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  Abstract:   Fabrication of continuous ultra-thin gold films 

(  <  10 nm) on the surface of optical polymers (CYCLOTENE 

and ORMOCLEAR) is reported. Using a range of electrical, 

optical and structural characterization techniques, we 

show that polymers can be superior to more conventional 

(inorganic) materials as optical substrates for realizing 

ultra-thin gold films. Using these transparent polymer 

substrates, smooth, patternable gold films can be fabri-

cated with conventional deposition techniques at room 

temperature, without adhesion or seeding layers, facilitat-

ing new photonic and plasmonic nanostructures, includ-

ing transparent electrical contacts, thin film waveguides, 

metamaterials, biosensors and high-contrast superlenses.  
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1     Introduction 
 A well-known phenomenon in the fabrication of structures 

and devices involving thin gold films is the formation of 

three-dimensional islands at the initial stages of film 

growth, driven mainly by the low surface adhesion of the 

metal [ 1 ]. This self-assembly of isolated nano-scale islands 

is frequently exploited for practical purposes as it pro-

vides a simple way of realizing nanostructured surfaces, 

suitable for a range of technical applications and funda-

mental studies [ 2  –  6 ]. As the metal deposition thickness 

is increased, individual islands grow in size and subse-

quently partly coalesce to form electrically isolated fractal 

clusters. Significant changes occur in the optical [ 4 ] and 

electrodynamic [ 7 ] properties of the film at this stage and 

up to the percolation threshold, where deposition thick-

ness has been increased to the point where an electrically 

conductive path is formed through the network of gold 

clusters. When additional material is deposited, voids in 

the percolating network gradually fill up and the film even-

tually becomes structurally continuous. Unfortunately, in 

cases where it is desirable to utilize the properties of thin, 

smooth, continuous metal films on dielectric substrates, 

this mode of film formation is directly detrimental. Struc-

tural imperfections lead to, e.g., increased optical absorp-

tion over a wide range of wavelengths due to excitation 

of localized plasmon resonances, increased scattering in 

surface plasmon polariton waveguides, decreased imaging 

contrast in plasmon-assisted superlens lithography [ 8 ], as 

well as increased electrical resistance due to film disconti-

nuity and non-specular reflection of electrons [ 9 ]. 

 Gold is a particularly important material for many 

applications in optics, electronics, photonics, plasmon-

ics, biosensing, and chemical catalysis, as it possesses 

a number of favorable electrical, optical, physical and 

chemical properties [ 10  –  12 ]. Fabrication of structurally 

continuous gold films below 15 – 20 nm is, in general, 

difficult to achieve on commonly used optical surfaces, 

including amorphous and crystalline materials such as 

glass [ 13 ], native silicon oxide [ 14 ], Si 
3
 N 

4
  [ 15 ], TiO 

2 
  [ 16 ], and 

certain transparent polymers [ 17 ]. For a range of crystalline 

substrates, including sapphire, mica, silicon, NaCl , KCl, 

and LiF [ 9 ,  11 ,  18 ,  19 ], epitaxial single-crystal gold islands 

or sheets can be formed. However, these substrates and 

the required deposition methods are in most cases incom-

patible with the fabrication of optical or electronic multi-

layer devices, as they typically require special conditions 

such as in-situ cleaving, UHV and high-temperature sub-

strate surface reconstruction, elevated deposition temper-

atures, seeding layers of different chemical species and/or 

template stripping. In an interesting recent development, 

(3-mercaptopropyl)trimethoxysilane molecular linkers 

were shown to improve adhesion of gold to glass [ 20 ], but 
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to our knowledge the wetting characteristics of gold in the 

thin-film limit on such surfaces has not yet been explored. 

 One important area where ultra-thin metal films are of 

great technical interest is in light-emitting and light-har-

vesting devices. Finding suitable materials to replace the 

ubiquitous indium tin oxide (ITO) transparent electrodes 

in such devices remains an important task, particularly for 

fabrication of flexible organic devices, where ITO ’ s brit-

tleness, high-temperature processing and rising cost are 

limiting factors. Alternatives presently under considera-

tion include conductive polymers, graphene, metal-poly-

mer nanocomposites, and various types of nanowires or 

metal film grids [ 21  –  24 ]. Metal films are especially promis-

ing due to their potentially high conductivity and large-

area, low-temperature processing, with gold being par-

ticularly attractive due to its chemical stability and large 

atomic mass (electromigration resistance). In the context 

of organic LEDs and solar cells, the high work function 

of gold ensures efficient hole- injection if gold is used as 

the anode of these devices. Conversely, if ultra-thin gold 

films were to be used as cathodes, n-type doping could 

facilitate electron injection into the organic semiconduc-

tor. The tendency of island formation, however, increases 

sheet resistance and residual optical absorption in certain 

metal films, as the film thickness is decreased [ 25 ]. 

 In the present paper, we report on the fabrication of 

ultra-thin gold films on two types of commercially avail-

able transparent optical polymers, CYCLOTENE3022 (DOW 

Chemical Co.) and ORMOCLEAR (micro resist technology 

GmbH). The gold films were fabricated using standard 

vacuum deposition methods at room temperature without 

the use of seeding layers. The resulting films show sub-

stantially lower coalescence and continuity thresholds 

than films deposited on, e.g., SiO 
2
 , as revealed by elec-

trical resistance measurements and scanning electron 

microscopy. Furthermore, X-ray reflection and diffraction 

measurements reveal clear differences in film formation, 

with high-density gold films being formed on the polymer 

surface already at a deposition thickness below 2 nm. 

Importantly, thin (  <  20 nm) film patterns can be realized 

on the polymer substrates using a conventional lift-off 

process, without the use of adhesion layers that often 

limit optical performance [ 26 ,  27 ]. As noted above, these 

results have important implications for thin-film electron-

ics, fabrication of transparent gold contacts, biosensing, 

metamaterials, plasmonic superlenses, and optical anten-

nas. Furthermore, in the case of plasmonic waveguides, 

ultra-thin gold films are important in devices utilizing 

symmetric and anti-symmetric coupled-SPP modes, i.e., 

the low-loss long-range mode [ 28 ,  29 ] or the highly con-

fined short-range plasmon mode [ 30 ,  31 ]. In particular, 

the short-range mode is interesting from the point of view 

of slow light propagation, extreme field confinement 

and strong light-matter interaction [ 28 ,  30 ]. Finally, the 

polymer surface layers and deposition methods used in 

the present study are compatible with  “ flexible plasmon-

ics ”  [ 32 ] that offers a range of new optical functionalities.  

2    Materials and methods 

 We fabricated gold-coated samples using conventional 

e-beam (7.5  kV) deposition on a range of differently 

treated substrates.  Control samples fabricated using 

thermal deposition and DC  sputter deposition gave com-

parable results when characterized by  X-ray reflectivity, 

atomic force microscopy (AFM), or plasmon  propagation 

(see below). As  substrates, we used silicon (Si(100) with 

 ≈ 1.5 nm  native oxide), thermally oxidized silicon (100-nm 

 oxide thickness) and borosilicate glass, as well as silicon 

and glass substrates coated with  CYCLOTENE ™ -3000 

polymer (DOW Chemical Co.), commonly referred to 

as BCB, or the organic-inorganic hybrid ORMOCER ® -

material  ORMOCLEAR (micro resist technology GmbH). 

 CYCLOTENE ™  polymers (derived from B-staged 

 bisbenzocyclobutene-based monomers) and ORMOCER ®  

materials (ORganically MOdified CERamics,  fabricated by 

stepwise sol-gel synthesis of inorganic and organic net-

works) are commonly used as interlayer dielectrics and/

or for  fabrication of optical devices, including plasmonic 

devices, and  details of their chemical, physical and optical 

properties have been previously published [ 33  –  39 ]. Both 

classes of materials can be spin-coated in a wide range 

of thicknesses, exhibit high transparency, good planari-

zation properties and chemical inertness, which makes 

them compatible with lithography and lift-off processes 

involving organic solvents, as well as direct UV pattern-

ing and/or dry-etching processes. Partly or fully cured 

BCB has a relatively large surface energy of  48 – 50 mJ/m 2  

[ 40 ], compared to other polymer  materials, while  reported 

surface energy values for ORMOCER materials (35 – 43 

mJ/m 2  [ 41 ]) are similar to those of many common polymers 

(including PE, PS, PVC, PMMA, PC, PEEK). 

 Gold deposition rate was monitored using a quartz-

crystal  microbalance (QCM) detector and maintained at 

approximately 0.6   Å /s at a base pressure of 3  ×  10 -6  mbar. 

Samples were mounted on a  rotating holder, 350 mm 

above the gold crucible, and placed sym metrically around 

the rotation axis in order to ensure that the  deposited 

thickness was the same on each sample in a given batch. 

Up to six different substrates were coated simultaneously 
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to minimize run-to-run variations. The amount of mate-

rial ( “ mass- equivalent thickness ” ) deposited on the 

samples was determined accurately  using the combined 

results of X-ray reflection, atomic-force microscopy and 

 optical transmission measurements, correlated with the 

QCM measurements. Gold films were characterized using 

measurements of  X-ray reflectivity and diffraction, electri-

cal conductivity,  optical transmission and plasmon prop-

agation, in addition to scanning electron microscopy, as 

described in more detail below.  

3    Results and discussion 
3.1    Electrical resistance measurements 

 Electrical resistance of thin gold films on different sub-

strates was measured with a Keithley 2100 multimeter 

between 100-nm thick gold contacts patterned by pho-

tolithography prior to deposition. Resistance measure-

ments on each sample were repeated at regular intervals 

over 1 week following the deposition, during which time 

the samples were kept under ambient conditions in a 

cleanroom environment. Sheet resistance values of gold 

films deposited on thermally oxidized or polymer-coated 

silicon samples are shown in  Figure 1 . The data points in 

 Figure  1 (A) correspond to the film resistance measured 1 

week after deposition. Gold deposited on SiO 
2
  exhibits 

coalescence (electrical conductivity) at a mass-equivalent 

thickness of  d  = 6 nm, in agreement with previous reports, 

e.g., Ref. [ 7 ]. Gold deposited on BCB or ORMOCLEAR, on the 

other hand, changes from an electrically discontinuous to 

a conducting film at 3 – 4 nm of mass-equivalent thickness. 

Furthermore, in the interval 6 – 10 nm, the sheet resistance 

of films deposited on polymer coated samples remains a 

factor of 2 – 5 lower than that of Au on SiO 
2
 . Film continuity, 

defined as the minimum of the  Rd  2  curve, where  R  is the 

sheet resistance [ 42 ,  43 ], occurs at around 8 nm for Au on 

BCB or ORMOCLEAR, compared to 12 nm for Au on SiO 
2
 . 

In  Figure 1 (A) we show, for comparison, room-temperature 

sheet resistance values extrapolated from low-tempera-

ture (4 – 250 K) data on gold films grown epitaxially with 

a niobium seeding layer in ultra-high vacuum on high- 

temperature annealed (1100 ° C) sapphire substrates [ 44 ].  

 Most samples showed a measurable change in resist-

ance for days after deposition, although the most rapid 

changes generally took place within the first hour. A steady 

 decrease  in film resistance (10 – 20%) was observed during 

the first week after deposition for continuous films on 

BCB ( d   >   = 3.6 nm), as shown in  Figure 1 (B). This indicates 

an improvement in film quality with time through lateral 

grain growth, similar to what has been observed at room 

temperature in continuous Au films deposited on SiO 
2
  [ 45 ]. 

Resistance decreased by a further 20 – 30% upon anneal-

ing the films at 150 ° C for 1 h. For films below the coales-

cence threshold on BCB, however, resistance  increased  by 

1 – 2 orders of magnitude within 1 week at room tempera-

ture, suggesting that formation of electrically isolated but 
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 Figure 1      (A) Sheet resistance of gold films deposited onto Si substrates covered with (▾) 100-nm thick BCB, (▴) 10- μ m thick BCB, ( ◊ ) 

300-nm thick ORMOCLEAR ( □ ) 15- μ m thick ORMOCLEAR and (  ×  ) 100-nm thick SiO
2
, all points measured 1 week after deposition. Solid lines 

are provided as guides to the eye. The resistance of an ideal film with bulk properties is shown with the dotted line. Experimental results 

(‒ ○ ‒) from epitaxial gold film on sapphire (room temperature values extrapolated from the low-temperature data of Ref. [ 35 ]) are also 

included. (B) Evolution of film resistance after deposition for Au on BCB. Film quality increases with time for   >   = 3.6 nm thickness.    
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highly compact (see below) gold clusters is thermodyna-

mically preferred at a deposition thickness of 2 – 3 nm.  

3.2    Scanning electron microscopy 

 Results of the resistance measurements are qualitatively 

supported by the scanning electron micrographs shown in 

 Figure 2 . SEM images were obtained with a Zeiss Supra 25 

scanning electron microscope, using an in-lens secondary 

electron detector, 10 kV acceleration voltage and approxi-

mately 1.5 mm working distance. Gold films deposited 

on SiO 
2
  exhibit the typical characteristic structure, with 

electrically isolated islands or clusters up to  d  ≈ 6 nm. Gold 

on BCB polymer, by comparison, forms smaller and more 

densely packed islands up to  d  ≈ 3 nm that coalesce at  d  ≈ 3 –

 4 nm. At  d  ≈ 7 nm, gold on BCB appears featureless while 

gold on SiO 
2
  remains highly structured. Similar  behavior 

was observed for gold on ORMOCLEAR-coated  substrates. 

Equal film thickness was measured in the limit of con-

tinuous (15 – 18 nm) films deposited simultaneously on 

polymer and glass substrates, suggesting that the sticking 

probability of gold during initial stages of film formation is 

comparable. Hence, we propose that the molecular-scale 

structure of the polymer surface results in an increased 

number of nucleation sites and reduced surface diffusion 

of gold atoms, strongly affecting the dynamics of initial 

film formation. We note, however, that this is not a general 

rule for polymers, as very different results were obtained 

for gold films, e.g., on fluoropolymers in Ref. [ 17 ].   

3.3    X-ray characterization 

 In order to quantify the thickness, density, roughness 

and crystallinity of the deposited films, we used X-ray 

reflection (XRR) and diffraction (XRD) measurements. 

X-ray analysis was carried out using a Panalytical X ’ Pert 

MRD (wavelength 0.15406 nm) equipped with a hybrid 

 monochromator/mirror on the incident side and a 0.27 °  

collimator on the diffracted side. Reflectivity scans 

were performed with a collimator slit while for high-

angle 2θ-ω measurements, the slit was removed. X-ray 

 reflection spectra were fitted with Panalytical Reflectiv-

ity software using the Parratt formalism [ 46 ] and values 

of effective film density, effective thickness and rough-

ness of the deposited films were extracted. The fitting 

model included a thin (approx. 1 nm), variable-density 

 interface layer between the gold and the dielectric, 

accounting for the possibility of atomic-scale surface 

roughness and  diffusion of gold into the substrate layer. 

Example fits to XRR curves are shown in  Figure 3 (A). 

Effective film density para meters from the fits are shown 

in  Figure 3 (B),  illustrating a remarkable  difference in film 

growth between the SiO 
2
  and the polymer surfaces. The 

effective density of the gold film on SiO 
2
  drops mono-

tonically with reduced deposition thickness, consistent 

with the decreasing surface coverage of isolated islands. 

In  contrast, gold on BCB-coated  substrates shows a 

density corresponding to (95  ±  4) % of the bulk density of 

gold already at a deposition thickness of 2 nm. Gold on 

ORMOCLEAR exhibits similar behavior but lower effec-

tive density, which  correlates well with the observed 

 difference in sheet resistance shown in  Figure 1 (A). The 

gold film roughness, determined from XRR fits, was 

measured as (1.0  ±  0.1 nm) for BCB and (1.2  ±  0.1 nm) for 

ORMOCLEAR across the  measured thickness range. For 

continuous gold films on SiO 
2
  (  >  12  nm), however, film 

roughness determined from the XRR was substantially 

higher at (2.0  ±  0.1  nm). Changes in the growth dynam-

ics at the initial stages of film formation clearly affect 

the overall morpho logy of the gold films, as a reduction 

in grain size and a smaller degree of  texturing in the 

(111)-direction for gold films on the polymer surface was 

d=3.0  d=4.2 nm d=5.4 nm   d=7.2 nm

Au on SiO2 

Au on BCB   

 Figure 2      SEM images of gold films on SiO 
2
  (top row) and BCB polymer (bottom row) at different deposition thickness. All images are 

300 nm across.    
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consistently observed in conventional  symmetric 2θ-ω 

X-ray scans. The initial stages of film  formation (0 – 3 nm 

deposition thickness) on differently treated surfaces will 

be described in more detail in a  separate publication.   

3.4    Optical transmission 

  Figure 4  compares optical transmission through gold 

films deposited on Ar/O 
2
 -plasma-cleaned borosilicate 

glass substrates to transmission through films depos-

ited on BCB-coated glass. Optical transmission spectra 

were recorded using a collimated white light source 

(halogen bulb). Light transmitted at normal incidence 

was collected by an Acton SpectraPro SP-2356 spectrom-

eter, equipped with a CCD camera, using a 150 lines/mm 

grating. All experimental and theoretical curves include a 

 ≈ 4% reduction in transmission due to reflection from the 

backside of the substrate. A (hypothetical) featureless gold 

film characterized by the bulk dielectric function of bulk 

gold (from Ref. [ 47 ]) has a maximum transmission in the 

500 – 700  nm range, as shown in  Figure 4 , well matched 

to visible-wavelength emitters. The bulk dielectric func-

tion of polycrystalline gold depends on the grain size of 

the material and can therefore depend on the method of 

fabrication and subsequent thermal treatment. In Ref. 

[ 47 ], Johnson and Christy did not observe a change in 

the dielectric function of continuous gold films (  >  25 nm) 

upon annealing (at 150 ° C), while in a recent publica-

tion, Tinguely et al. [ 48 ] report a change in both real and 

imaginary parts of the dielectric function upon annealing 

(at 200 ° C), which was attributed to grain growth. It is pos-

sible to maintain (as is frequently done in the literature) 

that the dielectric function of the thin gold layer is also 

modified by the structure of the film itself (this is some-

times referred to as the  “ pseudo dielectric function ” ) [ 49 ] 

and even non-local effects in the thin film limit [ 50 ]. In 

order to simplify the discussion, however, we choose here 

to compare experimentally determined optical transmis-

sion to that of a perfectly uniform film, characterized only 

by the film thickness and the bulk dielectric function of 

Ref. [ 47 ]. Experimentally observed reduction in optical 

transmission, as compared to this ideal behavior, will 

therefore be referred to as structure-related  “ extinction ” , 

rather than using the concept of a  “ dielectric function of 

the thin film ”  which we find misleading as it depends on 

the substrate in question, film thickness, film age, etc. The 

exact bulk and microstructural contributions to the die-

lectric response of ultrathin films deposited on different 

transparent substrates will be discussed elsewhere.  

 For gold deposited on glass, residual extinction 

(related mainly to excitation of localized surface plasmons 

in isolated gold islands) is clearly seen, with the extinction 

wavelength shifting from 620 nm to 775 nm as the deposi-

tion thickness varies from 3 nm to 7 nm. The extinction 

is most pronounced close to the percolation edge (6 nm), 
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 Figure 3      (A) X-ray reflection spectra (black symbols) and corresponding fits (red solid curves). XRR data on thin gold films deposited on 

BCB consistently reveals better film quality, as compared to gold deposited on SiO 
2
 , as evidenced by lower effective film thickness, higher 

density and decreased surface roughness (better interference visibility) for identical deposition conditions. The SiO 
2
  curves have been 

shifted upwards (5×) for clarity. (b) Film mass density obtained by fitting series of XRR spectra for gold films on ( ♦ ) BCB ( ◊ ) ORMOCLEAR 

and (  ×  ) SiO 
2
 . Red solid lines are a guide to the eye and the dashed line indicates the bulk density of gold. Letters A mark the onset of 

 coalescence, and letters B designate the points of film continuity. Vertical error bars correspond to the uncertainty in fitting parameters, 

while uncertainty in thickness is similar to the symbol size.    
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consistent with the diverging density of optical states [ 4 ]. 

Glass plates coated with 1.0- μ m thick BCB prior to gold 

deposition also show some residual extinction. However, 

in this case, the extinction maximum does not shift with 

increasing deposition thickness, but stays approximately 

fixed at a wavelength of 765  ±  10 nm for all measured thick-

nesses, revealing a clear difference in the development of 

film morphology. On BCB, residual extinction decreases 

monotonically in magnitude for gold deposition thick-

ness above 3 nm. Glass plates with conductive (  <  100  Ω /sq) 

4.2-nm thick gold films deposited on BCB experimentally 

show   >  70% (internal) transmission in the 470 – 570 nm 

range. Similar transmission values have been reported 

for 250 ° C-annealed gold layers on soda glass [ 51 ], but 

with three orders of magnitude larger sheet resistance. 

Optical transmission in the visible range is, however, 

highly sensitive to the structural quality of the gold film 

and further improvement is still needed to move closer to 

the  theoretical transmission limit (80 – 90% transmission 

for 490 – 850 nm at   <  100  Ω /sq).  

3.5    Surface plasmon polariton propagation 

 As a final independent check of the film quality, we fab-

ricated thin-film plasmonic stripe waveguides with thick-

nesses in the range 4 – 15 nm, embedded in a uniform 

cladding environment (ORMOCLEAR). Such films support 

a long-range surface plasmon polariton (LRSPP) mode 

where propagation loss is expected to decrease rapidly 

with decreasing metal thickness [ 52 ]. For measure-

ments of plasmon propagation, the LRSPP stripe wave-

guide mode was excited directly by coupling from a 

 polarization-maintaining optical fiber. Coupling was opti-

mized by monitoring the waveguide output and propaga-

tion loss was measured by imaging scattered light emitted 

perpendicular to the sample surface with a CCD camera, 

and measuring scattered light intensity as a function of 

position along the waveguide for different wavelengths. 

Net plasmon amplification at 600 nm wavelength was 

observed in similar ultra-thin low-loss gold slab wave-

guides in Ref. [ 28 ]. Low surface roughness ( ≈ 1  nm or 

below) on lithographically patterned ultra-thin gold 

stripes on ORMOCLEAR was confirmed by contact-mode 

AFM measurements.  Figure 5 (B) shows results of propaga-

tion loss measurements, confirming that propagation loss 

steadily decreases as the film thickness is reduced. The 

deviation from theoretically expected values of the prop-

agation loss on an infinite film are partly accounted for 

by scattering loss originating from the edges of the wave-

guide, confirmed by the fact that we observed an increase 

in propagation loss as stripe width was decreased, which 

is contrary to theoretical expectation if effects of edge 

scattering are not taken into account [ 52 ].    
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 Figure 4      Measured (black lines) and calculated (red lines) optical transmission spectra through gold-coated glass plates. Thin gold films 
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latter case was 1.0  μ m. The leftmost panels also show the calculated transmission without the gold layer (dotted lines). Transmission 
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4    Conclusions 
 We have shown that the dynamics of gold film formation 

on the surface of certain optical polymers can be dramati-

cally different from that on inorganic substrates. The pos-

sibility of fabricating and patterning high-mass-density, 

low-roughness gold films as thin as 2 nm has interesting 

implications for electronics, optics, photonics, biosens-

ing and surface chemistry. The high structural quality 

of the ultra-thin metal films, combined with the large 

effective-index variations that can be introduced through 

very small metal thickness modulation, translates into a 

high degree of control over device structure and optical 

properties. At 4.2 nm deposition thickness, we measured 

maximum internal transmission of 75% at 530 nm wave-

length, in films with sheet resistance as low as 86  Ω /sq. In 

order to compete with existing transparent contact tech-

nologies, further improvement in film quality is necessary 

to reduce structure-related residual extinction. 

 The authors recognize that a full understanding of the 

wetting chemistry of gold on different polymer surfaces 

can only be obtained using surface characterization 

methods such as X-ray photoelectron spectroscopy. We 

plan to pursue such studies in future work. Furthermore, 

the wide range of possibilities in engineering polymer 

surface properties should be explored in detail in order to 

map out and understand nucleation and growth of ultra-

thin noble metal films on such surfaces, in order to aid 

future research and development in plasmonics, meta-

materials, light-emitting and light-harvesting devices, and 

related fields.   
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