
 

 

Citation for this paper: 

Hajisalem, G., Min, Q., Gelfand, R. & Gordon, R. (2014). Effect of surface 
roughness on self-assembled monolayer plasmonic ruler in nonlocal regime. Optics 
Express, 22(8), 9604-9610. 

 

UVicSPACE: Research & Learning Repository 

 
_____________________________________________________________ 

Faculty of Engineering 

Faculty Publications 

_____________________________________________________________ 

 

 

 

Effect of surface roughness on self-assembled monolayer plasmonic ruler in 
nonlocal regime  

Ghazal Hajisalem, Qiao Min, Ryan Gelfand, and Reuven Gordon 

April 2014 

 

 

 

 

 

This article was originally published at:  

http://dx.doi.org/10.1364/OE.22.009604            

 

http://dx.doi.org/10.1364/OE.22.009604


Effect of surface roughness on self-assembled 
monolayer plasmonic ruler in nonlocal regime 

Ghazal Hajisalem, Qiao Min, Ryan Gelfand, and Reuven Gordon* 
Department of Electrical Engineering, University of Victoria, Victoria, British Columbia V8W 3P6, Canada 

*rgordon@uvic.ca 

Abstract: Recently, self-assembled monolayers (SAMs) have been used for 
plasmonic rulers to measure the nonlocal influence on the Au nanoparticle - 
metal film resonance wavelength shift and probe the ultimate field 
enhancement. Here we examine the influence of surface roughness on this 
plasmonic ruler in the nonlocal regime by comparing plasmonic resonance 
shifts for as-deposited and for ultra-flat Au films. It is shown that the 
resonance shift is larger for ultra-flat films, suggesting that there is not the 
saturation from nonlocal effects previously reported for the spacer range 
from 0.7 nm to 1.6 nm. We attribute the previously reported saturation to 
the planarization of the as-deposited films by thinner SAMs, as measured 
here by atomic-force microscopy. This work is of interest both in probing 
the ultimate limits of plasmonic enhancement with SAMs for applications 
in Raman and nonlinear optics, but also in the study of SAM planarization 
as a function surface roughness. 
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1. Introduction 

Subwavelength gaps between metal nanostructures can be used to obtain high field 
localization for applications including surface-enhanced Raman scattering [1–7] and 
nonlinear optics [8–11]. There is great interest in determining the ultimate field enhancement, 
and how this is limited by nonlocal [12–19] and quantum effects [11, 20–23]. Recent works 
have sought to probe the ultimate limits of field enhancement in such subwavelength gaps by 
using the concept of plasmonic rulers [17, 24–30]. Those works used SAMs to create a gap 
between a metal film and gold nanoparticles (NPs) [28–36]. For the smallest length SAMs, 
however, the surface roughness was comparable to the length of the SAM itself; therefore, the 
gap distance was sensitive to the way in which the SAMs assembled on the metal film. This is 
particularly important because nonlocal saturation arises for the gaps corresponding to the 
shorter SAMs, for gaps between 0.5 nm and 1.5 nm [28–30, 37–41]. 

In this work, we investigate the influence of surface roughness on the plasmonic scattering 
spectral peak shifts of NPs on SAMs, both on ultra-flat and on as-deposited metal films. 
Larger shifts are seen for the ultra-flat films, suggesting that there is not the saturation from 
nonlocal effects that was previously reported. In addition, atomic-force microscope (AFM) 
studies reveal that there is significant planarization from the SAMs on the as-deposited films, 
which means that the mean separation between the NPs and the metal films is increased on 
average and gives the impression of saturation if not considered. 

2. Fabrication 

To fabricate as-deposited samples, 30 nm of Au was deposited at rate of 1 Å/s and at an 
elevated temperature of 200 °C onto a cleaned cover slide glass by an electron beam and 
thermal evaporator (Angstrom Engineering Glove-box Evaporator). A 5 nm chromium film, 
deposited at 1 Å/s, was used as an adhesion layer. This is similar to the procedure of past 
works [28, 30]; however, we used a lower evaporation rate and elevated temperature. 

Ultra-flat samples were prepared by depositing a 30 nm Au film onto silicon wafers at a 
rate of 1 Å/s and temperature of 200 °C. Promptly after evaporation, the Au slides were 
coated with a thin layer of optical epoxy (Norland Optical Adhesive 61) followed by a 
cleaned glass slide. The optical epoxy was used as adhesion layer between the Au film and 
the glass slide, and it was cured by exposing to UV light for 5 min. Then the Au film on 
epoxy on glass slide was “stripped” off from the Si wafer, revealing the ultra-flat surface of 
Au film [42]. 

SAMs of amine-terminated alkanethiols were prepared on the fresh as-deposited and 
ultra-flat Au films as a spacer layer in the nonlocal regime. The thickness of the spacer layer 
depends on the number of carbons in the alkanethiol, providing a spacer distance between 0.7 
nm and 1.6 nm. Here we used 3-amino-1-propanethiol hydrochloride (739294, Sigma-
Aldrich), 6-amino-1-hexanethiol hydrochloride (733679, Sigma-Aldrich), and 11-amino-1-
undecanethiol hydrochloride (674397, Sigma-Aldrich) (referred to as “c3”, “c6”, and “c11”). 
2 mM solutions of the amine-terminated alkanethiols were prepared in absolute ethanol in 
cleaned glass containers. SAMs were fabricated by immersing an Au film substrate into a 
thiol container for 18 hours, followed by sonicating the substrate for 2 minutes. The Au film 
substrate was rinsed with absolute ethanol for 15 seconds. The process of sonication and 
rinsing was repeated four times for each sample. Finally, all substrates were dried using pure 
nitrogen gas [28, 30]. 

Following a past work [30], 60 nm NPs (742015, Sigma-Aldrich) were immobilized 
electrostatically on top of the SAMs by incubating with 500 µl of the colloidal stock for 30 
min followed by rinsing with deionized water (USF Elga, Maxima, model Scientific MK3, 
18.2 MΩ-cm) for 15 second and drying with a stream of pure nitrogen gas. 
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3. Roughness measurements 

An AFM (Agilent 5500) was used to measure the roughness of the as-deposited and ultra-flat 
samples within a 4 µm × 4 µm scanning area. Figures 1, 2 and 3 show representative AFM 
scans for different samples. Slowly-varying long scale roughness of the order of microns was 
subtracted from the data using roughness analysis of the software Gwyddion (Version 2.34). 
Figure 1 shows that the surface roughness from commercial gold samples (EMF Corp.) is 2 
nm, whereas our as-deposited gold films have a surface roughness of 1 nm and the template-
stripped gold films have a surface roughness of 0.1 nm. Figure 2 shows the surface roughness 
for as-deposited films for different SAM layers. Figure 3 shows the surface roughness for 
template stripped films for different SAM layers. 

 

Fig. 1. Representative surface height scans using AFM for Au film. (a) Height profile of a bare 
commercial Au slide is shown for reference (100 nm thickness, EMF Corp.) with greater 
roughness than our as-deposited films. (b) Bare as-deposited 30 nm Au film. (c) Bare ultra-flat 
30 nm Au film fabricated by template stripping. 

 

Fig. 2. Representative surface height scans using AFM for SAMs of amine-terminated 
alkanethiols with different alkane carbon chain length on as-deposited Au films. (a) c3, (b) c6 
and (c) c11. 
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Fig. 3. Representative surface height scans using AFM for varying SAMs on ultra-flat Au 
films. (a) c3, (b) c6 and (c) c11. 

Figure 4 shows the average root mean square (RMS) roughness of bare as-deposited and 
ultra-flat Au films (referred to as “c0”) and for films with SAMs. For each sample, the 
standard deviation was obtained from more than 15 measurements at different locations on a 
sample. The average RMS roughness of the bare ultra-flat Au film was 0.05 nm, while the 
RMS of the bare as-deposited film was 0.5 nm. From these measurements, we see that the 
SAMs planarized the as-deposited Au significantly, particularly for the c3 case, where the 
SAMs chain is 0.7 nm (at 30° tilt) [28] and the surface roughness is 0.5 nm (comparable). A 
slight increase in roughness is observed for SAMs on ultra-flat samples and this is believed to 
be due to disorder of the SAMs. 

 

Fig. 4. AFM measured surface roughness for bare Au and Au with SAMs. Ultra-flat and as-
deposited Au films are shown. 

4. Dark field scattering 

Figure 5(a) shows a schematic of the dark-field (DF) scattering measurement setup. A 
collimated white light (LS-1-LL, Ocean Optics Inc.) source was focused onto the sample by a 
20 × microscope objective (0.42 NA, Mitutoyo Plan Apo) at 70° to the surface normal. The 
off-normal excitation is used to excite the localized surface plasmon resonance of the NP-
metal film [28, 29]. The scattered light from the NP-metal film was collected at 15° relative to 
the normal of the sample by a 40 × microscope objective (0.68 NA, Zeiss). The scattered 
beam was split into two beams passing through a 50-50 beam splitter. One path was directed 
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into a CCD camera (GC660, Allied Vision Technologies) to take the DF scattering image 
(Fig. 5(b)). The other path was directed into a spectrometer (QE65000, Ocean Optics Inc.) to 
take the scattering spectrum of the sample from the same spot as the DF scattering image 
(Fig. 5(c)). Care was taken to avoid regions with spurious scatterers (e.g., from aggregates or 
dimers) that showed distinguishable changes in the DF image and spectrum. The DF 
scattering image shows a good distribution of nanoparticles (i.e., not aggregated or too 
sparse). 

Figure 5(d) shows the evolution of the normalized plasmonic scattering spectral peak as a 
function of the carbon number. For each sample, the standard deviation in the resonance 
wavelength was obtained from more than 15 measurements at different locations on a sample. 
We also present the data digitized from Ref. 30, which is seen to be consistent with the 
measurements on our as-deposited films. 

 

Fig. 5. (a) Optical configuration for the scattering measurements of NPs on metal films. WLS 
= white light source, L = lens, obj = microscope objective lens, BS = beam splitter. (b) DF 
scattering image of NPs deposited on the ultra-flat film with 6-amino-1-hexanethiol SAM. The 
color bar represents the CCD’s digital output. (c) Normalized scattering spectra of NPs 
deposited on ultra-flat Au films (solid lines) and on as-deposited Au films (dashed lines) for 
SAMs with different numbers of carbon. (d) Summary of peak positions of plasmonic 
scattering as a function of the number of carbons including experimental data from Ref. 30 on 
as-deposited metal films. 

5. Discussion 

To understand why the ultra-flat film shows a larger plasmonic resonance shift than the as-
deposited films, we consider the influence of planarization of the SAMs on the as-deposited 
films. Figure 6(a) shows a schematic of planarization, where h0 is the SAM’s theoretical 
height [28] (c3, c6 and c11 SAM layers heights of 0.69 nm, 0.94 nm and 1.55 nm), Δh is the 
surface roughness of the Au film, Δh′ is the roughness with the SAM, and the degree of 
planarization is defined as (Δh- Δh′)/Δh. 
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Fig. 6. (a) Schematic showing the planarization – note this is meant to represent random 
surface roughness and is not for a periodic film. h0 is the SAM’s theoretical height (30° tilted) 
[28], Δh is the surface roughness of the Au film, Δh′ is the surface roughness with SAMs, h1 is 
the maximum film-NP distance. (b) Dark-field scattering resonance wavelength as a function 
of the NP-film distance. Experimental data from Ref. 28 using the theoretical SAM height is 
also shown. Considering planarization, maximum and minimum thicknesses are shown for as-
deposited Au films. Straight line fits on log-log scale are shown. Also shown is the local 
response theory digitized from Ref. 30. 

Considering this planarization, we plot the minimum separation between NPs and the 
metal film (h0) and the maximum (h1) for the film separation in Fig. 6(b). We see that the as-
deposited results are comparable with the ultra-flat results, so long as the planarization is 
considered. This shows that the planarization of the SAMs plays an important role in the 
observed plasmonic resonances and should be considered. 

Using the Lindhard dielectric and the Fermi velocity of Au, it is expected that the β factor 
for nonlocality is 1.06 × 106 m/s. The best-fit beta found in a past work was 1.27 × 106 m/s 
[30], which gives significant saturation for gap sizes below 1 nm. Recent comparisons with 
time-dependent density functional theory suggest that screening effects actually create 
effectively smaller gaps (so long as tunneling is neglected), which is the opposite trend to the 
expected saturation of the nonlocal hydrodynamic model [11, 16, 17]. Here we observe that 
much less saturation is seen for the ultra-flat films, and the trend follows quite closely to local 
calculations; that is, there is no saturation seen in our work for the range of 0.7 nm to 1.6 nm. 
For gap sizes below 0.7 nm, tunneling is expected to play a role, which is not captured by the 
usual non-local hydrodynamic model [17]. 

6. Conclusion 

We have studied the influence of surface roughness in probing the ultimate limits of the 
plasmonic response using SAM spacers. These results do not show the saturation reported 
previously for SAM layers between 0.7 nm and 1.6 nm. We attribute those past results to the 
planarization of the as-deposited gold films by the SAMs. These results are of interest to the 
future study of plasmonic systems using SAMs to achieve gaps with high field enhancements, 
for example in the area of SERS [1–7] or nonlinear optics [12–19]. 
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