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Abstract

Van der Waals (vdW) heterostructures, which are produced by the precise
assemblies of varieties of two-dimensional (2D) materials, have demonstrated many novel
properties and functionalities. Here we report a nano-plasmonic study of vdwW
heterostructures that were produced by depositing ordered molecular layers of pentacene
on top of graphene. We find through nano-infrared (IR) imaging that surface plasmons
formed due to the collective oscillations of Dirac fermions in graphene are highly sensitive
to the adjacent pentacene layers. In particular, the plasmon wavelength declines
systematically but nonlinearly with increasing pentacene thickness. Further analysis and
density functional theory (DFT) calculations indicate that the observed peculiar thickness
dependence is mainly due to the tunneling-type electron transfer from pentacene to
graphene. Our work unveils a new method for tailoring graphene plasmons and deepens
our understanding of the intriguing nano-optical phenomena due to interlayer couplings in
novel vdW heterostructures.

Main text

Graphene plasmons are collective oscillations of Dirac quasiparticles in graphene
with many desirable characteristics including high spatial confinement, long lifetime,
broad spectral range, and electrical tunability.*™® These unique properties make graphene
a good candidate for varieties of plasmonic applications that are not accessible by
conventional plasmonics based on noble metals. Despite the above merits, the plasmonic
properties and functionalities of graphene alone are still limited. One convenient way to
engineer graphene plasmons is by constructing van der Waals (vdW) heterostructures using
atomic layers of graphene and other two-dimensional (2D) materials. Indeed, the 2D nature
of graphene makes it extremely sensitive to interlayer couplings that could modify
dramatically the properties of plasmons. Recent studies have explored a variety of new
plasmonic phenomena in graphene-based vdW materials and heterostructures, where the
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coupling mechanisms are mainly plasmon-phonon interactions?°-? and moiré superlattice
modulations®*?,

Here we report interlayer electron transfer as a new mechanism that can be used to
tailor surface plasmons in graphene. The samples studied here are pentacene/graphene
vdW heterostructures prepared by physical vapor transport deposition of uniform
pentacene molecular layers on graphene, and they are sitting on the standard SiO»/Si
substrates. Detailed introductions about the sample growth and device fabrication
procedures are introduced in the previous study.?® Note that molecule/graphene vdW
heterostructures have been widely studied in recent years and have demonstrated many
superior electronic and optoelectronic properties.®®?® In this work, we report a
comprehensive experimental and theoretical study of the plasmonic responses of the
pentacene/graphene heterostructures.

To perform nano-IR studies of the plasmonic responses of the heterostructure
samples, we utilized the scattering-type scanning near-field optical microscope (s-SNOM)
that is built on a tapping-mode atomic force microscope (AFM). As illustrated in Figure
1a, the sharp metalized AFM tip is illuminated by a p-polarized IR laser beam, thus
generating an intense electric field underneath the tip apex due to the so-called ‘lightening-
rod effect’. Such a strong field is highly confined in space and possesses a wide range of
in-plane momenta (q), which enables direct optical excitation and detection of graphene
plasmons. The IR detector collects scattered photon signals off the coupled tip-sample
system. Demodulating the signals at high harmonics of the AFM tapping frequency
strongly suppresses the background signal. Furthermore, we implement a pseudo-
heterodyne interferometer that allows us to extract both the amplitude and phase
components of the IR signal. In the current work, we discuss mainly the IR amplitude (s)
signal that scales monotonically with the plasmon field amplitude right underneath the
tip.2° All our experiments were performed at ambient conditions.

Figure 1b plots the AFM topography image of a typical pentacene/graphene
heterostructure sample, where clear staircase features are seen in the field of view,
corresponding to pentacene layers with different thicknesses. By measuring the thickness
of different regions of the sample (Figure 1d) based on the AFM line profiles (Figure S1),
we can accurately determine the number of pentacene layers as labeled in Figure 1b,c.
According to the previous study?®, the orientation of pentacene molecules shows variations
from layer to layer close to the graphene interface due to the competition between the
molecule-graphene interactions and the intermolecular interactions. More specifically, as
shown in Figure 1a, pentacene molecules first form a sheet of the flat-lying wetting layer
(WL) on graphene, then the inclined one layer (1L) following by the upright-standing two
layers (2L) and few layers (3L, 4L, etc.). The orientation angles of pentacene molecules to
the substrate are 0%, 61° and 82" for the flat-lying, inclined and standing layers, respectively.
As discussed in detail below, the molecule orientation plays a critical role in the overall
plasmonic responses of pentacene/graphene heterostructures. Note that bare WL pentacene
could exist in freshly grown samples, but it will soon disappear after exposure to air due to
the dewetting, suggesting that upright-standing molecules are possibly more favorable
energetically in air than the flat-lying molecules®. Thicker pentacene layers with standing
molecules are generally more stable and can last for many days at ambient conditions thus
suitable for systematic nano-IR studies.



In Figure 1c, we present the s-SNOM imaging data of the sample shown in Figure
1b, where we plot the IR amplitude normalized to that of the SiO./Si substrate. The laser
energy is set to be E =116 meV that is away from the strong optical phonon resonance of
SiO2 (~140 meV), so the IR responses at this energy are predominantly due to graphene
plasmons. As shown in Figure 1c, there is a clear IR signal contrast between different
pentacene layers on graphene. For quantitative analysis, we plot in Figure le the IR
amplitude versus the number of pentacene layers, which indicates a systematic decrease of
the IR amplitude with increasing pentacene thickness. Moreover, we found a relatively big
drop of IR amplitude signal from 1L to 2L pentacene (~27%), but only slight declines from
2L to 3L pentacene (~9%) and from 3L to 4L pentacene (~4%). Similar pentacene thickness
dependent signal variation is also seen in other samples (e.g. sample 2 in Figure S4).

From Figure 1c, we also observed a bright edge feature surrounding the sample. To
reveal the details about the bright edge feature, we performed high-resolution s-SNOM
imaging measurements close to the sample edge (Figure 2a-e), where we observed bright
fringe(s) parallel to the sample edge. According to previous studies'®, these bright fringes
are generated due to the constructive interference between tip-launched and edge-reflected
surface plasmons of graphene. The plasmonic origin of these fringes is verified by
frequency-dependence studies (Figures S2 and S3). In addition to the bright fringes, we
also occasionally see weak oscillations of signals distributed along the sample edge, for
example in Figure 2c,d. These edge oscillations are generated due to scattering and
interference of one-dimensional edge plasmons and they normally appear at relatively
rough edges (e.g. in the case of Figure 2c,d) or close to sharp corners.>%

Now we wish to perform quantitative analysis on the imaged plasmon fringes. For
that purpose, we plot in Figure 2f-j the line profiles (grey curves) extracted perpendicular
to the fringes in Figure 2a-e, respectively. From both the IR amplitude images and profiles,
we found a systematic variation of the plasmon fringes with pentacene thickness. First, the
samples with thicker layers of pentacene show weaker fringe intensity, and the strongest
fringe is observed in bare graphene. In addition, the width of the bright fringe decreases
with increasing pentacene thickness, implying a reduction of plasmon wavelength.
Furthermore, the number of fringes decreases with increasing pentacene thickness. For
example, there are at least 3 bright fringes at the edge of bare graphene, 2 clear bright
fringes in the case of 1L pentacene on graphene, and only 1 clear fringe for 2L, 3L and 4L
pentacene on graphene. The decrease of the fringe number indicates an increase in the
plasmon damping rate.

The fringe profiles shown in Figure 2f-j allow us to fit quantitatively the complex
plasmon wavevector qp = g1 + ig2 of graphene, based on which we can determine the
plasmon wavelength (4, = 22/q1) and damping rate (» = g2/q1). To perform the fit, we
adopted a quantitative s-SNOM model that approximates the s-SNOM tip as a conducting
spheroid (Figure 3a). This model calculates accurately the s-SNOM signals by evaluating
the total radiating dipoles (p;) of the tip-sample system. By computing p; at multiple x and
z coordinates of the tip, we were able to obtain line profiles of s-SNOM signals with
quantitative accuracy. More introductions about the model are given in the Supporting
Information. The same model has been applied to calculate the plasmon fringe profiles of
bare graphene and other graphene-based vdW materials and heterostructures reported in
earlier works. 15 333



The modeling profiles are plotted in Figure 2f-j as red dashed curves, which show
good consistency with the experimental data profiles (grey). The A, and » parameters
determined through the fitting are given in Figure 3b,c, respectively. Figure 3b indicates
that 4, decreases systematically with increasing pentacene thickness. For example, from
bare graphene to 4L pentacene on graphene, A, drops from 250 nm to 205 nm. More
interestingly, A, shows a sharp reduction from 240 nm to 215 nm when the pentacene
thickness changes from 1 layer to 2 layers. This sharp reduction of 4, also results in an
abrupt drop of the overall IR amplitude signal from 1L to 2L pentacene (Figures le and
Figure S4). The plasmon damping rate », on the other hand, increases systematically with
pentacene thickness, which is consistent with the decrease of the number of plasmon
fringes shown in Figure 2. As shown in Figure 3c, the extracted j by fitting the plasmon
fringe profiles increases from 0.14 for bare graphene to 0.17, 0.24, 0.27 and 0.3 when
adding 1L, 2L, 3L and 4L pentacene on top of graphene, respectively. Like A,, j also
undergoes a larger change from 1L to 2L pentacene (~0.07) compared to that between other
adjacent layers (~0.03).

We now elaborate on the possible causes of the observed thickness dependence of
the plasmonic parameters, Under the Drude and long-wavelength approximations, the
plasmon wavevector gp can be written as >16:2

4, =0, +i0, ~ X E(E+iE,), &)

e°E;

where e is the elementary charge, Er is the Fermi energy of graphene, Er is scattering
energy of Dirac Fermions in graphene, and x = x1 + ik is the effective dielectric constant
of the environment of graphene (k1 and x> are the real and imaginary parts of ). For bare
graphene, x is an average value from the dielectric constants of air and SiO2: k= (1+ &)/2
(&= 4.4 + 0.3i at E = 116 meV). In the case of pentacene/graphene heterostructures,
dielectric constants of pentacene also contribute to x. Note that our graphene samples are
highly doped at ambient conditions with Er above 0.4 eV (see discussions below), so
contributions from interband transitions at our energy regime are negligible thus not
considered here. From eq 1, one can obtain the plasmon wavelength A, = 27/qs:

Ay =271 Q= €°E. [ (g,5,E?). (2)

Therefore, the observed layer dependence of A, (Figure 3b) is possibly due to the change
of Er of graphene and/or the dielectric constants of pentacene. Note that eqs 1 and 2 are
mainly for discussions of general physics of graphene plasmons. We used the transfer
matrix method to compute numerically the plasmon dispersion and plasmon wavelength of
the entire pentacene/graphene/substrate system (Supporting Information).

We first evaluate the effects solely due to the dielectric screening of pentacene
layers with a fixed Er of 0.47 eV — the Fermi energy of bare graphene accurately
determined by fringe profile fitting (Figure 2f). The large Er indicates the high hole doping
of graphene on SiOz, which is originated from the vacuum annealing during the pentacene
growth process followed by days of air exposure.®®3” The anisotropic dielectric constants
of pentacene with different thicknesses were calculated from density functional theory
(DFT) calculations (Supporting Information), which vary from 2.1 to 2.7 in the ab plane
and from 1.3 to 2.6 along the c-axis for different pentacene thicknesses. Note that our
excitation laser energy (116 meV) is away from the strong vibrational resonances of
pentacene (the nearest strong resonance is at 112 meV with a resonance width of about 0.4




meV)®3 so the vibrational modes of pentacene do not affect graphene plasmons. The
calculated A, of graphene with a fixed EF under various pentacene layers is plotted in Figure
3b as blue triangles, which show a gentle and systematic decline with layer number (A4, =
-4 nm on average per layer). Based on Figure 3b, we know that dielectric screening of
pentacene alone cannot explain the sharp drop of A, as pentacene thickness increases from
1 to 2 layers. The inconsistency between experimental and calculated A, assuming a fixed
Er indicates that the layer dependence of doping must be taken into consideration. Indeed,
layer-dependent Er can be obtained accurately by fitting the experimental Ap. As shown in
Figure 3d, graphene under 1L pentacene has slightly smaller EF (~ 0.46 eV) compared to
that of bare graphene (~ 0.47 eV). The Er of graphene under 2 to 4 layers pentacene is
much lower, down to ~ 0.42 eV.

The unique pentacene layer dependence of Er (Figure 3d) is, in fact, originated
from the charge transfer between graphene and pentacene. Charge transfer phenomena
have also been observed at the interfaces between graphene and other types of molecules
(e.g. C60, CNT, etc.).**? To understand the transfer process here, we plot in Figure 4 the
energy alignment diagrams between the graphene Fermi level (dashed line) and the highest
occupied molecular orbits (HOMO) level of pentacene layers. The lowest unoccupied
molecule orbits (LUMO) are ~2 eV above the HOMO level (not shown in Figure 4), so
there are no unoccupied states available in pentacene close to the Fermi level of graphene.
In Figure 4, we label the ionization potential (IP) values of graphene and pentacene, which
is the energy difference from the Fermi level of graphene or HOMO energy of pentacene
to the vacuum energy. Considering that graphene on SiO is hole doped at ambient
conditions®3’, the IP can be calculated to be around 5.03 eV by adding the Fermi energy
(~0.47 eV, Fermi level to Dirac point) and the work function of neutral graphene (~4.56
eV, Dirac point to vacuum energy).*>43

The IP of pentacene layers is sensitively dependent on the molecule orientation.**
6 To obtain the IP values of pentacene layers, we performed first-principles electronic
structure calculations based on DFT using the Vienna ab initio simulation package.*"*® The
atomic structures of the pentacene layers (Figure S6) are adopted from the previous study.?®
Such DFT calculations tend to underestimate the value of 1P*°, so we considered the GW
correction (4ew). Detailed introductions about the IP calculations are given in the
Supporting Information. The final IP values of WL, 1L, 2L, and 3L pentacene without and
with GW corrections are summarized in Table 1, where one can see a big drop (~0.77 eV)
of IP from WL to 1L pentacene, followed by a small drop (~0.18 eV) from 1L to 2L
pentacene. Starting from 2L pentacene and above, IP stays constant at 4.78 eV. Such a
layer dependence is originated from the difference of the orientation angles of pentacene
molecules (0°, 61° and 82" for the WL, 1L, and 2L or above, respectively). Our IP
calculations are consistent with previous experimental results.*>#¢ Note that the interface
dipole between graphene and pentacene induces a shift of pentacene vacuum level by A =
0.1eVv.%®

Pentacene layers IPort (eV) IPprr +4cw (V)
WL 4.76 5.72
1L 3.99 4.95




2L 3.81 4.77

3L 3.82 4.78

Table 1. The calculated ionization potential (IP) of pentacene with different
thicknesses.

Based on Figure 4, one can see that the Fermi level of graphene is much higher than
the HOMO energy level of WL pentacene, so charge transfer between graphene and WL
pentacene is forbidden. For 1L to 4L pentacene, HOMO energy level rises above Er of
graphene, so electron transfer from pentacene to graphene is enabled. The amount of
electron transfer from 1L pentacene to graphene is much less compared to that from thicker
pentacene layers. For 1L pentacene, the reduction of graphene Er due to the charge transfer
(AEF) is about 0.013 eV, corresponding to the change of carrier density (An) of about
0.9x10%2 cm. For 2L to 4L pentacene, the resulting AEF is about 0.047 eV, corresponding
to the An = 3.1x10'? cm™. The size of AEr is mainly due to the potential difference between
graphene and pentacene (AEip) (Figure 4). The amount of AEr for 1L pentacene (~0.08
eV) is much smaller than those of 2L to 4L pentacene (~0.25 eV). Another relevant factor
is the density of states of pentacene layers. In principle, few-layer pentacene should have
more electrons to offer compared to 1L pentacene. Note that the electron transfer discussed
here is a tunneling process due to the presence of the WL pentacene that acts as a tunneling
barrier (Figure 4) with a thickness of about 0.5 nm.?® Effects of electron tunneling on
surface plasmons have been studied in metal-molecule junctions, where unique quantum
plasmonic responses were observed.>® It is also proposed that electron tunneling can be
utilized to generate graphene plasmons.®°2 Therefore, the molecule/graphene
heterostructure with interlayer electron tunneling studied here provides a unique platform
to explore further the role of electron tunneling on graphene plasmons.

Finally, we wish to discuss the dependence of plasmon damping rate j» on
pentacene thickness. As discussed above (Figure 3c),  increases with pentacene thickness,
and the increment of y is larger from 1L to 2L pentacene (~0.07) compared to that between
other adjacent layers (~0.03), which implies a possible link between electron transfer and
plasmon damping. Based on eq 1, we know that j, can be written approximately as:

Y, =0, /0 ~x, /1, +EL/E, (3)
which indicates that j originates from both the loss due to the dielectric environment and
the scattering of Dirac fermions in graphene. As discussed above, x~ 2.7 + 0.15i for
graphene sitting directly on SiO2 at E = 116 meV. As a semiconductor, pentacene behaves
like a good dielectric with a negligible imaginary part of permittivity at the mid-IR region
if it is away from the vibrational modes®, so pentacene itself has little contribution to x> at
our excitation energy. Therefore, the enhanced j when adding pentacene layers is most
likely due to the scattering of graphene carriers by impurities or localized charges in
pentacene. With electron transfer, additional localized charges could be introduced to
pentacene, which cause higher damping to graphene plasmons (Figure 3c). Increased
charge scattering leading to a lower carrier mobility has been observed previously in
transport studies of Ceo/graphene heterostructures, where charge transfer was also
involved.>



In summary, we have performed the first nanoplasmonic study of vdwW
heterostructures formed by organic 2D materials and graphene. By using the nano-IR
imaging technique, we discovered that the graphene plasmons could be tailored by
depositing molecule layers of pentacene on graphene. Unlike electrical gating that requires
a constant bias voltage, the molecular deposition method is suitable for creating
heterostructure samples or devices with tailored permanent properties for long-term
applications. Through quantitative analysis and DFT calculations, we proved that the
pentacene-layer dependence of graphene plasmons is mainly due to tunneling-type electron
transfer from pentacene to graphene. Moreover, we found the electron transfer process is
determined by the molecule orientation of each pentacene layer. Such a unique sensitivity
to molecular orientations is highly desired for structural characterizations of molecules and
bio-nanoparticles. Of course, the studies should not be limited to pentacene/graphene
heterostructures. We expect more interesting nano-optical properties and functionalities to
be discovered in heterostructures formed by graphene with other types of molecules. Our
work broadens the understanding of the interlayer interactions of graphene with
biomolecules and opens the door to future studies and applications of molecule/graphene
heterostructures in nanophotonics and optoelectronics.

Acknowledgments

Work done at Ames Lab was supported by the U.S. Department of Energy, Office
of Basic Energy Science, Division of Materials Sciences and Engineering. Ames
Laboratory is operated for the U.S. Department of Energy by lowa State University under
Contract No. DE-AC02-07CH11358. The nano-optical imaging set-up was partially
supported by the W. M. Keck Foundation. X.W. acknowledges the funding support from
the National Natural Science Foundation of China 61734003 and the National Key Basic
Research Program of China 2013CBA01604.

References

1. Ryzhii, V.; Satou, A.; Otsuji, T. J. Appl. Phys. 2007, 101, 024509.

2. Jablan, M.; Buljan, H.; Soljaci¢, M. Phys. Rev. B 2009, 80, 245435.

3. Koppens, F. H. L.; Chang, D. E.; Javier Garcia de Abajo, F. Nano Lett. 2011, 11, 3370-
3377.

4. Grigorenko, A. N.; Polini, M.; Novoselov, K. S. Nat. Photon. 2012, 6, 749.

5. Bao, Q.; Loh, K. P. ACS Nano 2012, 6, 3677-3694.

6. Basov, D. N.; Fogler, M. M.; Lanzara, A.; Wang, F.; Zhang, Y. Rev. Mod. Phys. 2014,
86, 959-994.

Low, T.; Avouris, P. ACS Nano 2014, 8, 1086.

Basov, D. N.; Fogler, M. M.; Garcia de Abajo, F. J. Science 2016, 354, 195-195.
9. Low, T.; Chaves, A.; Caldwell, J. D.; Kumar, A.; Fang, N. X.; Avouris, P.; Heinz, T.
F.; Guinea, F.;  Martin-Moreno, L.; Koppens, F. Nat. Mater. 2017, 16, 182-194.
10. Ju, L.; Geng, B.; Horng, J.; Girit, C.; Martin, M.; Hao, Z.; Bechtel, H. A.; Liang, X.;
Zettl, A.; Shen, Y. R.; Wang, F. Nat. Nanotechnol. 2011, 6, 630-634.

11. Fei, Z.; Andreev, G. O.; Bao, W.; Zhang, L. M.; McLeod, A. S.; Wang, C.; Stewart, M.
K.; Zhao, Z.; Dominguez, G.; Thiemens, M.; Fogler, M. M.; Tauber, M. J.; Castro-
Neto, A. H.; Lau, C. N.; Keilmann, F.; Basov, D. N. Nano Lett. 2011, 11, 4701-4705.

o N



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Brar, V. W.; Jang, M. S.; Sherrott, M.; Lopez, J. J.; Atwater. H. Nano Lett. 2013, 13,
2541-2547.

Fang, Z.; Thongrattanasiri, S.; Schlather, A.; Liu, Z.; Ma, L.; Wang, Y.; Ajayan, P.;
Nordlander, P.; Halas, N. J.; de Abajo, F. J. G. ACS Nano 2013, 7, 2388-2395.

Gao, W.; Shi, G.; Jin, Z.; Shu, J.; Zhang, Q.; Vajtai, R.; Ajayan, P. M.; Kono, J.; Xu,
Q. Nano Lett. 2013, 13, 3698-3702.

Fei, Z.; Rodin, A. S.; Andreev, G. O.; Bao, W.; McLeod, A. S.; Wagner, M.; Zhang, L.
M.; Zhao, Z.; Thiemens, M.; Dominguez, G.; Fogler, M. M.; Castro Neto, A. H.; Lau,
C. N.; Keilmann, F.; Basov, D. N. Nature 2012, 487, 82-85.

Chen, J.; Badioli, M.; Alonso-Gonzalez, P.; Thongrattanasiri, S.; Huth, F.; Osmond, J.;
Spasenovié, M.; Centeno, A.; Pesquera, A.; Godignon, P.; Elorza, A. Z.; Camara, N.;
Garcia de Abajo, F. J.; Hillenbrand, R.; Koppens, F. H. L. Nature 2012, 487, 77-81.
Yan, H.; Low, T.; Zhu, W.; Wu, Y.; Freitag, M.; Li, X.; Guinea, F.; Avouris, P.; Xia,
F. Nat. Photon. 2013, 7, 394-399.

Woessner, A.; Lundeberg, M. B.; Gao, Y.; Principi, A.; Alonso-Gonzélez, P.; Carrega,
M.; Watanabe, K.; Taniguchi, T.; Vignale, G.; Polini, M.; Hone, J.; Hillenbrand, R.;
Koppens, F. H. L. Nat. Mater. 2015, 14, 421-425.

Ni, G. X.; McLeod, A. S.; Sun, Z.; Wang, L.; Xiong, L.; Post, K. W.; Sunku, S. S.;
Jiang, B.-Y.; Hone, J.; Dean, C. R.; Fogler, M. M.; Basov, D. N. Nature 2018, 557,
530-533.

Brar, V. W.; Jang, M. S.; Sherrott, M.; Kim S.; Lopez, J. J.; Kim, L. B.; Choi, M.;
Atwater, H. Nano Lett. 2014, 14, 3876-3880.

Dai, S.; Ma, Q.; Liu, M. K.; Andersen, T.; Fei, Z.; Goldflam, M. D.; Wagner, M.;
Watanabe, K.; Taniguchi, T.; Thiemens, M.; Keilmann, F.; Janssen, G.C.A.M.; Zhu,
S.-E.; Jarillo-Herrero, P.; Fogler, M. M.; Basov, D. N. Nat. Nanotechnol. 2015, 10,
682-686.

Jia, Y.; Zhao, H.; Guo, Q.; Wang, X.; Wang, H.; Xia, F. ACS Photonics 2015, 2, 907-
912.

Yang, X.; Zhai, F.; Hu, H.; Hu, D.; Liu, R.; Zhang, S.; Sun, M.; Sun, Z.; Chen, J.; Dali,
Q. Adv. Mater. 2016, 28, 2931-2938.

Ni, G. X.; Wang, H.; Wu, J. S.; Fei, Z.; Goldflam, M. D.; Keilmann, F.; Ozyilmaz, B.;
Castro Neto A. H., Xie, X. M.; Fogler, M. M. Basov, D. N. Nature Mater. 2015, 14,
1217-1222.

Hu F.; Das, S. R.; Luan, Y.; Chung, T.-F.; Chen, Y. P.; Fei, Z. Phys. Rev. Lett. 2017,
119, 24, 247402.

Zhang, Y.; Qiao, J.; Gao, S.; Hu, F.; He, D.; Wu, B.; Yang, Z.; Xu, B.; Li, Y.; Shi, Y ;
Ji, W.; Wang, P.; Wang, X.; Xiao, M.; Xu, H.; Xu, J.-B.; Wang, X. Phys. Rev. Lett.
2016, 116, 016602.

He, D.; Zhang, Y.; Wu, Q.; Xu, R.; Nan, H.; Liu, J.; Yao, J.; Wang, Z.; Yuan, S.; Li,
Y.; Shi, Y.; Wang, J.; Ni, Z.; He, L.; Miao, F.; Song, F.; Xu, H.; Watanabe, K;
Taniguchi, T.; Xu, J.-B.; Wang, X. Nat. Commun. 2014, 5, 5162.

Liu, X.; Luo, X.; Nan, H.; Guo, H.; Wang, P.; Zhang, L.; Zhou, M.; Yang, Z.; Shi, Y .;
Hu, W.; Ni, Z.; Qiu, T.; Yu, Z.; Xu, J.-B.; Wang, X. Adv. Mater. 2016, 28, 5200-5205.
Hu, F.; Luan, Y.; Fei, Z.; Palubski, I. Z.; Goldflam, M. D.; Dai, S. Wu, J.-S.; Post, K.
W.; Janssen, J.C.A.M.; Fogler, M. M.; Basov, D. N. Nano Lett. 2017, 17, 5423-5428.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.
42.
43.
44,
45,
46.
47.
48.
49.
50.

51.
52.

Zhang, L.; Fu, X.; Hohage, M.; Zeppenfeld, P.; Sun, L. D. Phys. Rev. Mater. 2017, 1,
043401.

Fei, Z.; Goldflam, M. D.; Wu, J.-S.; Dai, S.; Wagner, M.; McLeod, A. S.; Liu, M. K;
Post, K. W.; Zhu, S.; Janssen, G. C. A. M.; Folger, M. M.; Basov, D. N. Nano Lett.
2015, 15, 8207-8276.

Nikitin, A. Y.; Alonso-Gonzélez, P.; Vélez, S.; Mastel, S.; Centeno, A.; Pesquera, A.;
Zurutuza, A.; Casanova, F.; Hueso, L. E.; Koppens, F. H. L.; Hillenbrand, R. Nature
Photon. 2016, 10, 239-243.

Fei, Z.; Rodin, A. S.; Gannett, W.; Dai, S.; Regan, W. Wagner, M.; Liu, M. K.; McLeod,
A. S.; Dominguez, G.; Thiemens, M.; Castro Neto, A. H.; Keilamnn, F.; Zettl, A.
Hillenbrand, R.; Fogler, M. M.; Basov, D. N. Nat. Nanotechnol. 2013, 8, 821-825.
Fei, Z.; Ni, G.-X.; Jiang, B.-Y.; Fogler, M. M.; Basov, D. N. ACS Photonics 2017, 4,
2971-29717.

Jiang, B.-Y.; Ni, G. X.; Pan, C.; Fei, Z.; Cheng, B.; Lau, C. N.; Bockrath, M.; Basov,
D. N.; Fogler, M. M. Phys. Rev. Lett. 2016, 117, 086801.

Ryu, S.; Liu, L.; Berciaud, S.; Yu, Y.-J.; Liu, H.; Kim, P.; Flynn, G. W.; Brus, L. E.
Nano Lett. 2010, 10, 4944-4951.

Ni, Z. H.; Wang, H. M.; Luo, Z. Q.; Wang, Y. Y.; Yu, T.; Wu, Y. H.; Shen, Z. X. J.
Raman Spectrosc. 2010, 41, 479-483.

Westermeier, C.; Cewrnescu, A.; Amarie, S.; Liewald, C.; Keilmann, F.; Nickel, B.
Nat. Commun. 2014, 5, 4101.

Schubert, M.; Jacopic, C. B.; Arwin, H. M. Appl. Phys. Lett. 2004, 84, 200.

Sun, J. T.; Lu, Y. H.; Chen, W.; Feng, Y. P.; Wee, A. T. S. Phys Rev. B 2010, 81,
155403.

Das, B.; Voggu, R.; Rout, C. S.; Rao, C. N. R. Chem. Commun. 2008, 0, 5155-5157.
Yan, R.; Zhang, Q.; Li, W.; Calizo, I.; Shen, T.; Richter, C. A.; Hight-Walker, A. R.
Liang, X.; Seabaugh, A.; Jena, D.; Xing, H. G.; Gundlach, D. J.; Nguyen, N. V. Appl.
Phys. Lett. 2012, 101, 022105.

Yu, Y.J.; Zhao, Y.; Ryu, S.; Brus, L. E. Kim, K. S.; Kim, P. Nano Lett. 2009, 9, 3430-
3434,

Duhm, S.; Heimel, G.; Salzmann, I.; Glowatzki, H.; Johnson, R. L.; Vollmer, A.; Rabe,
J. P.; Koch, N. Nat. Mater. 2008, 7, 326-332.

Fukagawa, H.; Yamane, H.; Kataoka, T.; Kera, S.; Nakamura, M.; Kudo, K.; Ueno, N.
Phys. Rev. B 2006, 73, 245310.

Liu, X.; Gruneis, A.; Haberer, D.; Fedorov, A. V.; Vilkov, O.; Strupinski, W.; Pichler,
T. J. Phys. Chem. C 203, 117, 3969-3975.

Kresse, G.; Hafner, J. Phys. Rev. B 1993, 47, 558.

Kresse, G.; Furthmuller, J. Phys. Rev. B 1996, 54, 111609.

Jiang, H.; Shen, Y.-C. lonization potentials of semiconductors from first-principles. J.
Chem. Phys. 2013, 139, 164114,

Tan, S. F.; Wu, L.; Yang, J. K. W.; Bai, P.; Bosman, M.; Nijhuis, C. A. Science 2014,
343, 1496-1499.

De Vega, S.; Javier Garcia de Abajo, F. ACS Photonics 2017, 4, 2367-2375.

Ooi, K. J. A;; Chu, H. S.; Hsieh, C. Y.; Tan, D. T. H. Ang, L. K. Phys. Rev. Applied
2015, 3, 054001.



53. Ojeda-Arristizabal, C.; Santos, E. J. G.; Onishi, S.; Yan, A.; Rasool, H. I.; Kahn, S.; Lv,
Y.; Latzke, D. W.; Jairo Velasco, Jr.; Crommie, M. F.; Sorensen, M.; Gotlieb, K.; Lin,
C.-Y.; Watanabe, K.; Taniguchi, T.; Lanzara, A.; Zettl, A. ACS Nano 2017, 11, 4686-
4693.

Figures

pentacene

TOC figure

Infrared

d(nm) Q.
=
T T T

| | | L !
0o 1 2 3 4

Pentacene layers
2
e
z | &
5
ik —&—
g =
3
0 1 1 1 L 1
-7 7 oM |2 0Lt 2 8. 4

height (nm) s (norm.) Pentacene layers

Figure 1. a, lllustration of the s-SNOM study of a pentacene/graphene heterostructure. The
arrows sketch the incident laser and back-scattered photons, respectively. b, The AFM
topography image of a typical pentacene/graphene heterostructure sample. ¢, The IR
amplitude (s) image of the pentacene/graphene heterostructure taken at a photon energy of
E =116 meV. Here we normalized the amplitude signal to that of SiO». The labeling ‘WL’
represents the wetting layer on graphene, ‘1L’-‘4L’ represent 1-layer to 4-layer pentacene
on graphene, and ‘G’ represents bare graphene. The scale bars: 1 um. d, The thickness (d)
of sample relative to the SiO> surface versus the number of pentacene layers. e, The IR
amplitude signal versus the number of pentacene layers measured at locations away from
the edge of the sample in Figure 1c. In d and e, the O pentacene layer corresponds to bare
graphene.
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Figure 2. a-e, High-resolution IR amplitude images of bare graphene (G) and
pentacene/graphene heterostructures (1L to 4L) with various pentacene thicknesses taken
at E =116 meV. The blue dashed curves mark the sample edges. The scale bars: 200 nm.
f-j, The IR amplitude line profiles from both experiments (grey) and simulations (red). The
experimental profiles were taken along the black dash lines in a-e. In all the images and
profiles, the IR amplitude signal is normalized to that of the SiO2/Si substrate.
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Figure 3. a, lllustration of the spheroid model with different parameters that we used to
model the plasmon fringes profiles in Fig. 2f-j. b, The plasmon wavelength (Ap) versus the
number of pentacene layers from fringe profile fitting (black squares) and theoretical
calculations (blue triangles) assuming a fixed Fermi energy of 0.47 eV. c, The plasmon
damping rate () versus the number of pentacene layers from fringe profile fitting. d, The
Fermi energy of graphene versus the number of pentacene layers calculated based on the
fitted A, data (squares) in panel b. In panels b-d, the 0 pentacene layer corresponds to bare
graphene.
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to graphene, resulting in a lifting of pentacene HOMO energy level. The energy values
listed in the alignment diagram are the ionization potentials (IP) of graphene and pentacene
layers before electron transfer.
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1. Experimental details

To perform nano-infrared (IR) imaging studies of the pentacene/graphene
heterostructures, we employed the scattering-type scanning near-field optical microscopy
(s-SNOM). Our s-SNOM apparatus (Neaspec GmbH) is based on an atomic force
microscope (AFM) operating in the tapping mode. Measurements were acquired at an AFM
tapping frequency of ©2 =270 kHz and a tapping amplitude of about 60 nm. As illustrated
in Figure 1a, we utilized a metalized AFM probe, which is illuminated by a p-polarized
mid-IR beam from a continuous-wave CO. laser (Access Laser). In our s-SNOM
measurements, we used Arrow-NCPt probes from NanoAndMore. The radius of tip apex
of these probes is about 25 nm that defines the spatial resolution of the s-SNOM. The
standard observable of an s-SNOM experiment is complex scattering signal demodulated
at the n™ (n = 3 in the current work) harmonics of the AFM tip oscillation. We discuss
mainly the amplitude part of the signal that is enough to describe the plasmonic responses
of the samples.

Our pentacene/graphene vdW heterostructures were prepared by physical vapor
transport deposition of uniform pentacene molecular layers on graphene. The
heterostructure samples are sitting on the standard silicon wafers with 300-nm-thick
thermal oxide on the top. The samples that we studied in this work include bare graphene,
and one-layer (1L), two-layer (2L), three-layer (3L) and four-layer (4L) pentacene on
graphene, determined by accurate AFM measurements (Figure S1).

2. Additional s-SNOM imaging data

In Figures S2 and S3, we present the excitation energy (E) dependent nano-IR
amplitude images of graphene, 1L pentacene on graphene, and 2L pentacene on graphene.
Here the IR amplitude is normalized to that of the SiO> substrate. From Figures S2 and S3,
one can see that the IR contrast between the samples and the SiO> substrate shows a clear
evolution with energy. This is mainly due to the increase of the substrate signal as E
approaches the surface phonon resonance of SiO> at around 140 meV. Moreover, the fringe
period or the fringe width of the samples shrinks with increasing laser energy, indicating
smaller plasmon wavelength. This is consistent with the dispersion properties of graphene



plasmons (Figure S5). In all laser energies, there is a small signal difference between bare
graphene and 1L pentacene on graphene and a larger contrast between 1L and 2L pentacene
on graphene. This is consistent with the results discussed in the main text (Figures 1-3).

Figure S4a,b present the nano-IR imaging data of two heterostructure samples at an
excitation energy of E = 110 meV. Sample 1 is the one that we extensively studied in the
main text. Sample 2 is from a different wafer and it also contains bare graphene and 1L to
4L pentacene on graphene. Note that the excitation energy used here is slightly lower than
that used in Figures 1 and 2 in the main text (116 meV). Here we compare the general
signal contrast of different sample areas, which show good consistency among the two
samples. For quantitative comparison, we plot in Figure S4c the average IR amplitude at
the sample interior versus the number of pentacene layers (O layer corresponds to bare
graphene). Here one can see that the general trend of the signal evolution with layer
thickness is consistent in the two heterostructure samples. There is a slight difference in 1L
pentacene on graphene, which is possibly due to the degradation of 1L pentacene on sample
2 that leads to nonuniform signal distributions (Figure S4b).

3. Numerical modeling of the plasmon fringe profiles

To model the fringes profiles of plasmons confined inside graphene or
pentacene/graphene heterostructures, we model our AFM tip as an elongated metallic
spheroid (see Figure 3a in the main text): the length of the spheroid is 2L and the radius of
curvature at the tip ends is a. Here, a is set to be 25 nm according to the manufacturer and
L is set to be 500 nm and it is not a very sensitive parameter so long as L >> a. The scattering
amplitude s (before demodulation) scales with the total radiating dipole p; of the spheroid.
Therefore, to fit the line profiles perpendicular to the fringes inside samples, we need to
calculate p; at different spatial coordinates (X, z) of the lower end of the AFM tip. Here, x
is the in-plane coordinate perpendicular to samples and z is the out-of-plane coordinate
perpendicular to the sample surface. By calculating p, at different z, we can perform
‘demodulation’ of the scattering amplitude s and get different harmonics of the scattering
signal and calculating p; at different x allows us to plot the modeling profiles of IR
amplitude. In all our simulations, we assume no position dependence in the y-direction for
simplicity. The dielectric constants of SiO. used in the calculations are adopted from
literature.> The dielectric constants of pentacene layers (s, &) used in the calculations
given in Section 6 below. The key modeling parameters for graphene are the plasmon
wavelength (4p) and damping rate (jp). By fitting the experimental plasmon fringe profiles
(Figure 2f-j in the main text), we can determine accurately A, and j based on the
experimental data (Figure 3b,c in the main text).

4. Calculations of the plasmon wavelength

In order to determine the Fermi energy (Er) of graphene, we need to calculate Ap
theoretically and then compared to the experimental result obtained from fringe profile
fitting (see the section above). For that purpose, we first compute the plasmon dispersion
colormaps (Figure S5) by evaluating numerically the imaginary part of the reflection
coefficient Im(rp) for the entire pentacene/graphene/substrate heterostructure system by
using the transfer matrix method. These colormaps reveal the photonic density of states
(DOS), and the plasmonic mode appears as a bright curve revealed by the colormaps. Such
a dispersion calculation method has been widely applied in the studies of graphene



plasmons and other types of polaritons. The optical conductivity of graphene is obtained
by the Radom phase approximation methods (see Ref. 11 in the main text). The dielectric
constants of pentacene layers used in the calculations given in Section 6 below. The
dielectric constants of SiO, used in the calculations are adopted from literature.! Based on
the calculated dispersion colormaps, we can determine the plasmon wavevector g and
hence the plasmon wavelength A, = 2rn/qp at any excitation energy. The dispersion
colormaps shown in Figure S5 are calculated with different choices of Er values shown in
Figure 3d in the main text. The A, values read out from these colormaps match well the A,
results determined through fringe profile fitting (Figure 2 in the main text), which confirms
the validity of Er values shown in Figure 3d.

5. DFT calculation methods and results

We performed first-principles electronic structure calculations based on density
functional theory (DFT) using Vienna ab initio simulation package (VASP).>® We
employed the projector augmented wave method* and a plane-wave basis set with 400 eV
energy cutoff. For the exchange-correlation functional, we used Perdew-Burke-Ernzerhof
(PBE) functional®, and a total of 5x2x1 k point meshes were used. We included the van der
Waals energy using the DFT-D3 method.® In our slab calculations for the pentacene thin
films, we used sufficiently thick vacuum regions (> 23 A) to prevent the unwanted
interactions between periodic images. We considered the structural model of pentacene
layers that consist flat-lying wetting layer (WL) on graphene, the inclined one layer (1L)
and the standing two (2L) and three layers (3L) (Figure S6).” The dielectric matrix was
determined using density functional perturbation theory. In Figures S7 and S8, we
presented the calculated band structures of pentacene layers and their potential energy line
profiles taken along the vertical direction. From these calculations, we can determine the
ionization potential (IP) of all pentacene layers (Table 1 in the main text).

Due to the self-interaction error, the conventional DFT calculations with local
density approximation (LDA) or generalized gradient approximation (GGA) are not
supposed to give accurate valence band energies, which in turn results in underestimated
IP values.® Therefore, we performed the GW calculation (in the GWj level) that is expected
to give a reasonable value for the IP. Due to the large computational cost, we used the
approximation where we estimate the shift of the valence band maximum by that of the
highest valence band energy at the T" point of the Brillouin zone (4vs,r) in the 3D bulk
pentacene crystal (Figure S9a ). In the GW calculation of the bulk pentacene, we used
2x2x1 k point meshes. We considered further correction coming from limited number of
empty bands (4eb). Specifically, we estimated the valence band energy with the infinite
number of the empty bands (Ne» = o0) included in the calculation by fitting the results of a
series of different Nep to the formula A/Neb + B.

The results of both corrections are shown in Figure S9b,c, respectively. We denoted
the sum of the two correction terms by Acw (i.e., dew = Ave,r+ Aey). The total GW
correction is as large as = 0.96 eV. After corrections, the IPs of thin pentacene layers are
calculated to be 5.72 eV, 4.95 eV, 4.78 eV, and 4.78 eV for WL, 1L, 2L and 3L pentacene,
respectively (Table 1 in the main text). These results are consistent with previous
experiments.® Based on the calculation results, we conclude that the IP of pentacene is
solely dependent on the orientation angle of pentacene molecules. Therefore, we expect
that IPs of thicker pentacene layers (4L or above) are all about 4.78 eV.



6. Dielectric constants of pentacene

The dielectric constants of pentacene layers we used for the fringe profile modeling
and dispersion calculations are also from DFT calculations. With DFT, we calculated the
static dielectric constants of pentacene layers with different thicknesses. It is known from
the previous study'® that pentacene has a flat dielectric response up to the visible region
when it is away from the strong vibrational modes of pentacene (the nearest strong
resonance is at about 112 meV with a resonance width of 0.4 meV). Therefore, it is
appropriate to use the static dielectric constants for calculations in the mid-infrared region.
The calculated in-plane dielectric constants (&) for 1L, 2L and 3L pentacene are about
2.1, 2.6 and 2.7, respectively. The out-of-plane dielectric constants (&) for 1L, 2L and 3L
pentacene are about 1.3, 2.0 and 2.6, respectively. Both e and & increase with pentacene
thickness and they are trending towards the value for bulk pentacene films: guk =~ 3.0.1°
For 4L pentacene, we used dielectric constants of 3L pentacene as an approximation. The
calculated Ap only varies a little (~1.5%) even using &k = 3.0 for 4L pentacene. There is
in fact a small ab-plane anisotropy (about 1%, 5% and 12% for 1L, 2L and 3L pentacene,
respectively) in the dielectric constants according to our calculations, but it only causes
tiny variations to A, (about 0.05%, 0.3% and 0.8% for 1L, 2L and 3L pentacene,
respectively) due to the nanoscale thicknesses of the pentacene layers. Therefore, we used
averaged ab-plane dielectric constants in our calculations (&a + &w)/2.
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Figure S1. The AFM topography profiles of graphene (G) and 1L to 4L pentacene on
graphene extracted from Figure 1b in the main text. Here the O pentacene layer corresponds

to bare graphene.
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Figure S2. Excitation laser energy dependent nano-IR imaging data of bare graphene (G)

and 1L pentacene on graphene. Here we plot the IR amplitude normalized to that of the
SiO2 substrate.
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Figure S3. Excitation laser energy dependent nano-IR imaging data of 1L and 2L
pentacene on graphene. Here we plot the IR amplitude normalized to that of the SiO;
substrate.
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Figure S4. a,b, Nano-IR imaging of two samples at an excitation energy of 110 meV
(slightly lower energy compared to that used in Figure 1 and 2 in the main text). Sample
1 is the sample we studied extensively in the main text. Sample 2 is a different sample on
a different wafer. Scale bars: 2 um. ¢, The IR amplitude signals of the two samples taken
from a,b versus the number of pentacene layers.



a Graphene b 1L pentacene on graphene
125

glem™)

q(em™) x10°

Figure S5. Calculated dispersion colormaps of bare graphene (a) and pentacene layers with
different thicknesses on graphene (b-e). The white dashed curves mark the dispersion
relation of graphene plasmons revealed by the color maps. The horizontal and vertical blue
dashed lines mark the excitation energy (E = 116 meV) and corresponding plasmon
wavevector determined by the dispersion diagrams.
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Figure S6. Atomic structures of different pentacene layers that we constructed for DFT
calculations.
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Figure S7. The DFT calculations of band structures of WL, 1L, 2L and 3L pentacene. In

all the plots, the band structures are shifted on purpose to set the valence band maximum
rightat 0 eV.
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Figure S8. The DFT calculations of potential energy profiles of WL, 1L, 2L, and 3L
pentacene along the c axis (perpendicular to the pentacene layers).
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Figure S9. a, Unit cell of bulk pentacene that we used for GW calculations. b, Shift of the
valence band maximum by that of the highest valence band energy at the I" point of the
Brillouin zone (4vsr). ¢, Correction coming from limited number of empty bands (eb).



