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The electronic properties of small molecule organic crystals depend heavily on the molecular
orientation. For multi-layer organic photovoltaics, it is desirable for the molecules to have a face-on
orientation in order to enhance the out-of-plane transport properties. However, it is challenging to grow
well-ordered and smooth films with a face-on stacking on conventional substrates such as metals and
oxides. In this work, metal-phthalocyanine molecules is used as a model system to demonstrate that
two-dimensional crystals such as graphene can serve as a template for growing high quality, ultra-flat
organic films with a face-on orientation. Furthermore, the molecule-substrate interaction is varied
systematically from strong to weak interaction regime with the interaction strength characterized by
ultrafast electron transfer measurements. We find that in order to achieve the optimum orientation
and morphology, the molecule-substrate interaction needs to be strong enough to ensure a face-on
stacking while it needs to be weak enough to avoid film roughening.
Organic photovoltaics (OPV) is one of the contenders for next generation solar cells due to its low cost, flexibility,
light weight and ease of fabrication1–3. Most organic semiconductors are anisotropic. As a result, the relative orientations among different molecules and between molecules and the substrate play a decisive role in determining
the electronic properties and hence the efficiency of the OPV4–8. In small molecule organic semiconductors,
charge transport primarily occurs in the π-stacking direction because of the stronger electronic coupling9,10.
Moreover, the electron transfer rate at heterostructure interfaces depends on the relative orientation between the
donor and acceptor molecules. For example, at the copper phthalocyanine (CuPc)/fullerene (C60) interface, it is
found that the electron transfer rate from face-on CuPc to C60 is four times larger than that from edge-on CuPc to
C605. In OPV applications, because electrons move along the device’s out-of-plane direction, it is desirable to have
the π-stacking direction parallel to the surface normal direction6. For most planar organic molecules, it means
that the molecular plane is needed to be parallel to the molecule-substrate interface (face-on orientation) in order
to attain efficient charge transport.
The orientation of small planar molecules on a substrate depends on the interplay between the
molecule-substrate and molecule-molecule interactions11–13. For weak molecule-substrate interaction (e.g. molecules deposited on SiO2), the molecule-molecule interaction dominates and molecules tend to stand up with
the π-stacking direction lying parallel to the interface. Although molecules can be grown in a layer-by-layer
fashion with a smooth film morphology14,15, the out-of-plane electronic transport is slow. This edge-on orientation favors applications such as organic field effect transistors8,15, but it is undesirable for photovoltaics and
other opto-electronic applications. On the other hand, for a strong molecule-substrate interaction (e.g. molecules
deposited on metal substrates), the molecules have a face-on stacking16–19. However, the strong molecule-substrate
interaction often results in a metastable crystal structure. Beyond a few monolayers, the film will relax by forming
mounds on the surface. In some cases, the molecules will even switch to a standing-up orientation20,21. Indeed, it
is a challenge to grow well-ordered and smooth organic films with a face-on orientation on conventional metal
and oxide substrates22. Recently, it is demonstrated that one can circumvent this limitation by using substrate
with an “intermediate” molecule-substrate interaction. For example, Si substrate is doped degenerately to reduce
the molecule-substrate interaction such that thick face-on oriented films can be grown without significant
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surface roughening16. A few studies show that graphene is a good template for growing uniform organic films
with a face-on stacking23–26. However, these studies mainly focus on the structural and electrical characterization of the organic layer grown on graphene. It is unclear how specifically the film morphology depends on the
molecule-substrate interaction and why molecular crystals grown on graphene have better morphology compared to that grown on metals21 even though both has a face-on orientation.
In this work, ZnPc molecules are used as a model system to investigate the relationship between the morphology, molecular orientation and interfacial electronic properties by systematically varying the molecule-substrate
interaction from strong to weak interaction regime. A previous comprehensive study of CuPc grown on
graphene24 has shown that the morphology and molecule orientation can depend on the film thickness and the
growth temperature. In this work, we will fix these other parameters to investigate the effect of the substrate on
the film properties. A series of substrates including Cu, Au, graphite, graphene and SiO2/Si, were selected to provide progressively weaker molecule-substrate interactions. Compared to previous works which mainly focus on
the orientation of molecules on different substrates, we investigate how the initial molecule-substrate interaction
would eventually affect the film morphology and roughness when the film becomes thicker. The film morphology
and roughness, on top of the molecular orientation, can significantly affect the transport properties and device
performance. The orientation of the molecules was determined by the work function of the film measured with
ultraviolet photoemission spectroscopy (UPS)7,27, while the surface morphology was characterized using atomic
force microscopy (AFM). Compared to the Cu and Au, ZnPc thin films on the HOPG and graphene show a
smoother morphology because the weaker molecule-substrate interaction in the latter allows the films to be
grown with a more relaxed structure. However, the presence of step-edges on HOPG surfaces induces preferential
nucleation of ZnPc islands at step-edges, resulting in a non-uniform film coverage. This issue can be addressed
by using graphene since its atomic flat surface enables the formation of ultra-smooth ZnPc films with uniform
coverage.
Furthermore, the interfacial charge transfer from the molecule to the substrate, which reflects the interfacial
electronic coupling, is measured by femtosecond (fs) time-resolved photoemission spectroscopy (2PPE). The
stronger molecule-substrate interaction at the ZnPc/metal interface compared to that at ZnPc/graphite and ZnPc/
graphene interfaces results in a faster charge transfer rate and a spatially larger interaction range. Among all the
substrates studied, we find that graphene, which has a moderate interaction with the organic molecules, enables
molecules to be grown with face-on orientation while avoiding significant structural relaxation as the film grows
thicker.

Results and Discussion

Surface Morphology. All the metal substrates are cleaned in ultrahigh vacuum (UHV) environment using
standard sputter and annealing procedures (see Method section). In the case of graphite, the surface is cleaved
before subsequent annealing and deposition. The AFM images of the bare substrate are shown in Fig. 1. On all
these substrates (Au, Cu, HOPG), the surface is cleaned and has a small initial rms roughness (<0.7 nm). Stepedges on these surfaces can be seen in the AFM images. For the graphene on SiO2 sample, the surface appears to
have some wrinkles on the surface. It is known that a single layer of graphene can form wrinkles and ripples on its
supporting substrate28. The small grain size found in CVD graphene29 may also result in these initial roughness.
A discussion on the origin of this roughness is out of the scope of this work, but we note that the rms roughness
of the graphene substrate is still small (0.74 nm).
Figure 2 shows the morphology measured by AFM for 10 nm ZnPc films deposited on various substrates.
Images with a larger scan size are presented in the Supplementary information, which show that the morphology
is similar at a larger length scale. Similar morphology is observed on different areas of the samples. Moreover,
a thickness of 10 nm is chosen because the effects of the substrate on the morphology are clearly manifested
at this thickness. At larger thicknesses, other effects such as molecule-molecule interactions or grain coalescence may start to couple to the substrate-effect to affect the film morphology. For example, a recent work24
on CuPc films on graphene has found that, at room temperature, the molecules have a face-on orientation at a
film thickness of 20 nm, but some molecules switch to an edge-on orientation when the film thickness increases
to 50 nm. The switching of the molecular orientation suggest that molecule-molecule interaction dominates at
larger thicknesses. Considering this work focuses primarily on revealing how the film morphology depends
on the substrate-molecule interaction, a smaller thickness of 10 nm was selected to avoid the complication of
molecule-molecule interaction.
For the film deposited on Cu(001) (Fig. 2a), many small islands are formed on the surface. The ZnPc film
grown on Au(111) surface shows a clear increase in grain size (Fig. 2b). Figure 3 shows the phase images obtained
from the same measurement shown in Fig. 2a,b. The ZnPc/Cu shows a much stronger phase contrast than the
ZnPc/Au (Fig. 3). The phase contrast is commonly originated from a variation of surface composition or surface
adhesion. The correlation between regions with a lower surface height and regions with a smaller phase angle (e.g.
areas enclosed by red circles in Figs 2a and 3a) indicates that part of the Cu surface is exposed. In contrast, the
phase-image of ZnPc/Au shows a more uniform intensity indicating that the ZnPc on Au has a complete coverage.
A number of studies have been devoted to investigate the interaction between small molecules and metal
surfaces18,19,30–32. It is known that organic molecules interact more strongly with Cu than with Au. For example,
a recent study shows that when CuPc molecules are deposited on Cu, commensurate islands are formed at monolayer coverage, indicating that molecules are chemisorbed on the surface. For Au surfaces, the CuPc molecules
are physisorbed and behave as a two-dimensional gas, which allows the formation of a uniform wetting layer18.
The stronger molecule-substrate interactions between ZnPc and Cu can reduce the mobility of ZnPc molecules
on the Cu surface, which explains the smaller feature size and the discontinuity observed in the ZnPc/Cu samples.
Furthermore, our previous study on ZnPc/Au shows that the film has a layer-by-layer growth mode at film thickness <5 nm33, but the island morphology observed in Fig. 2b develops only when the film becomes thicker. The
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Figure 1. AFM images of the (a) Au, (b) Cu, (c) HOPG, and (d) graphene substrates before ZnPc deposition.

AFM images of the 2 nm ZnPc film on Au are shown in the Supplementary information. It shows that most parts
of the film are smooth with some small islands starting to nucleate on the surface. This kind of growth mode is
typically known as the Stranski-Krastanov (SK) growth34. The formation of islands is usually driven by the relaxation of the film stress. In our case, the ZnPc-Au interaction can result in a ZnPc crystal that has slightly different
lattice parameters compared to that of the equilibrium structure (i.e. the crystal is strained). The formation of
islands at a later stage is evidently driven by structural relaxation.
The films grown on Cu and Au either show an incomplete coverage or an island growth morphology at large
film thicknesses. In order to grow ultra-smooth and well-ordered films with uniform coverage, further weakening
of the molecule-substrate interaction is necessary. Substrates such as graphite and graphene interact with ZnPc
via weaker van der Waal’s interaction. However, the molecule-substrate interaction should still be strong enough
to ensure a face-on stacking35–37. The surface morphology of ZnPc films grown on HOPG is shown in Fig. 2c. As
seen in Fig. 2c, the top of the ZnPc grains are atomically flat, but some deep gaps exist between grains. Comparing
Figs 2c and 1c, the shape of the grains correlates with the shape of the atomic terraces on the bare graphite surface.
Therefore, the formation of these deep gaps is apparently related to the step edges on the graphite surface. For
example, a recent work on ZnPc on Si(111)-Boron surface shows that the ZnPc nucleates preferentially on the
step-edges of Si(111) surfaces16.
Further improvement in the film morphology requires elimination of the surface step-edges. This motivates
us to use graphene as a template for ZnPc growth, which does not contain any step edge on the surface. Fig. 2d
shows the AFM image of 10 nm ZnPc deposited on graphene. The ZnPc film covers the substrate uniformly with a
low root mean square (RMS) roughness (2.47 ± 0.28 nm). It is not clear whether the small-sized features observed
correspond merely to surface roughness or to a film with a small grain size. However, the lateral size of these
features is similar to those observed on the bare graphene surface (Fig. 1d). We expect that the quality of the film
would be further improved if the graphene does not have those wrinkles observed in Fig. 1d. Note that the surfaces of the ZnPc grains deposited on both graphene and graphite are smooth, but some discontinuities are found
in the film on graphite due to the presence of step edges on the bare graphite surface. Based on this observation, it
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Figure 2. AFM images of 10 nm ZnPc thin films deposited on (a) Cu, (b) Au, (c) HOPG, (d) graphene and (e)
SiO2. For comparison, the same color scale is used for all the images.

Figure 3. The AFM phase images of ZnPc on (a) Cu and (b) Au obtained from the same regions shown in
Fig. 1a,b, respectively. The red circles in (a) are the same positions presented in Fig. 2a, in which the phase angle
has consistently smaller value compared to that in other regions.

is expected that the morphology of ZnPc films grown on multi-layer graphene should be similar to that on single
layer graphene if the top graphene layer is continuous.
One may further reduce the molecule-substrate interaction by using substrates such as SiO2/Si. However, it is
known that because the molecule-molecule interaction is now stronger than the molecule-substrate interaction,
the molecules will have an edge-on (or standing-up) orientation with the fast transport direction parallel to the
surface. Indeed, these films usually show extremely smooth morphology because the nucleation of a new layer is
a slow process and the growth proceeds with a layer-by-layer mode. Fig. 2e shows the morphology of ZnPc films
on SiO2/Si with the RMS roughness of 0.78 ± 0.03 nm, which is less than the height (~1.2 nm for the edge-on
orientation) of the molecule.

Molecular orientation. As mentioned earlier, electronic properties of organic films depend heavily on the
orientation of the molecules. Here, the molecular orientation is determined by UPS. Previous works have shown
that the ionization potential of molecular crystals depends on the orientations of molecules with respect to the
substrates. For pi-conjugated small molecules, films with face-on molecules typically have an ionization potential
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Figure 4. UPS spectra of 10 nm ZnPc thin films on SiO2, graphene, HOPG, Au and Cu. The secondary
electron cutoff and the HOMO are shown in (a) and (b) respectively. The UPS spectra are collected with the
He-I emission line with photon energy of 21.22 eV.

~0.5 eV larger than that for films with edge-on molecules7,27. Therefore, the ionization potentials of ZnPc can be
used to determine the orientations of the molecules. Figure 4 shows the UPS spectra of 10 nm-thick ZnPc films
deposited on various substrates. The region near the secondary electron cutoff (SECO) and the highest occupied
molecular orbital (HOMO) are shown in panel (a) and (b) respectively. The ionization potentials can be calculated
from the position of the SECO and the HOMO edge, which are 5.24 eV, 5.23 eV, 5.27 eV and 5.28 eV for 10 nm
ZnPc films on Cu, Au, HOPG and graphene respectively. On the other hand, the ionization potential decreases
to 4.82 eV for the ZnPc films deposited on SiO2/Si. It is known that molecules deposited on SiO2 have an edge-on
orientation because of the weak substrate-molecule interaction14,15. The ionization potential of ZnPc films found
on other substrates is about 0.4–0.5 eV larger, which indicates that the molecules adopt a face-on structure on
Cu, Au, HOPG and graphene. The measured ionization potential is consistent with previous measurements on
CuPc thin films27, in which CuPc molecules with face-on and edge-on orientations have an ionization potential
of 5.15 eV and 4.75 eV respectively. The position of the SECO for the edge-on domains would appear at energy
~0.4 eV lower compared to that of the face-on domains. The sharpness of the SECO and the weak photoemission
intensity below the cutoff energy found in ZnPc/graphene indicates that most of the molecules have a face-on orientation. This agrees with a comprehensive X-ray study done by Xiao et al.24, which shows that CuPc on graphene
has a face-on orientation for film thicknesses up to 20 nm.
To further support the UPS results, low-energy electron diffraction (LEED) is done for 10 nm ZnPc on Au
and HOPG. The diffraction patterns are shown in the supplementary information, which show that the ZnPc
molecules on Au and HOPG have a face-on orientation and consistent with the orientation determined using the
ionization potential. Moreover, similar UPS and LEED results can be obtained on different areas of the surfaces,
which indicates that the same molecular orientation is found across the film.
In our earlier discussion, it is mentioned that the ZnPc film on Cu does not fully cover the surface, which is
also reflected in our surface-sensitive UPS measurements. Figure 5a shows the UPS spectra of Cu(001), 1 nm,
3 nm and 10 nm-thick ZnPc on Cu(001). Since UPS is a surface sensitive technique, the spectra represent signal
originated from the film surface. Copper has a d-band peak located between 2 eV and 4 eV below the Fermi level.
The lower energy edge (enclosed by the dashed rectangle) of this d-band peak is clearly observed for the 1 nm and
the 3 nm ZnPc films. This edge can still be observed in the 10 nm-thick ZnPc film, even though the intensity is
much reduced. Therefore, we conclude that a portion of the Cu surface is still exposed for films as thick as 10 nm,
which is consistent to the AFM measurement. For comparison, the corresponding spectra for ZnPc films grown
on Au(111) are shown in Fig. 5b. Similar to Cu, Au has a d-band peak located at around 2–6 eV below the Fermi
level. Some of the feature from the d-band peak can be observed in the spectrum of the 1 nm film (dashed rectangle). However, for larger thicknesses, the spectra resemble to that of the thick ZnPc film. As shown in Fig. 5b, the
3 nm spectrum is almost identical to the 10 nm spectrum. This is consistent to our earlier interpretation that ZnPc
forms a complete wetting layer on the Au surface before transitioning to an island growth mode.

Electronic coupling at the molecule-substrate interface. Molecular orientation affects the dynamical
charge transfer rate at the interface5,6 because the electronic-coupling between the donor and acceptor molecules
depends strongly on their relative orientations. Similarly, a stronger electronic coupling between the substrate
and interface should result in a faster interfacial charge transfer rate. Here, we characterize the interfacial charge
transfer rate by using 2PPE spectroscopy. We have used this technique previously to characterize the interfacial
charge transfer rate for ZnPc molecules deposited on graphene38. We note that other similar techniques such as
resonant photoemission spectroscopy have also been used to study charge transfer across molecule/metal interfaces39. The details of our ultrafast experiment can be found in refs 33,38. Briefly, since 2PPE is surface sensitive,
the lifetime of the optically-excited exciton in ultrathin ZnPc layer deposited on various substrates is determined
by the charge transfer rate from the molecules to the substrate. Figure 6 shows the integrated photoemission
intensity originated from the optically-excited singlet exciton of ZnPc deposited on Au, HOPG and graphene.
The photoemission intensity can be interpreted as the population of the singlet exciton located near the surface.
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Figure 5. (a) UPS spectra of Cu(001), 1, 3 and 10 nm ZnPc thin films on Cu. (b) UPS spectra of Au(111), 1, 3
and 10 nm ZnPc thin films on Au. The “SS” label represented the surface state of Au.

The results for three different film thicknesses: 0.5 nm, 1 nm and 10 nm are shown. The dynamics observed for the
10 nm samples on various substrates are almost identical. This is because excitons near the film surface cannot
interact with the substrate at this short time-scale and the dynamics represents the intrinsic dynamics of the ZnPc
thin film.
For the 0.5 and 1 nm samples, the photoemission intensity shows a more rapid decay. The initial ultrafast
decay of the intensity is attributed to the charge transfer from ZnPc thin films to the substrates. After the first few
hundreds fs, the intensity decreases at a much slower rate. This is attributed to the relaxation of excited electrons
to lower energy traps, which can slower down the electron transfer. The initial decay is fitted with an exponential
function (solid lines) convoluted with the finite temporal-width of the laser pulses. The decay times (the inverse
of the decay rate) obtained from the fit are summarized in Table 1.
Two main observations can be made. First, the decay times are shorter for Au and progressively become larger
for graphite and graphene. In our previous work, we find that the band-alignment at the molecule/substrate interface is similar for graphite and graphene. In both cases, the singlet level is about 0.3–0.4 eV higher than the Fermi
level of the substrate38. For ZnPc/Au, the singlet level of ZnPc is located at 0.65 eV above the Fermi level of Au38.
Because of the relative small reorganization energy (0.1–0.2 eV) of ZnPc molecules40,41, we expect that the electrons will transfer to states in the substrate that have similar energy to the molecular state42. In all these substrates,
since unoccupied states are available at all energies above the Fermi level, electrons can be transferred directly to
states with energies around the singlet level. Therefore, it is not expected that the actual energy alignment would
significantly affect the transfer rate. On the other hand, the slower transfer rate for graphene compared to that for
graphite can be explained by the reduced dimensionality (from 3D to 2D). It is known that the density of states
near the Fermi level in graphene is reduced significantly compared to that of graphite43. The smaller number of
acceptor states in graphene would result in the lower transfer rate even though the ZnPc/graphite and ZnPc/
graphene should have similar interfacial structure. The even faster transfer rate to Au would indicate that the
molecule-substrate interaction is stronger for Au as compared to that for graphite and graphene. The very fast
charge transfer rate in ZnPc/Au also agrees with previous core-hole clock photoemission spectroscopy studies on
CuPc/Au44. The stronger molecule/substrate interaction in ZnPc/Au is in accord with the evolution of the surface
morphology discussed earlier.
Second, the decay time for ZnPc on Au increases only slightly when the thickness increases from 0.5 to 1 nm.
On the other hand, the decay times for ZnPc on HOPG and graphene are almost doubled when the film thickness
is increased from 0.5 nm to 1 nm. This result implies that Au has a spatially larger molecule-substrate interaction
range with ZnPc molecules as compared to that of graphite and graphene. Since the height of lying down ZnPc
molecules is ~0.32 nm45, the interaction range between ZnPc and Au can extend up to a few molecular layers.
The electronic wavefunction for states originated from metal substrates often has a tail that extends above the
surface46, which would result in a long range interaction between ZnPc and Au. The larger interaction range
would induce a crystal structure in ZnPc that is slightly deviated from the crystal structure for thicker films.
This explains why the ZnPc on Au follows the classical SK-growth mode. When the initial wetting layer reaches
a certain critical thickness, structural relaxation drives the nucleation of grains with a more stable structure. This
results in the formation of islands at larger film thicknesses.
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Figure 6. The integrated and normalized photoemission intensity of the ZnPc singlet state as a function of time
for 0.5 nm, 1 nm, and 10 nm-thick ZnPc deposited on (a) Au, (b) HOPG and (c) graphene. The initial CT rate is
fitted with an exponential function convoluted with the instrumental response function. The fits are shown as
solid lines.

Substrate
Au

0.5 nm

1 nm

40 ± 10 fs

45 fs ± 10 fs

HOPG

70 ± 10 fs

140 fs ± 10 fs

Graphene

140 ± 20 fs

220 fs ± 20 fs

Table 1. The decay times of the photoemission intensity for the 0.5 nm and the 1 nm ZnPc films deposited
on various substrates. These decay times are determined by fitting the experimental data shown Fig. 5 with an
exponential decay function convoluted with the finite temporal width of the laser pulses.
Finally, we like to comment that the samples used to determine the charge transfer rate is either 0.5 nm or
1 nm thick, which should allow them to probe exclusively the molecule-substrate interaction. Any difference in
the long-range structural order and the morphology of the ZnPc films as the film subsequently grown thicker
cannot affect the measured charge transfer rate. Moreover, monolayer of planar metal-phthalocyanines has very
similar orientation and crystal structure when they are deposited on Au(111)47 and HOPG surfaces48. Therefore,
the difference in transfer rate is not likely to be caused by a difference in the molecular orientation.

Conclusions

In conclusion, by varying the molecule-substrate interaction that covers the strong (Cu, Au), intermediate
(graphite, graphene) and weak (SiO2) interaction regime, the change in the surface morphology and molecular
orientation of ZnPc films deposited of these substrates has been investigated systematically. It has been found
that in the intermediate interaction regime, the ZnPc molecules can maintain the face-on stacking, while the
surface morphology is significantly improved as compared to those deposited on metal substrates of a strong
molecule-substrate interaction. The variation of the molecule-substrate interaction is determined independently
by measuring the electron transfer rate between the molecules and the substrate. On metal substrates, a stronger
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electronic coupling and a larger interaction range are found as compared to graphite and graphene. Our work
illustrates the importance in controlling the molecule-substrate interaction in achieving a desirable morphology
for the organic films. In this work, film thickness up to 10 nm is investigated, but it is expected that an initial
smooth film morphology and the layer-by-layer growth mode observed in ZnPc on graphene should suppress
film roughening and nucleation of grain with different orientations as the film grows thicker. Growing smooth
and continuously organic films with a face-on stacking is important for photovoltaics applications. The current
work shows that graphene and related 2D materials can be good templates for growing such organic films.

Method

Sample Preparation.

ZnPc thin films were deposited on Cu(001), Au(111), HOPG, graphene and SiO2/
Si by thermal evaporation in an ultrahigh vacuum (UHV) chamber with base pressure <5 ×  10−10 Torr. The
Cu(001) and Au(111) single crystal surfaces were prepared by sputtering with 1 keV Ar ions and annealing at
500 °C repeatedly until a clean surface was obtained. For the HOPG substrate, the surface layer was peeled off with
scotch tape to expose a fresh surface before it was introduced into the vacuum chamber. Single-layer graphene
was either grown directly on SiO2/Si using CVD49 or transferred from Cu foil onto SiO2/Si using PMMA50. No
significant difference was observed in the results obtained from the two different graphene. The SiO2/Si wafer
was clean in methanol and acetone before it was introduced into the vacuum chamber. The HOPG, graphene and
SiO2/Si samples were annealed in the UHV chamber at 400 °C for 12 hours before deposition. The ZnPc molecules (Luminescence Technology, >99%) were vapor-deposited on different substrates at room temperature at a
rate ~0.8–1 Å/ min. Then, the sample was transferred under UHV environment to another chamber with a base
pressure <1 ×  10−10 Torr where UPS and time-resolved 2PPE experiments were performed.

Sample Characterization.

The AFM was done with a Digital Instruments Multimode V atomic force
microscope. Tapping-mode was used to avoid surface damages. The UPS experiment was performed with the
He-I (21.2 eV) line from a standard gas discharged lamp. For the ultrafast time-resolved measurements, the sample was excited by visible pump laser pulses with wavelength centered at 700 nm. The pulses, which had duration of ~25 fs, were generated from a non-collinear optical parametric amplifier NOPA (Orpheus- N-2H, Light
Conversion). The excited electron was ionized by a time-delayed UV probe laser pulse (wavelength ~280 nm)
which was generated by frequency-doubling the output of a second NOPA (Orpheus- N-3H, Light Conversion).
Both NOPAs were pumped by a Yb:KGW regenerative amplifier running at a rate of 125 kHz (Pharos 10 W,
Light Conversion). The kinetic energy of the photoelectron was determined by a hemispherical electron analyzer
(SPECS Phoibos 100). Further details of the experimental setup can be found in refs 33 and 38.
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