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New Approaches to Biochemical Sensing with Plasmonic Nanobiophotonics (PLASMON-BIONANOSENSE)

Title of the proposed research project: 
Fabrication of nanostructures for localized surface plasmon research

Host Institute: Imperial College London, UK, Prof. S. A. Maier
Purpose of the visit

The main aim of the visit at the hosting institution was to fabricate plasmonic nanoantennas out of 20-nm-thin Au film on 50 nm Si3N4 substrates using a Focused Ion Beam (FIB) setup providing the 4.5 nm lateral resolution (FEI Helios). The application of this instrument should improve the structure quality achieved at the home institution so far. Additionally, optical spectroscopy of structures fabricated at the home institution should have been accomplished. 
Description of the work carried out during the visit

According to the plan was main activity the fabrication of plasmonic nano-antennas on FIB setup (FEI Helios). It takes 1 day of first week and 4 days of next week. Operation of FIB setup was assisted and taught by Sehban Husain. In rest of time was carried out microscopic measurements of spectres in Infra-Red region on FT-IR microscope (Bruker Hyperion). Sample used for FT-IR measurements was imported from Brno and contains arrays of plasmonic antennas with different lengths and spacing. Assistance of FT-IR measurements was done by Dr. Tyler Roschuk.
As for FIB nano-antennas fabrication there were 3 samples imported from Brno for this purpose. Samples consists of  Silicon Nitride (Si3N4) membranes 50 nm thin on supporting Si frame 200 µm (Ted Pella, Inc.) with 20 nm thin Au film deposited in Brno with Ion Beam Assisted Deposition method (IBAD). For planned methods of analysis and its spectral sensitivity the deposition of adhesion layer (Cr, Ti) bellow Au layer was avoided. Operational part of sample was 0.5x0.5 mm2 window in Si frame with Silicon Nitride membrane and Au layer. 
The goal was fabricate two very small structures (30-50 nm in diameter) preferably of triangular shape spaced with small gap (5-20 nm). These small structures have to be in the centre of square area (min. 8x8 µm2) with remaining Au layer removed for avoiding influence when analysed. It is known that resolution of FIB is dependent on beam current so for fine structures lowest current possible is used. Contrariwise smaller beam currents have smaller etching rate. For removing 8x8 µm2 Au layer 20 nm thin with same current as for structures fabrication the time is about 45 min., so for removing Au layer around structures area is more effective to use higher currents.  Consequently these nano-antennas is advisable to fabricate in 2 steps: in first step Au layer is removed from larger area (9x9 µm2) except central area (600x600 nm2) with higher current and in second step fine structures are fabricated on central area with lowest FIB current. This procedure additionally reduces possibility of re-deposition of material removed from large area around central part onto fabricated structures.  
Observation and navigation on sample surface is done by electron beam (EB) as Helios incorporates EB microscope with built in FIB gun (Dual Beam) with intersecting beams in certain angle. Etching by FIB is governed by selecting area for Ion Beam exposition and additional parameters for exposition like Ion current, time or depth of exposition, etc. The area for exposition is selected with the aid of software tools. It can be chosen from options like circle, rectangle, polygon, bitmap and few others. To remove Au layer in first step of etching according to desired central remaining Au area, is etching governed by bitmap preferable. Bitmap governed etching has advantage of creating more complex shapes because each pixel-related area of sample can have different exposition parameters by colour channels of particular pixel of the bitmap. Also as the bitmap is etched as one part (pixel by pixel) it results in more uniform area. Other complex areas created by stacking of different shapes (rectangles, polygons, etc.) suffer from non-uniformity of the stacked edges even if the stacked areas have same exposition parameters. 

The matching of two Ion beam current axes is crucial for successful application of two-current procedure (described above). Successful matching can be accomplished by using well adjusted preset for lowest Ion current by simple changing the beam aperture. As I was not familiar with Helios/FEI setup and my assistant hasn’t needed this before, we didn’t realize how to change the aperture for existing Ion current preset. As we have tested several ways we were not able to get matched axes by less than about 200nm (fig. 1). Consequently we have had to avoid the two Ion beam current etching procedure until we can govern properly the Ion beam axes matching. 
[image: image1.jpg]



Fig. 1: Result of two Ion beam currents matching attempt. Position of the cross etched by lowest Ion beam current is marked red.

Similar problem occurred in case of the bitmap governed etching because Helios/FEI bitmap channels behave different from my knowledge of bitmap etching on system of another company. We had tried with my assistant but without success. Consequently as I was limited on beam-time we have had to switch for fabrication of the first step area (Au removed from large area with remaining Au in small central area) by stacking of 4 rectangular areas. Result of this procedure is visible on fig. 2. There are clearly visible edges of stacked rectangles as described earlier. On fig. 2 is also visible membrane bending on FIB exposed areas. The bending slightly corresponds to the scanning of FIB during exposition. As top left and bottom right rectangles were etched line by line (horizontal lines) from bottom to top (so slow scanning direction was vertical). Other two rectangles were created with vertical fast scanning direction and horizontal slow scanning direction from left to right. Each rectangle was scanned by the FIB multiple times to desired depth. We did not have improved results for differently directed etching strategy.
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Fig. 2: Area (left) after first step etching – removing Au layer around central area for the structure fabrication. Detail (right) of the remaining Au layer. 
As the Helios/FEI software lacked for the Au etching rate preset we had to test several nominal etching depths for removing the Au layer with Si etching rate preset. On fig. 2 is also visible result of such an etching test. The 4 rectangles were etched with different nominal depth and so they have different amount of residual grains. The Au layer is composed of grains. Edges of the grains have higher etching rate than central part of grain, so Au layer is not etched uniformly. After edges of grains are etched off, central parts of grains remain. During consequent etching central part of Au grains is removed while on places where Au grains edges were substrate is etched. This process results to transmission of grain pattern into substrate. So the nominal depth was adjusted according to several tests, where amount of residual grains was minimal and seemed that only transferred grain pattern in substrate was present. 
After first step for removing the larger area of the Au layer, each central part was etched according to polygon for desired structure. Although sample stage was not moved the governing polygon was slightly oversized comparing to the remaining central part of Au layer. This prevents from stacking error in vicinity of fabricated structures while small area where governing shapes overlap was etched twice. These two step etching procedure was repeated with small etching depths variations to achieve desired structures. 
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Fig. 3: (top left) Areas with structures fabricated during FIB sessions on FEI-Helios. (top right and bottom left) Structures with defects like remained Au grains and asymmetric shape. (bottom) Small structures (40 nm) separated by small gap. 
During all FIB sessions was 26 structure areas fabricated (fig. 3). Not all areas resulted with satisfactory structures. Shape was quite random and also sometimes some small part of Au layer (with size comparable with structures) remained near fabricated structures (fig. 3). For desired structure size was limiting mainly Au grains properties like size and non-homogenous etching rate. Membrane bending also could have impact on structures shape. 

Second activity was accomplishment of microscopic measurements of spectres in Infra-Red region on FT-IR microscope. Samples from Brno contained arrays of rectangular antennas. Each array of antennas covered about 50x50 µm2. Schematic description of antennas arrays is pictured on fig. 4. Length of antenna arms was varied from 0.4 µm to 1.6 µm. Antenna arm width was 0.4 µm and gap between paired antenna arms was 0.6 µm. Separation of antenna pairs was horizontally and vertically 1.6 µm or 3.0 µm. Antenna arrays was manufactured by removing Au layer around antennas by using FIB (Lyra/Tescan). Au film thickness was 60 nm. As relative results of reflection measurement were desired, an area without structures with completely removed Au layer for reference (background) measurements was fabricated. 
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Fig. 3: Scheme of antenna arrays. L denotes for antenna arm length, G for gap, w for width, h for height and Δx and Δy for antenna separation. 
As intensity of signal of these samples is at very low level we increased repetition of spectra scanning to 2000 scans. Although one spectra acquisition takes about 15 minutes it provides sufficient signal to noise ratio. Antenna arms should behave like resonators. Basic resonance mode - half of wavelength responding to the antenna arm length multiplied by effective refraction index, which describes Au/Si interface: [image: image11.png]


 . For region of fabricated antenna lengths the dependence [image: image13.png]
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 is linear (fig. 5). 
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Fig. 5: Dependence of resonance wavelength (wl. res.) on antenna arm length L. Line is for analytic formula. (Nicolet is for spectra obtained in Brno on different FTIR microscope.) For separation 3,0 µm peaks only for longer arm lengths was possible to obtain. 
When resonant peaks from measured spectra are plotted in chart, we can see that dependence resonant peaks on [image: image18.png]


 is not following linear dependence from analytic formula in whole range of antenna arm lengths[image: image20.png]


. From length 1.1 µm and longer resonant peaks are blue shifted (fig. 5). This behaviour can be caused by influenced effective refraction index due FIB Ga ions implantation or it can be effect of antenna array polarisation. Reason of blue shift of resonant peaks will be further investigated.
Description of the main results obtained
On FEI-Helios FIB golden nanostructures on thin membrane structures can be manufactured, however for better results more beamtime for manufacturing process tuning can be beneficial. 
IR plasmonic antennas samples have nonlinear dependence of resonant peaks on antenna arm length [image: image22.png]


 and from certain length are blue shifted. 
Future collaboration with host institution (if applicable)

Nano-antenna on membrane substrate fabrication in Brno for EELS experiments on ICL.
FT-IR spectra acquisition on (Bruker Hyperion) on ICL.
Other comments (if any)
