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Tuning the Work-Function Via Strong Coupling

James A. Hutchison, Andrea Liscio, Tal Schwartz, Antoine Canaguier-Durand,
Cyriaque Genet, Vincenzo Palermo, Paolo Samori, and Thomas W. Ebbesen*

All materials are characterized by a work-function, the energy
necessary to remove an electron from the Fermi level into
vacuum, which is a fundamental property critical for many
applications."?l Electronic devices, such as organic transis-
tors and solar cells, are designed with sets of metal electrodes
carefully chosen according to their intrinsic work-function.’-7!
The work-function can be further adjusted by chemical modi-
fication of the interfaces to optimize the performance of such
devices.”"11l Here we demonstrate that the work-function can
also be modified by engineering the electromagnetic environ-
ment of the material. To do this, we create hybrid light-matter
states that strongly change the electronic energy levels of the
system as explained next.

Through the rapid exchange of photons, matter can enter into
the so-called strong coupling regime with the surrounding elec-
tromagnetic field. This leads to the formation of two new eigen-
states, |P — ) and |P + ), separated by the Rabi splitting energy
as illustrated in Figure 1A and B. To achieve this regime, the
material is typically placed in a photonic structure or an optical
cavity that is resonant with one of its electronic transitions. A
prerequisite for strong coupling is that the photon exchange
must be faster than any dissipation process, which is facilitated
by shaping the electromagnetic environment and confining the
field. Strong coupling has been extensively studied with atoms,
semi-conductors and quantum wells as it offers much potential
in areas such as Bose-Einstein type condensation of polaritons,
spintronics, lasing and quantum information processing.['2-18l
Nevertheless the potential of strong coupling is not limited to
such physics applications. One of the fascinating features of
strong coupling for material and molecular science is its col-
lective nature.’l In a strongly coupled molecular material, the
Rabi-splitting is determined by the square root of the molec-
ular concentration within the optical mode, and molecules
microns apart will emit coherently if they are strongly coupled
to the same mode.l?% Another important feature is the fact that
strong coupling occurs even in the absence of light: according
to quantum mechanics, the Rabi-splitting energy #iQy, is given,
neglecting dissipation, by
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where hw is the cavity resonance or transition energy, &, the
vacuum permittivity, v the mode volume, d the transition
dipole moment of the material and n,;, the number of photons
present in the system. Even when n,, goes to zero, Ti€2; has a
finite value. This implies that even in the dark, the interaction
of the material with the vacuum field via the photonic struc-
ture can be very strong, and we have recently demonstrated a
vacuum Rabi splitting of 700 meV.2!l Such high values lead to
a major reorganization of the energy levels of the system and
as a consequence, chemical reactivity of molecules coupled to
the vacuum field can be modified, as shown recently.??l Other
properties might also be changed. For instance it is well known
that the ionisation potential and the electronic affinity of first
excited state can be estimated from the electronic energies of
highest occupied orbital (HOMO) and the lowest unoccupied
orbital (LUMO) of the ground state and the transition energy
between the two states.?*?4 With this in mind, one might
expect that the formation of the new hybrid states modify simi-
larly the electronic energies of the system.

To check if this is the case or not, we have explored whether
strong coupling can be used to modify the work-function ().
The work-function is the energy difference between the Fermi
level of a material and the vacuum energy level. For a semi-
conductor, or an insulating material, the Fermi level lies in
the bandgap between the HOMO and the LUMO of the mate-
rial.'2l In general, the work function of a semi-conductor can
be written as @, = E* + AEp, where AEj; is the Fermi level
position referenced to the bottom of the conduction band and
E” is the electron affinity. Changes in work-function for organic
materials are routinely measured by the Kelvin Probe Method
(KPM).[7_11'25'26]

KPM measures the surface potential difference (ASP)
between a metal tip and a sample, as schematically illustrated
in Figure 1F. For a metallic sample, ASP relates directly to the
difference in work-functions (A®) between the tip and sample.
In the case of semi-conductors and insulators, there can also
be a contribution from charges distribution in the material and
surface dipoles (collectively denoted u) and from electronic re-
arrangement at the film/substrate interface (9):

As we will show here, the change in surface potential
recorded upon strong coupling in the following experiments
can only be attributed to a change in AQ®.

For this purpose, a polymer film heavily doped (50% by
weight, density ~102° cm™3) with the photochrome spiropyran
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in Figure 2A. Transmission spectra of the

|P+) arrays were recorded by optical microscopy

which showed the typical extraordinary trans-
mission peaks associated with the surface
plasmon modes (black curve, Figure 2C).[728]
The sample was then irradiated at 365 nm
to generate MC. When the (1,0) surface
plasmon mode was resonant with the 560 nm
MC peak (period, P = 250 nm), a splitting
occurs which here reaches a maximum of
600 meV, a typical signature of strong cou-
pling (red curve, Figure 2C). As the period
increases and the surface plasmon mode is
detuned from the MC transition, the strong
coupling vanishes.??”] This is shown in
Figure 2D where the energies of the trans-
mission maxima are plotted as a function of
27 - Period™! of the different samples.

The surface potential difference ASP was
then measured for the same set of arrays
before and after UV irradiation. The samples
before irradiation with the SPI isomer acted
as a reference. For fabrication reasons, the
size of the nanostructured arrays are limited

UV .

—
Heat/Visible

Figure 1. A) Dispersion diagram of strong coupling between a dispersive optical mode (dark
dashed line) and a non-dispersive electronic transition (green dashed line) resulting in the
anti-crossing with a Rabi splitting 71Qy between the lower |P — ) and upper |P + ) polaritonic
states (blue lines). B) Diagram of the modification of a molecular material’s energy levels upon
C) Schematic of a hole
array milled in Ag film on a glass substrate with spin-cast polymer layer on top which contains
the photochrome. D) Schematic of a Fabry-Perot cavity formed by two Ag mirrors on either
side of the polymer film containing the photochrome, all of it on a glass substrate. E) Photo-
chrome in its two isomeric structures, the uncoloured spiropyran (SPI) form and the coloured
merocyanine form (MC). F) A schematic diagram of the Kelvin probe force microscope use to

strong coupling (molecular ground state Sy and first excited state S;).

measure the work-function.

(SPI) was chosen. The SPI form of the photochrome can be
photoisomerized to the coloured merocyanine (MC) (Figure 1E).
We have previously established that the first transition (560 nm)
of MC, corresponding to the HOMO-LUMO transition, can be
strongly coupled with the optical cavities leading to exception-
ally large vacuum Rabi splittings.2!] Furthermore the degree of
coupling can be adjusted by UV irradiation of SPI to control
[MC] and thereby %iQj since it is proportional to +/[MC]. As
we will see, this ability to reversibly control the degree of strong
coupling in situ in this material is crucial to extracting the effect
of strong coupling on the work-function of a material.

Two types of resonant photonic structures were tested, one a
plasmonic hole array and the other a Fabry-Perot micro-cavity
as shown in Figure 1C and 1D. The experiments using plas-
monic hole arrays will be discussed first. As described in detail
in the Experimental section, a series of hole arrays with dif-
ferent periods were milled using focused ion beam (FIB) in a
200 nm thick Ag film. A 130 nm thick film of the material was
then spin-coated on the surface. A topographical AFM image
of a 250 nm period hole array with the polymer layer is shown

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

— to ca. 10 um X 10 pm in area, and thus Kelvin
- [ Probe Force Microscopy (KPFM, see Experi-
mental section) was used to extract ASP due
to its high spatial resolution.[?>2]

An example of a KPFM surface potential
map of a hole array is shown in Figure 2B.
As the surface area of the sample interacting
with the probe (ca. 200-300 nm) is similar to
the period and hole diameter range, it is dif-
ficult to distinguish ASP in and out of holes.
Rather ASP for each array was calculated as
an average value over a 5 um x 5 um region
in the centre of the array (thus avoiding edge
effects), and importantly also from an area
of flat metal nearby (indicated by the red
squares in Figure 2B).

The shift in ASP (i.e. upon switching from spiropyran to
merocyanine by UV irradiation, ASPy,c — ASPsp;) measured on
the flat Ag film is =155 £ 7 mV (see black squares Figure 2E).
However, when the same comparison is done on the hole
arrays, the shift in ASP reaches a maximum (ASPy,c — ASPgp; =
—275 mV) when the surface plasmon mode is resonant with the
MC transition (period 250 nm), i.e. when the system is most
strongly coupled as confirmed by optical methods (compare
Figure 2D and 2E).

The change in ASP due to photoisomerisation of spiropyran
to merocyanine diminishes upon detuning of the resonance of
the hole array, approaching that of the flat film at large periods.
This is an important result which we will return to further on.
The maximum change in ASP between the flat film and the
strongly coupled samples (—120 + 10 mV at period 250 nm) is
an underestimate because the surface plasmon modes of the
hole array have strong angular dispersion!?’-?%! (as illustrated in
Figure 1A and visible in Figure 2D and E) and the KPFM probe,
with its sharp tip, averages over a large solid angle, thereby
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Figure 2. A) AFM image (Z-range 100 nm) of a hole array sample (period 250 nm, with 130
nm thick PMMA film containing SPI). B) KPFM image of the same sample as in (A) (Z-range
200 mV). C) Transmission spectra of a hole array (period 250 nm) acquired (black) before and
(red) after the photoisomerisation of SPI to MC. D) Dispersion curve of hole array as recorded
for different array periods with SPI (black) and MC (red), the absorption peak of MC indicated
by green dashed line. E) The shift in ASP induced by the conversion of SPI to MC measured with
KPFM inside (red) and outside the hole array (black) as a function of array period, plotted as 27
- Period™". The areas over which the different measurements were averaged are shown by the
red boxes in Figure 2B. F) Predicted angular dependence for the Rabi splitting in the cases of a
plasmonic array (black curve) and of a Fabry-Perot cavity (red curve), both being at resonance
for normal incidence. The corresponding equations are given in the experimental section.
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(see also Figure 2F, red curve). In addition,
the FP cavities can be made over a large area
(ca. 30 mm?) which allowed us to do macro-
scopic Kelvin Probel®l measurements using a
much bigger probe (2 mm diameter) thereby
reducing significantly the contributions from
angles other than those normal to the FP sur-
face. The FP cavities were prepared such that
the MC transition (560 nm) was strongly cou-
pled to the A mode, as shown spectroscopi-
cally in Figure 3A. The corresponding Rabi
splitting is 670 meV. Great care was taken
that there was no electrical contact between
the two mirrors (see Experimental section)
to ensure that the true change in ASP was
detected by the Kelvin probe.

Upon UV irradiation of the resonant FP
cavity, and in keeping with the measurements
for the hole arrays, ASP shifts negatively with
time as merocyanine concentration builds up
and strong coupling conditions are reached
(black curve, Figure 3B, note the initial ASP
for the FP cavity measurements are nor-
malised to 0 V in Figure 3B to emphasize
the comparative shifts occurring upon irra-
diation). The maximum observed change
is indeed much larger for the resonant FP
cavity (-175 mV) compared to a resonant
hole array (-120 mV). The shift in ASP could
be completely reversed by irradiating the
sample with visible light, i.e. by switching the
photochrome back to the spiropyran form
(Figure 3B).

As a control, a FP cavity of the same
thickness but with only the PMMA polymer
showed no measurable shift in ASP upon
irradiation (green curve, Figure 3B). A
more important control is the off-resonance
FP cavity which consists of the SPI doped
PMMA layer of a thickness such that the
cavity resonance is detuned (to 460 nm) from
the MC absorption and thus cannot result in
strong coupling. Upon irradiation and the
formation of MC, the measured ASP for the
off-resonance sample shifts positively by a
few tens of mV (red curve, Figure 3B).

The total change in ASP for on (ASP,,)
and off-resonance (ASP,) FP cavities con-

blurring the true value of ASP. That is why even at off-resonance
periods a slight difference remains as compared to the meas-
urements on the flat metal substrate. Indeed, as can be seen
in Figure 2F, showing the predicted change in Rabi splitting
with observation angle for a plasmonic array (black curve), the
magnitude of the coupling depends strongly on the incidence
angle, and the contribution of non-zero angles will thus lead to
a severe averaging of the effect of strong coupling.

In order to approach the absolute value for the shift in ASP
due to strong coupling, Fabry-Perot (FP) structures were pre-
pared as these cavities have much smaller angular dispersion

Adv. Mater. 2013, 25, 2481-2485
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taining the maximum (photostationary) concentration of
merocyanine is therefore ASP,, — ASP,y = =200 + 20 mV. As
mentioned already, ASP contains contributions not only from
work-function but also from charge/dipole effects (Equation 2)
and therefore the changes can be written as follows:[>-3%31]

ASP,, —ASPysf
= (Aq)on + ont Son) - (Acboff + Uoff +80ff) (3)

If there is no realignment of molecules in the sample due
to strong coupling, both the u and § terms will make the same
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Figure 3. A) Transmission spectra of the Fabry-Perot cavity before (black)
and after (red) photoisomerisation of SPI to MC. Notice the split peak
(new peaks at 490 and 660 nm) due to strong coupling. B) Evolution of
the observed ASP (normalized to zero at the initial measurement) as a
function of UV irradiation time (onset indicated by black dashed line) and
then visible light once the photostationary state was reached (onset indi-
cated by blue arrows), for the resonant cavity (black), the detuned cavity
(red) and for the resonant cavity without photochrome (green).

contributions the measurements on and off resonance and
ASP,, — ASP,z= AD, — A®z= ADyc. In other words, the change
in ASP reflects only the absolute change in work-function A®gc
due to strong coupling. Nevertheless the possibility of realign-
ment of molecules by strong interaction with the vacuum field
is real since coupling is favoured for a specific dipole orienta-
tion relative to the field. This would actually be a very important
finding. In order to check for such a possibility we carried out
two experiments.

In the first experiment, we confirmed that strong coupling
did not favour a given orientation during the conversion of SPI
to MC. A FP cavity was constructed in which conversion from
SPI to MC by UV irradiation was accomplished prior to sput-
tering the top Ag layer. Optical measurements showed that Rabi
splitting of 650 meV was achieved with this sample. We then
measured ASP on this sample before and after application of
visible light (to switch MC back to SPI) and observed the same
shift in ASP (within experimental error, ca. £ 20 mV) as for the
samples where MC was generated inside the cavity.

In the second experiment, we looked for light polarisation
anisotropy that would be associated with molecular alignment
by comparing MC films photo-generated outside a cavity or
inside a resonant cavity under strong coupling conditions. No
difference in anisotropy could be observed.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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We can therefore conclude from all the above experiments
that the measured change in ASP induced by strong coupling
is due to a change in work-function of the material. It demon-
strates that the splitting of the excited state into |P+ ) and [P —)
does indeed affect the electronic energy levels. As a conse-
quence, it will impact all redox processes.

The work-function modification induced by strong coupling
is smaller than that achievable by chemical means.”-'!] Never-
theless it has the advantage that it can be easily fine-tuned to a
desired value which is naturally critical for many applications.
This is especially true for organic devices such as transistors,
light-emitting devices and solar cells. It can also be dynamically
controlled by using functional molecules such as photochromes
and electrochromes. Alternatively, the strong coupling could
be modulated using MEMS technology to control the cavity
resonance. For instance, the distance between two metallic
electrodes or dielectric mirrors in a sandwich structure could
be adjusted to resonate with an electronic transition in the
material. Tuning of the work-function through strong coupling
should be quite easy to implement in practice.

It is interesting to note that hybridization with the vacuum
field introduces a dispersive character to the work-function as
seen in Figure 2E. Plasmonic resonances could be used either
with non-dispersive localized modes or delocalized ones as
illustrated in this work. Finally, this first non-optical observa-
tion of strong coupling provides evidence that strongly coupled
materials are fundamentally modified even in the absence of
light by the formation of new hybrid states. This further con-
firms the potential of strong coupling for materials engineering
and device design.

Experimental Section

Kelvin Probe techniques: Both macroscopic Kelvin probe (KP) and
Kelvin probe force microscopy (KPFM) techniques use a metallic tip
vibrating at fixed frequency, while the sample placed on a conducting
support is grounded. For KP, a steady AC current develops in the
tip-sample capacitor. For KPFM, which is based on an AFM setup,
electrostatic tip-sample interactions are measured by detecting the tip
oscillation amplitude. An additional DC bias is then applied between the
electrodes to nullify either the AC current for KP or the electrostatic forces
for KPFM. KP measurements were performed under ambient conditions
using a 2 mm diameter gold tip amplifier (Ambient Kelvin Probe Package
from KP Technology Ltd.). KPFM measurements were carried out with a
commercial microscope Multimode (Bruker) with Extender Electronics
module. In order to obtain a sufficiently large and detectable mechanical
deflection, we used (k = 2.8 N m™") Pt/Ir coated Si ultra levers (SCM,
Bruker) with oscillating frequencies in the range 60 to 90 KHz. AFM and
KPFM images are acquired in the same measurement; a topographic
line scan is first obtained by AFM operating in Tapping Mode and then
that same line is rescanned in Lift Mode with the tip raised to a lift
height of 10 nm. KPFM measurements were performed in a home-made,
sealed chamber with relative humidity (<5%) maintained by blowing a
gentle flow of N,. Both techniques provide a voltage resolution of about
5 mV, while the lateral resolution is a few millimeters or a few tens of
nanometers for KP and KPFM, respectively. Calibration of the probe was
performed against a freshly cleaved High Oriented Pyrolytic Graphite
surface for both techniques. A comprehensive description of the two
techniques can be found in refs. [26] and [32], and references therein.
In order to check the stability of the sample due to the UV degradation,
KP and KPFM measurements were performed on the same samples
repeating the light/dark cycle for three times to obtain the complete and
reversible photoisomerisation of the samples.

Adv. Mater. 2013, 25, 2481-2485
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Sample Preparation: Plasmonic hole arrays were prepared by e-beam
evaporation of 200 nm of Ag on glass substrates and milling periodic
hole arrays in hexagonal symmetry using FIB. A toluene solution of SPI
and PMMA (both 1% by weight) was spin-cast on the samples to yield
a dry film of thickness ca. 130 nm. Fabry-Perot cavities were prepared
by first sputtering 30 nm Ag on a cleaned glass substrate. Then 1%
by weight PDMS (polydimethylsiloxane, hydroxyl-terminated, MW =
110 000, Aldrich) dissolved in tertiary butanol was spin-cast at ca.
4000 rpm on the sample to afford a ca. 30 nm thick layer which was
exposed to UV/Ozonolysis for hardening purposes. This layer ensured
the electrical isolation of the bottom Ag mirror. The same SPI/PMMA
solution was then spin-cast on top of the oxidized PDMS to yield a total
thickness of 260 nm before sputtering the top 30 nm Ag mirror. The
photoisomerisation of SPI to MC was achieved with a UV pen lamp until
the photostationary state was reached.

Calculations: The change in the Rabi-splitting energy Qg caused by
the incidence angle 6 was estimated for a plasmonic hole array and
for a Fabry-Perot micro-cavity. For the former case, the incident angle
0 determines the matching wave-vector condition that the (1,0) surface
plasmon mode must verify according to the following equation:

2 27

® Re ( EdEm ) nw Sin(o
hd [_cdém ) _T%
c g4+ Em f P (4)

where ¢ is the speed of light, n the refractive index, €, and g, the dielectric
constants respectively for the dielectric and the metal at the frequency
, and P the period. As the hole array is set to be resonant with the
MC peak at normal incidence (6 = 0), the structure becomes detuned
for non-zero angles, which yields a decrease of the Rabi-splitting energy
TiQy, presented by the black curve in Figure 2F. For the latter case of a
micro-cavity, the energy of the structure also depends on the incidence
angle 6:

2 —1/2
Eenn(0) = Evan(0) x [1 . (% sin 9) } (5)

where n,,; and n,, are the refractive indices inside and outside the cavity.
The structure being also resonant for normal incidence (6 = 0), this also
leads to a decrease of the Rabi-splitting energy 7iQ, for non-zero angles,
illustrated by the red curve in Figure 2F.
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