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Abstract—Recent theoretical and experimental development 
of optical metasurfaces has been able to address the major issues 
including high losses, cost-ineffective fabrication, and challenging 
integration that hamper the full-scale development of the meta-
surface technology. Future progress utilizing the quantum nature 
of light is likely to result in ultrathin metasurfaces with increased 
operational bandwidths and reduced losses. Here we discuss the 
simplest case of ultrathin plasmonic films as an example to show 
how quantum electrodynamics and understanding of quantum-
dimensional effects therein can help uncover new functionalities 
of ultrathin metallic nanostructures. 

Keywords—nanomaterials, ultrathin films, plasmonics, QED. 

I. INTRODUCTION 
Current development of nanofabrication techniques makes 

it possible to design advanced plasmonic nanomaterials with 
optical properties on-demand [1], [2]. One type of such nano-
materials are optical metasurfaces [3]. By carefully controlling 
geometry, structural dimensions and material composition one 
can fabricate metasurfaces (MSs) for a variety of applications, 
including optoelectronics, microscopy, imaging, sensing, and 
probing the fundamentals of light-matter interactions at the 
nanoscale [4]-[7]. Depending on their material composition and 
thickness, metasurfaces can restructure the spectral and spatial 
distribution of both real and vacuum electromagnetic (EM) 
modes. While real modes can still be described semiclassically, 
the physical consequences of the EM vacuum restructuring can 
only be fully understood within the framework of medium-
assisted quantum electrodynamics (QED) [8] — a rigorous 
quantized formalism valid in the presence of absorbing, 
dispersive and spatially confined media [9], [10] — to allow 
one to uncover new physics, new features and functionalities 
that make ultrathin (quasi-2D) optical MSs distinctly different 
from optical metamaterials, their 3D counterparts. 

II. MEDIUM-ASSISTED QED AND QUANTUM CONFINEMENT 
In presence of dispersing, absorbing and spatially confined 

media, the standard (vacuum) QED field quantization scheme 
fails to work in view of the fact that absorption makes the 
operator Maxwell equations non-Hermitian. As a consequence, 
their solutions cannot be expanded in power orthogonal modes, 
strictly speaking, and the concept of modes itself becomes 
more subtle. EM field quantization is necessary for the correct 
description of light-matter interaction scenarios with virtual 
(vacuum) photon excitations involved such as spontaneous 
emission and van der Waals interactions, mediated essentially 
by the virtual photon exchange [10]. 

In the medium-assisted QED approach we employ herein 
for optical MSs, absorption and other EM relaxation processes 
are considered to create random charge fluctuations with their 
associated (medium-assisted) local fields being superposed on 
those of physical vacuum (no medium present), to give rise to 
the vacuum-type medium-assisted EM fields represented by the 
quantum field operators (Schrödinger picture, Gaussian units): 
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Here, ˆˆ ( ,ω) Im ( ,ω) / ( ,ω)J fλ λλ λε π=r r r  is the quantum noise 
current density operator responsible for the vacuum-type 
medium excitations annihilated (created) locally by operators 
f̂λ ( †f̂λ ), Gαλ  is a classical EM field Green's tensor calculated 

for a confined material system of interest under appropriate 
boundary conditions and the rest is commonly used quantities. 
Medium excitations are assumed to be of bosonic type so that 

†ˆ ˆ[ ( ,ω), ( ,ω )] ( ) (ω ω )f fα λ αλδ δ δ′ ′ ′ ′= − −r r r r  as required by the 
Fluctuation-Dissipation Theorem and vacuum QED. Medium 
composition and medium confinement geometry are included 
in (1) by means of the dielectric response function ( ,ω)ε r and 
the Green's tensor, respectively. This makes the formalism 
extremely useful for calculating observables such as decay 
rates and Purcell factors for external emitters placed near MSs, 
which are proportional to the imaginary part of ( , ,ω)Gαλ r r , 
the main factor to represent the local density of photonic states 
(LDOS). The medium-assisted QED scheme can be extended 
to include nonlocal effects as well [11]. 

However, even though both medium composition and 
confinement geometry are included in the QED scheme above, 
there is one more important ingredient to add in. Metasurfaces 
are often based on ultrathin metallic films. In thin films [Fig. 1 
(a)], the Coulomb interaction of charges strengthens with the 
thickness reduction [12] if the film dielectric constant (ε) is 
much larger than those of the film surroundings (ε1,2). This is 
because the field produced by the confined charges outside of 
their confinement region starts playing a perceptible role with 
its size reduction. When ε1,2 << ε and the in-plane inter-charge 
distance ρ is greater than the film thickness d, the increased 
‘outside’ Coulomb contribution makes the interaction between 
the charges confined much stronger than that in homogeneous 
medium with the dielectric constant ε. In Fig. 1 (b), we see the 
pair Coulomb potential vary fast for ε1 + ε2 << ε and d << ρ 
(the range of parameters for thin metal-semiconductor MSs), 
indicating strong spatial dispersion of the dielectric response 
function in (1) — a solely confinement related effect having 
nothing to do with the MS material inhomogeneity. 
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As an example, we have recently calculated plasma 
frequency spatial dispersion and the complex-valued dynamic 
dielectric response function for finite-thickness plasmonic 
films deposited on various substrates [13]. For the plasma 
frequency, in particular, we have: 

1 2

3ω

1 ( ) /

D
p

p kdε ε ε
=

+ +
ω .                           (2) 

Here, k is the electron in-plane momentum absolute value and 
ωp

3D
 = (4πe2N3D /εm*)1/2 is the plasma frequency of the bulk 

electron gas with electron effective mass m* and volumetric 
density N3D. We see that if (ε1+ ε2) /εkd << 1 (thick MS case), 
then ωp = ωp

3D, whereas one has ωp = [4πe2N2D k/(ε1+ ε2)m*]1/2 in 
the opposite case of the infinitely thin MS (N2D = N3D d is the 
surface electron density) in full agreement with the plasma 
frequency dependence of the 2D electron gas. 

Fig. 1 (c) shows the ratio ωp / ωp
3D of (2) as a function of kd 

and (ε1+ ε2) /ε. The thick/thin film regimes are separated by the 
vertical plane. While being constant for thick films, the 
plasma frequency is seen to acquire spatial dispersion typical 
of 2D materials such as graphene [14], gradually shifting to 
the red with the film thickness reduction. This explains recent 
plasma frequency measurements done on TiN films of varied 
thickness [2], shown in Fig. 1 (d), offering ways to tune spatial 
dispersion (and thereby magnetic permeability [15]) and other 
related optical properties of plasmonic films and metasurfaces 
— not only by varying their material composition but also by 
precisely controlling their thickness and choosing surrounding 
substrate and superstrate materials appropriately. 
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Fig. 1. (a) Schematic of the confined thin film geometry, and (b) the normalized Coulomb interaction (Keldysh [12]) potential, for finite thickness films.  
(c) Thin film plasma frequency normalized by the bulk plasma frequency one obtains using the Keldysh potential [13].  (d) Plasma frequency extracted from the 
ellipsometry measurements done on ultrathin TiN films (inset) of varied thicknesses fabricated at Purdue University [2]. See text and [13] for more details. 
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