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a b s t r a c t

Diamondoids are nanometer-sized, hydrogen terminated diamond-like molecules consisting of fused
adamantane units. The thiolated diamondoid [121]tetramantane-6-thiol shows negative electron affinity
behavior, i.e. population of unoccupied states directly leads to spontaneous electron emission. We pres-
ent time-resolved photoemission data from self-assembled monolayers of [121]tetramantane-6-thiol in
order to shed light on the emission process: A photon energy threshold for electron emission of 5.6–
5.8 eV was observed, and the electron affinity was estimated to be �0.21 to �0.57 eV for Ag and Au sub-
strates, respectively. Electrons are emitted after excitation in the metal substrate through the molecular
orbitals within a few femtoseconds.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Molecular layers on surfaces are one of the most promising
routes toward the miniaturization of devices to nanometer dimen-
sions [1]. Diamondoid molecules are potential candidates for a
large variety of applications, where functionalized nanometer-
sized building blocks are required [2]. While it is known since
1933 that diamondoids occur with small abundance in crude oil
[3], the interest in diamondoids was fueled only recently by the
successful isolation of larger amounts of higher diamondoids from
natural gas condensates [4] and their facile C–H-bond functionali-
zation [5]. Diamondoids constitute a quite special class of alkanes
because they display the cubic diamond carbon framework and be-
cause of their peculiar properties. Starting from the smallest dia-
mondoid, adamantane, with the formula C10H16, the next higher
diamondoids can be constructed by adding C4 alkyl units, at least
up to hexamantanes, from where on cyclic diamondoids can be
constructed in several ways from lower diamondoids [6]. The first
member of the series of higher diamondoids is tetramantane,
C22H28, which is the first diamondoid that exists in isomeric forms.
ll rights reserved.
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It can be synthesized [7], but can be isolated in sizable amounts
only from crude oil [4].

Due to the negative electron affinity (NEA) behavior of hydro-
gen-terminated bulk diamond [8–12] and nano-structured dia-
mond grown by chemical vapor deposition [13,14] it was
anticipated that this might be the case for diamondoid thin films
as well [15]. Monolayer films can be prepared on noble metal sur-
faces by replacing hydrogen by a thiol group using the latter as a
linker to the metallic substrate [16]. In this way, molecular layers
can be produced in excellent quality on Ag(111) and Au(111)
surfaces in solution due to self-assembly, necessitating only
minor follow-up treatment inside the vacuum system [17,18].
[121]tetramantane corresponds to the elongated C2h-isomer,
whose structure corresponds to four diamond cages aligned along
the bulk diamond [100]-direction (see Fig. 1). According to X-ray
absorption measurements, the [121]tetramantane-6-thiol mole-
cules adsorb in upright orientation on the surfaces, the sulfur-car-
bon bond including an angle of about 30� with the surface normal
[17]. From such self-assembled monolayers (SAM) of [121]tetr-
amantane-6-thiol, NEA behavior was demonstrated by means of
photoemission experiments at a synchrotron light source [18,19].

Molecules of [121]tetramantane in flat arrangement on gold
have been investigated by scanning tunneling microscopy and
spectroscopy [20], and the results were compared with density
functional computations [20–22]. From these measurements and
computations, the energy gap between the highest occupied and
the lowest unoccupied molecular orbitals (HOMO and LUMO,
respectively) of tetramantane was estimated to be much larger
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Fig. 1. Molecular orbitals of [121]tetramantane-6-thiol. Ball-and-sticks model of
the [121]tetramantane-6-thiol-molecule terminated by hydrogen (left panel) and
highest occupied (center panel, HOMO) and lowest unoccupied (right panel, LUMO)
molecular orbitals. The atom positions are superimposed for the sake of clarity.
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than 5 eV and the electron affinity to be about �0.3 eV, in agree-
ment with previous density functional and quantum Monte Carlo
computations [15]. These findings suggest that NEA is an intrinsic
property of diamondoid molecules. However, relevant properties
like the energy gap of diamondoids, the electronic states involved
in the excitation, as well as the properties at low photon frequen-
cies, which would be important for applications, could not be fully
resolved.

In order to elucidate the properties and excitation mechanisms
of these molecular layers, we carried out time-resolved photoemis-
sion experiments on layers of [121]tetramantane-6-thiol deposited
from solution onto the noble metal surfaces Ag(111) and Au(111).
2. Experiment

The [121]tetramantane powder had been obtained by isolation
from natural gas condensates and subsequent purification by li-
quid chromatography [4]. The diamondoid was monohydroxylated
[23] and thiolated to yield [121]tetramantane-6-thiol [16].
[121]Tetramantane-6-thiol was deposited according to the recipe
given in Ref. [18]. Briefly, after careful in situ preparation of the
Ag(111) and Au(111) surfaces using standard routines of Ar–ion
sputtering and annealing, the sample surfaces were immersed ex
situ into 1–10 mM [121]tetramantane-6-thiol solution for about
24 h in a closed vial. After deposition, the samples were removed
from the solution, rinsed with ethanol, dried with nitrogen and in-
serted into the load lock of the vacuum system within one minute.
The surfaces were found to be stable over a few days in vacuum at
a base pressure in the 10�11 mbar range. By means of X-ray photo-
electron spectroscopy the coverage and the binding energy of the
sulfur 2p3/2 core level were checked. The latter exhibits the typical
chemical shift of an intact thiol bond between a metal substrate
and an organic molecule [17,24]. The saturation coverage as mea-
sured by X-ray photoemission, and referred to hereafter as mono-
layer, was 1 molecule per 3.2 ± 0.24 Ag atoms, which is compatible
with the well-known saturation
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thiol compounds in high-density packing on noble metal surfaces
[25,26].

The sample stability was checked by exposing the samples
repeatedly to intense radiation from the laser over long periods
of time and by taking spectra between two subsequent intervals.
Surprisingly, it was found that the sample quality, as characterized
by the strength of the NEA peak, was improved. The efficiency of
this optical annealing saturates when the integrated charge
reaches a value corresponding to a few thousand electrons per
molecule.
The photoemission setup consists of a laser oscillator providing
55 fs pulses with a central wavelength of 800 nm [27], a regenera-
tive amplifier (repetition rate 100–250 kHz), and a widely tunable
optical parametric amplifier [28]. From cross-correlation experi-
ments, pulse widths of 94 and 105 fs are inferred for fundamental
and second harmonic light at the sample position, respectively. The
light was p-polarized with an angle of incidence of 30� with respect
to the surface normal. The photoelectron spectra were acquired
using a modified VG ESCALab system [29]. In order to avoid the
low transmission of the electron analyzer at very low kinetic ener-
gies, the sample was biased to �10 V. The total photoelectron yield
was measured as drain current to ground by means of a Keithley
485 pico-ammeter. All data were taken at room temperature.
3. DFT computations

In order to determine the orbitals spanning the energy gap in
the case of the thiolated compound, we performed density
functional computations using the GAUSSIAN 03 program suite as de-
scribed in Ref. [22]. The B3PW91 exchange–correlation functionals
and the cc-pVDZ basis set were used. The shapes of the HOMO and
LUMO are presented in Fig. 1 next to a ball-and-sticks model of the
molecule. The charge density of both states is located at the sulfur
atom in contrast to HOMO and LUMO of the bare diamondoid [22].
For the energy gaps, we obtain 6.9 eV for the HOMO–LUMO gap of
[121]tetramantane-6-thiol in gas phase and 8.14 eV for the energy
gap between HOMO � 1 and LUMO + 1, which is close to the value
of the true HOMO–LUMO gap of the bare diamondoid. We want to
point out that these values are likely to be changed by absorption
onto the substrate [22] or in a high-density package, as in a crystal
(see discussion in Ref. [30]).
4. Negative electron affinity

Photoemission spectra taken from a tetramantane-SAM on
Ag(111) are presented in Fig. 2a and compared to a spectrum from
pristine Ag(111). Furthermore, two-photon-photoemission (2PPE)
spectra taken with 3 eV photons are shown in Fig. 2b. Common to
all these spectra taken from the tetramantane-SAM sample is the
sharp and strong peak at 4.43 eV at the low-energy cut-off of the
spectra, with a full-width-at-half-maximum (FWHM) of 0.15 eV
in the 2PPE spectra. The peak position and the peak width scatter
between different sample preparations by about ±0.1 eV and
±0.015 eV, respectively.

It is interpreted as emission from the LUMO, which is located
above the vacuum level, the tetramantane-SAM thereby acting as
an electron emitter with negative electron affinity (NEA) [18]. In
fact, for the low-energy spectra, about 80% of the total spectral
weight is emitted within the NEA peak due to the fact that many
highly excited electrons are transferred to the molecule during
thermalization and accumulate at the conduction band bottom,
i.e. the LUMO. In contrast, photoemission intensity from the sub-
strate is completely suppressed in presence of the 1 nm thick layer
owing to the short escape depth of low-energy electrons from sol-
ids. The high-energy cut-off of the vuv-spectrum displayed in
Fig. 2a is given by the valence band maximum of the tetraman-
tane-SAM, i.e. the HOMO. From the high-energy edge of the HOMO
and the position of the LUMO, the HOMO–LUMO gap of [121]tetr-
amantane-6-thiol is estimated to be 5:7þ0:2

�0 eV, which is to be com-
pared to the value of 6.9 eV obtained from the density-functional
computations. It has to be emphasized that the actual HOMO–
LUMO gap of the diamondoid moiety is much larger, and slightly
increasing from 8.05 to 8.14 eV upon addition of the thiol group
(Ref. [22] and this work). In contrast, the gap of [121]tetraman-
tane-6-thiol is determined by the orbital energies of the sulfur lone
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Fig. 2. Photoemission from [121]tetramantane-6-thiol/Ag(111). (a) Valence band spectra using vuv-photons of 21.22 eV plotted against the final state energy with respect to
the Fermi energy. Spectra of pristine Ag(111) (blue, bottom curve) and tetramantane-SAM (top, red and orange curves) are shown. The latter is shown twice, once against the
right logarithmic axis (orange, uppermost curve). The spectra are offset vertically for the sake of clarity. The assumed valence band maximum (VBM) is indicated by a vertical
line. (b) Two-photon photoemission spectra taken with selected photon energies. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 3. Photon energy dependence of the NEA peak intensity in 2PPE spectra. The
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pair electrons, and hence in our case by the covalent bond formed
between the metal substrate and the sulfur group, as displayed in
Fig. 1.

The low-energy cut-off of photoemission spectra usually is
determined by the position of the vacuum level, allowing the
workfunction of the sample to be calculated. In our case, however,
no electrons are observed at energies below the NEA peak position.
One possibility to get an absolute value of the electron affinity is to
estimate the position of the vacuum energy by computing the
change in surface dipole moment due to charge transfer between
the metal substrate and the sulfur group of the molecule. Such val-
ues have been computed for thiolated alkane layers adsorbed onto
noble metals [31]. Assuming the density of molecules obtained
from core-level photoemission experiments the shift in work func-
tion can be estimated to be �0.55 eV and �1.48 eV for the case of
Ag and Au, respectively. Taking the workfunctions of the pristine
surfaces (4.74 eV and 5.31 eV for Ag and Au, respectively) into ac-
count, we arrive at an electron affinity of �0.21 eV for tetraman-
tane-SAM/Ag(111) and of �0.57 eV for tetramantane-SAM/
Au(111).
intensity was integrated over an energy window of about 200 meV. Data obtained
for a tetramantane-SAM deposited on Ag(111) and Au(111) are shown as grey
open and yellow solid symbols against the left and right axis, respectively. The
extrapolated photon energy thresholds are marked by rectangles for both cases, the
widths of which denote the uncertainty. Inset: the 2PPE intensity as measured by
using 3.1 eV photons is shown as function of fluence in a logarithmic plot. The curve
has a slope of 2, indicating a second order, i.e. two-photon process.
5. Excitation pathway

As can be seen from Fig. 2b, the intensity of the NEA peak de-
pends strongly on photon energy. In fact, more extended measure-
ments through the whole visible light range reveal a threshold
behavior as shown by plotting the integrated yield of photoelec-
trons from the NEA peak versus the photon energy (Fig. 3). The
data have been carefully normalized for photon flux and pulse
width by simultaneously recording the photocurrent from a poly-
crystalline Ag sample. Moreover, from fluence-dependent mea-
surements, displayed in the inset in Fig. 3, it can be concluded
that the excitation occurs via two-photon ionization [32]. There-
fore, at the threshold, total photon energies of 5.56 ± 0.04 eV and
5.74 ± 0.04 eV are to be provided for exciting electrons into the
LUMO in the case of Ag and Au substrates, respectively.

Looking at the valence band structure of the substrate, the
threshold can be attributed to the minimum photon energy of a di-
rect two-photon transition, necessary to promote an electron from
the occupied Ag-sp band into a final state at the same or a higher
energy than the LUMO. This situation is depicted in Fig. 4 by the
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double arrow indicating the corresponding momentum of the di-
rect two-photon transition along the K-line in the respective band
structure [33]. Thus, the excitation is likely to occur in the metal
substrate as suggested by Yang et al. [18].

Clear evidence for this model can be obtained by taking advan-
tage of the inherent time-resolution of the two-photon experi-
ment: in case of direct transitions across the diamondoid gap,
the two photons need to be absorbed simultaneously, whereas in
case of a two-step excitation involving real states in the metal,
the intensity of the transition is expected to decay exponentially
due to the finite lifetime of the populated intermediate state. The
results of the time-resolved measurements are shown in Fig. 5a.
The intensity is clearly asymmetric towards positive delays indi-
cating a population decay with fairly long time constants. More-
over, the fact that the decay times decrease with increasing
energy is strongly reminiscent of a metallic band, where the phase
space available for scattering events increases roughly quadrati-
cally with energy [34–36].

In order to confirm our interpretation, we compared the decay
times extracted by fitting the experimental data using rate equa-
tions with results obtained from a numerical simulation. The latter
was performed using a model similar to the one used in Ref. [37],
including cascade-like relaxation processes and multi-photon exci-
tations explicitly, and transport effects phenomenologically
through an effective lifetime [34]. The lowest-order process is de-
picted in Fig. 5b, the results are shown in panels Fig. 5c–e: the
range of decay times obtained from the simulations for various
lifetime and transport models are found to be in good agreement
with our measurements. Nevertheless, the measured cross-correla-
tion curve obtained from the NEA peak cannot be fully reproduced
in the simulations because the rising edge at negative delays is
steeper in the measurements than the experimental, bare pulse
cross-correlation curve the calculations were based on. The steep
rising edge can be rationalized, however, by allowing electrons to
be excited directly into the LUMO by simultaneous absorption of
two pump photons and one probe photon. The cross-correlation
width of this three-photon-process should be 124 fs as compared
to 141 fs of the two-photon process. The transients of the NEA
peak were fitted by the sum of direct transitions (40 ± 3%) and con-
tributions from the hot electron gas (60 ± 3%) in the substrate. The
results are shown in Fig. 5c together with the relative contribu-
tions. The whole hot electron dynamics output by the calculations
are displayed on a logarithmic color scale in Fig. 5e. One can clearly
distinguish various multi-photon processes with distinct delay
dependence, and processes involving either only pump or only
probe photons which show no dependence (bleaching of initially
occupied states can be neglected at the fluences and excitations
densities used here).

Taking these results together, we may conclude that the main
excitation channel is provided by the metal substrate.
6. Electron emission process

In order to measure the overall duration of the excitation and
emission process, several attempts were made to clock the precise
moment of electron emission from the LUMO. One method takes
advantage of the direct interaction of the electron with a probing
light field after emission. If an ultrashort probing light pulse arrives
at the sample at the moment of electron emission, the electron is
accelerated in the electric field. As a consequence, the photoemis-
sion spectrum may be changed by the appearance of sidebands due
to the direct interaction between the emitted electron and the
electric field [38,39]. The sidebands appear only if the temporal
uncertainty of the process under investigation is longer than the
period of one optical cycle of the light wave [38]. Under this condi-
tion, the spacing of these sidebands equals the photon energy of
the probing light field. Two selected spectra are shown in Fig. 6a:
the spectrum for negative delay corresponds to the spectrum ob-
tained without red pulse. In coincidence, the intensity of the NEA
increases due to additionally available electrons above the Fermi
level, and additional spectral weight is observed between the
NEA peak and E � EF = 4.65 eV, which corresponds to electrons ex-
cited from the Fermi level by absorption of one blue (3.1 eV) and
one red (1.55 eV) photon. This signal can be used to measure the
cross-correlation function of the light pulses and to determine
the precise zero delay. No sidebands were observed in our datasets
taken at various probe photon energies, which suggests that the
timescale of the electron emission process is faster than 2.7 fs,
which is the temporal period of 800 nm light.

After emission the electron feels the electric field of the pulse
during its drift to the detector. Integrated over the time the light
field acts on the electron, the positive and negative accelerations
partially cancel and result in a broadening of the peak shape. The
effect observed being quite small, several methods were used for
the determination of the peak width. In order to be independent
of the precise lineshape of the NEA peak, we calculated the root-
mean-square deviation from the spectral center of gravity, referred
to hereafter as r.m.s. width, as function of delay in Fig. 6b. Indeed, a
small broadening of J 2 meV could be observed close to delay
zero. Note that any finite delay of electron emission should result
in a shift of the correlation maximum to negative delays in the rep-
resentation of Fig. 6b. Despite the smallness of the additional
broadening, the effect is too large to be explained by space-charge
effects owing to the increase in electron yield around time delay
zero [40,41]. Even in this case, however, space-charge effects
would yield the same results because the broadening of the elec-
trons within the NEA peak almost exactly occurs at delay zero,
which means that the electrons emitted through the LUMO leave
the sample without significant time delay.

From all these considerations, we may therefore conclude that
the retention time of the electron in the LUMO be of the order of
a few femtoseconds. This result can be compared to results of a
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2PPE study on Ar layers of variable thickness adsorbed onto
Cu(001) [42]. Argon is known to exhibit negative electron affinity.
Electrons excited in the substrate above the vacuum level but still
below the conduction band of the Ar layer are trapped between the
substrate and the Ar layer. The retention time of the electrons in
this trapped state depends on the attempt rate of the electrons try-
ing to tunnel through the layer and on the thickness of the layer.
The attempt frequency was determined to be 1/1.4 fs�1 and no sig-
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Fig. 6. Time-resolved data from tetramantane-thiol on Ag(111). (a) 2PPE spectra
from diamondoid SAM were recorded using a photon energy of 3.1 eV (above
threshold) as function of time delay with respect to an intense red pulse (1.55 eV,
absorbed fluence 60 lJ/cm2 [32]). Two selected spectra are shown in the left panel
for time delay zero and for a large negative delay. (b) From the top to the bottom:
integral yield (red dots), cross-correlation curve (black dots), and root-mean-square
(r.m.s.) width (solid and open green diamonds for two selected measurements) of
the NEA peak. The error bars indicate the statistical uncertainty of the data. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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nificant increase in retention time was observed for a layer thick-
ness of 10 Å [42], which corresponds to the size of the carbon cage
of [121]tetramantane-6-thiol. Assuming a similar attempt fre-
quency for electrons in the LUMO of [121]tetramantane-6-thiol,
we obtain an upper bound of a few femtoseconds for the total
duration of the emission process, in good agreement with the pres-
ent observations.

From the ultrashort transit time of the electrons through the
LUMO, one may infer that this kind of emitter would be suitable
for applications requiring a high current density. In fact, a long life-
time of the electrons in the LUMO would lead to an accumulation
of electrons and thereby to a Coulomb blockade in the molecule,
decreasing the efficiency of the charge transfer between substrate
and molecules. In order to measure the critical current density, the
total yield of photoelectrons was recorded as a function of ab-
sorbed light fluence. The result is shown in Fig. 7 on a logarithmic
scale for two photon energies. In this plot the photocurrent in-
creases with the second and forth power of the fluence for photons
of 3.1 eV (400 nm) and 1.55 eV (800 nm), respectively. For currents
exceeding the absolute value of 320 pA or corresponding current
densities higher than 4 lA/cm2, the current deviates from the
extrapolated power law. The critical current density corresponds
to about 210 A/cm2 in continuous mode or else to 0.1 electrons
per second per molecule. The inverse of this rate is much larger
than the lifetime of the excited LUMO state. Therefore, we may
safely conclude in view of potential applications that the current
density of such NEA emitters is limited solely by repulsive forces
between emitted electrons outside the emitting surface.

Very recently, the relative quantum efficiency of photoemission
from [121]tetramantane-6-thiol on gold with respect to that of
pristine gold was determined from soft X-ray photoemission data
and Monte Carlo simulations to be of the order of 1.3 [19]. Compar-
ing our data taken from [121]tetramantane-6-thiol/Ag(111) and
pristine silver, we find a factor of about 2.2, confirming the obser-
vation of a strong increase of the quantum efficiency due to the
presence of the diamondoid layer. The critical current density
(Fig. 7) can be converted in an absolute quantum efficiency of
2 � 10�6 electrons per absorbed photon. From these numbers
and a comparison with absolute yield measurements from Au
[43] one may expect an absolute yield of 5 � 10�4 at a photon en-
ergy of 6 eV. In view of an application as photocathode, we antici-
pate that its properties currently are limited by the space charge in
vacuum like in any other cathode material whilst offering a highly
monochromatic spectrum and an excellent time structure and a
high stability over long periods of time. The best compromise be-
tween minimizing the high-energy tail of the spectrum and
enhancing the quantum efficiency must be found by tuning the
photon energy in order to achieve truly high brilliance.
7. Summary

In conclusion, our measurements shed new light on the nega-
tive electron affinity behavior of [121]tetramantane-6-thiol mono-
layers on Ag and Au surfaces. The electron affinity could be
estimated to be �0.21 eV (�0.57 eV) for Ag(Au) substrates, and
the HOMO–LUMO gap of the thiolated diamondoids could be esti-
mated to be of the order of 5.7 eV. As already conjectured in previ-
ous publications [18,19], the excitation occurs in the metal.
Moreover, a very efficient charge transfer mechanism allows the
electron to be promoted into the diamondoid LUMO, from where
it is emitted instantaneously with an upper bound of a few femto-
seconds. Moreover, the fact that the photoelectron yield is reason-
ably high for the fundamental and harmonics of Ti:sapphire lasers,
and that the tetramantane-SAM can easily be mass produced in
solution, makes [121]tetramantane-6-thiol layers very promising
candidates for use as photocathodes. Due to the fast excitation
channel and the short retention time of the electrons in the LUMO,
ultrashort electron bunches of a few femtoseconds duration may
routinely be produced by excitation with a suitable pulsed light
source.
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