtha‘films of naphthalene and anthracene. Whether similar limitations
lene cannot be assigned as either image potential states or EAxist for continuum model descriptions of thermal electron

Igve[s, but rather as h)'/bn.dlzed EAllmage potentla! states. The injection has yet to be determinédt-16
binding energies and lifetimes of the image potential states for

naphthalene and anthracene exhibit two significant differences Acknowledgment. This work was supported by the Director
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