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Abstract 

Literature is well supplied with studies of gold deposit on mica for fabricating ultra-flat 

template-stripped gold surface. Gold on silicon has not received much attention. Our study 

optimizes the deposition rates, annealing temperatures and time to obtain a template-

stripped gold surface with a very low roughness and large (111) oriented crystallites. Atomic 

force microscopy is performed in tapping and peak force mode to evaluate the surface 

roughness. The crystallite size is obtained from in situ X-ray diffraction measurements during 
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annealing. We find out that a deposition rate of 0.2 nm/s with a 40 min annealing at 400°C 

gives the best result (0.21±0.04) nm. 

Key-words: Ultra-flat substrates; Atomic force microscopy; X-ray diffraction; Self-

assembled monolayer; Template-stripped gold; Crystallite size 

1. Introduction 

With the development of studies on nanometric or micrometric objects and plasmonic, 

the requirements on specific substrates have increased. The physical and chemical 

properties are optimized to achieve the most suitable substrate for the study. In the case of 

metallic surfaces, such as gold, these optimizations have been achieved by studying the 

deposition parameters[1–9], the nature of the substrate [10–14], annealing [4,9,11–18] and 

other surface treatments [5,11,13,15–17,19,20]. One of the objectives is to increase the 

flatness of the surface. Template-stripping, which consists of depositing metal on flat 

substrate and exposing the metal surface at the interface with the substrate, has revealed to 

be an easy access to ultra-flat surfaces [12,13,15,16].  

Gold is a non-toxic noble metal which is stable in ambient conditions and an excellent 

candidate for grafting molecules using anchoring groups such as thiol and thiolacetate [21–

23]. The latter point, with the chemical stability, make gold suitable for self-assembled 

monolayer (SAM) studies [24–28]. However, the mechanical and electrical properties of the 

SAM are influenced by its organization [26,29–32]. Supplying a low roughness surface, such 

as ultra-flat surfaces obtained from template-stripping, is one of the main possibilities to 

guarantee a well-organized SAM.  
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Template-stripped gold (AuTS) samples was prepared by Hegner [15] and Wagner [16]. 

They deposited gold on mica substrates and they observed the effect of annealing during 

deposition on roughness. They also compared the roughness of the as-deposited gold and 

the AuTS. The temperature range was from 20-25 °C to 600 °C. The lowest root mean square 

(rms) roughness they obtained by Atomic Force Microscopy (AFM) measurements was 0.28 

nm (Temperature=20-25 °C). Moreover, the as-deposited gold roughness was one order of 

magnitude greater than AuTS. Once annealed, they tried different glues (epoxy glues and 

ceramic glues) for the stripping stage.  Regardless of glue type, the AuTS roughness remains 

approximately the same. Stamou et al. [33] have adapted the techniques by using silicon 

wafers as substrates. They obtained a rms roughness of 0.4-0.5 nm.   

Diebel et al. [12] investigated the effect of the nature of the substrate  on the AuTS 

roughness at 35 °C and 300 °C during deposition. The studied substrates were mica, float 

glass and polymer-coated silicon. They did not use glue for making their AuTS, instead, they 

deposited a thick nickel layer (~200 µm) by electroplating. The mica substrate has given the 

lowest rms roughness of 0.3 nm at 300 °C.  

Weiss et al. [13] proposed different methods for obtaining AuTS. They used optical 

adhesives (stable in ethanol compared to epoxy glues) and soldering to make the support for 

stripping. They obtained flexible AuTS with silicon as the template substrate. It was annealed 

in ambient air at 710 °C after deposition. AuTS obtained with optical adhesive and glass 

support give ~0.5 nm of rms roughness. Their result was higher than Diebel’s or Hegner and 

Wagner’s roughness, but they used silicon instead of mica substrates and the gold layer was 

annealed in ambient conditions after deposition and not inside a vacuum chamber during 

deposition.  
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Banner et al. [18] and Borukhin and Pokroy [19] works addressed the defects induced by 

template-stripping. In both cases, AuTS is studied and the template substrate is in silicon. In 

the first one, the pinhole defects are suppressed by a flame annealing of the gold surface 

prior template-stripping. The flame annealing is performed with a laboratory Bunsen burner 

fed with natural gas. By adjusting the distance between the gold surface and the flame, they 

reduced the number of defects.  Borukhin et al. show the presence of twinning and stacking 

faults and propose methods for getting rid of them such as performing the stripping phase in 

ethanol or spectrophotometric-grade isopropyl alcohol. Nirmalraj et al. [11] made a similar 

study of removing gold layer defects on (111) oriented gold on mica and CaF2 substrates. 

However, none of the studies mentioned above have addressed the deposition rate and the 

annealing (temperature and time) after deposition of the gold on silicon.  

Our study precisely addresses these parameters on gold deposited on silicon wafer. We 

aim at optimizing the deposition rate and the annealing temperature and time in ambient 

conditions. The purposes of these optimizations are to obtain an ultra-flat gold surface with 

maximum and large (111) oriented crystallites. We are focused on the (111) orientation as 

thiol compounds, like alkanethiols, have their best compactness and small tilt angle on (111) 

orientation when deposited on gold [34,35]. Even if the literature is rich on smoothing AuTS 

on mica, there is no such studies on silicon. Silicon has one major advantage on mica with 

template-stripping that is there is no risk of chemical contamination of gold by silicon during 

stripping [15,33]. To achieve the current study purposes, in situ X-ray diffraction (XRD) 

during annealing and AFM in tapping and peak force modes are performed. Contrary to 

other studies[9,11,18,19,36,37], XRD measurements are performed during isotherms in 

order to have a better insight on the evolution of gold planes and crystallites with annealing. 
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In the following sections, the sample fabrication is firstly described with the methodology 

applied during this study (cf. section 2 and 3 respectively). Once samples are described with 

the analysis and the details on the used materials and equipment, the results of these 

analyses are developed in section 4, starting with AFM for selecting the right deposition rate, 

then the XRD for finding potential optimal temperature-annealing time couples, and 

finishing with AFM for selecting the optimal couple. The section 5 discusses the foregoing 

results in the same order. Finally, the main article conclusions are reminded.  

2. Sample Fabrication 

The template-stripped gold samples are made by following the procedure described 

below (cf. Fig. 1). 

 

 

Fig. 1: Schematic of the different steps to fabricate template-stripped gold substrate (AuTS) 
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2.1. Evaporation step 

A clean (100) orientated silicon wafer is introduced in the box coater chamber. The silicon 

wafers are ordered from Silicon Materials. They are P-doped, (100) oriented and (525±25) 

µm thick with one face polished and the other etched. The silicon wafers are unpacked in 

the clean room in which the box coater is. They are inserted in the box coater as received 

from Silicon Materials who cleaned them before sending them to us. Gold is deposited on 

the polished face. The box coater chamber used is an electron beam deposition boxcoater 

SYRUSpro 710 from Bühler. Once the pressure is stabilized at 5x10-2 Pa, the electron beam is 

started. The gold deposition is made at a constant rate to reach a final thickness of 200 nm. 

The gold pellets have the reference number P0489187 from Umicore. They are 99.99 % pure 

and measure 2-3 mm of diameter. To ensure a constant rate which is crucial for thin layers, 

the gold pellets are completely melted before deposition on the silicon wafer. Moreover, the 

deposition rate is measured thanks to a quartz microbalance and controlled with the current 

intensity used to evaporate gold. The modifications of the current to ensure a constant 

deposition rate depend on the amount of gold in the crucible, the chamber pressure, and 

the electron beam parameters.  

When the gold atoms reach the silicon surface, they diffuse on it and they can desorb 

easily as the bonds with silicon are weak. In parallel of the desorption, two or more atoms 

can join together during their diffusion and form a nucleus that grows into hemispherical 

grain by collecting other diffused atoms. These grains appear aleatory on the silicon surface 

and their size increases more laterally than vertically. Once grains touch one another, they 

can merge into one larger grain at the expense of their mobility on silicon. As soon as all the 

silicon surface is covered with gold grains, the lateral growth stop and all supplementary Au 

atoms participate at the vertical increase. [38,39] 
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Therefore, the deposition rate could influence the nucleation, expansion and coalescence 

processes of the gold grains and, potentially, modify the final roughness of the surface. For 

this study, gold is deposited at 0.05 nm/s, 0.2 nm/s or 5 nm/s (cf. Fig. 1A) in order to 

determine the speed giving the less rough surface. During the deposition, the pressure can 

reach 5x10-1 Pa while gold is evaporating due to partial vapor pressure. The silicon substrate 

remains at room temperature (21 °C), contrary to previous studies in literature [11,12,15,16] 

where the deposition is made at high temperature (25 °C to 600 °C [15], 300 °C [16], 35 °C to 

400 °C [12] and 300 °C to 650 °C [11]) on mica.  

2.2. Annealing step 

Once gold is evaporated on the (100) silicon wafer, annealing is performed which is not 

only crucial for the crystallite size but also for the surface roughness. The heat of annealing 

gives enough energy to gold atoms so that they can diffuse on the silicon substrate. 

Therefore, there is a reorganization of gold atoms resulting in the movement of crystallite 

boundaries which can enlarge the crystallite size and reduce the roughness. The annealing is 

made in a furnace under ambient air (cf Fig. 1B) and not inside the vacuum chamber of an 

evaporator[11,12,15,16] or on a flame [18] in ambient air. The silicon wafer covered by the 

gold film is directly placed in a furnace and then is brought from room temperature to the 

target temperature during a precise time. The chosen temperature and annealing time 

ranges for this study are given in the section 3. 

The maximal temperature examined in this study is 500°C whereas gold and silicon form 

an eutectic at (363±2) °C [40]. If the Au-Si eutectic appear, the gold atoms will quickly diffuse 

in the silicon destroying the smooth interface between gold and silicon and preventing the 

ability to strip the gold from the substrate [19]. In our case, even at 500 °C, we could strip 
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the AuTS sample without any difficulties thanks to the native silicon oxide layer of our 

wafers. Indeed, the silicon oxide layer on Si wafers have demonstrated to be able to hinder 

the creation of the Au-Si eutectic [19]. 

2.3. Stripping step 

Glass pieces of approximately 1cmx1cm are cut from a glass microscope slide using a 

diamond tip. These microscope slides are from VWR with the reference number ECN 631-

1550. These glass pieces are ultrasonicated successively in a bath of deionized water, 

ethanol and propan-2-ol. Then, the non-damaged face of the glass pieces is exposed to an 

oxygen plasma for 2 minutes. Indeed, during cutting process, one of the glass face can be 

scratched. To minimize risks, we prefer not to use this face during gluing process. 

Just after the annealing step, these clean glass pieces are stuck on the gold surface with 

an optical glue (cf. Fig. 1C). The optical glue used is Norland Optical Adhesive 61. The optical 

glue is cured inside a UV-KUB 2 with a full and continuous illumination at maximum power of 

180W during 1 h. The plasma-exposed face is in contact with the glue. The glue is cured by 

exposing the wafer to UV-Lamp during 1 h. 

Once cured, a cutter or a scalpel is used to cut the thin gold and cured glue layers around 

a glass piece. Then, with tweezers, the glass piece and the gold beneath it are stripped from 

the silicon wafer (cf. Fig. 1D). The gold surface that was facing silicon is now on the top of  

the template-stripped gold substrate [15] (AuTS). This surface is rinsed with ethanol and 

dried under a nitrogen stream. 
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3. Followed methodology 

3.1. Selection of the deposition rate  

In order to identify the optimized deposition rate, gold is deposited at different 

deposition rates (0.05 nm/s, 0.2 nm/s and 5 nm/s). All the samples have been annealed at 

200 °C during 20 min. For simplicity, the name of the samples is abbreviated like AuTS0.5As 

which represents the nature (gold template-stripping) and the deposition rate (0.05 nm/s) of 

the metallic sample. The rms roughness and the useful surface, parameter that we define as 

the surface portion with low rms roughness, are checked by AFM measurements (cf. 

subsection 3.3). The deposition rate that leads to the lowest rms roughness with the largest 

useful surface will be chosen to perform the annealing study. 

3.2. In-situ-annealing XRD protocol 

XRD is used in θ/2θ mode to monitor the crystallite size, orientation evolutions and the 

inter-planar distance during annealing of the gold surface depicted in step B of Fig. 1. XRD 

diffractometer is a PANalytical Xpert pro MRD. The sealed X-ray source is copper made and 

is coupled with a parabolic mirror and a monochromator. The parabolic mirror parallelizes 

the Cu radiations. The monochromator is made of two parallel Ge(220) crystals and allows 

the selection of the copper Kα1 radiation (8.05 keV). Samples are mounted on a vertical 

goniometer which allows to rotate the samples around the 3 axes of rotation ,  and . The 

X-ray sensor is a proportional PW1711 detector with a parallel slit collimator.   

The crystallite size   is calculated with the Scherrer equation [9,41] (eq. 3-1) and the inter-

planar distance     using Bragg’s law (eq. 3-2).  

  
    

       
 eq. 3-1 
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With   the crystallite size in nm, λ the X-Ray wavelength in nm, β the full width at half 

maximum, in radian of the XRD peak and θ the measured angular position of this peak. 

               eq. 3-2 

With dhkl the inter-planar distance between the (hkl) planes in nm, θ the measured 

angular position of the Bragg peak, n (an integer) the diffraction order and λ the X-Ray 

wavelength in nm. For our applications, we focus on the first order (n=1) to monitor the 

distance evolution between the consecutive parallel planes. This part of the study is carried 

out in two steps.  

The first step consists in determining a temperature interval containing the optimal 

temperature. We refer as “optimal temperature” for XRD measurements, the temperature 

for which the crystallites are the largest and with most of them (111) oriented. The furnace 

is a DHS1100 from Anton Paar, installed on the XRD goniometer. Temperature is measured 

with a Pt-Pt10Rh thermocouple. The temperature control is performed by the unit control 

TCU 200. During this step, the sample temperature is risen from room temperature up to 

500°C at a speed of 60 °C/min. The XRD measurements are performed at 23 °C, then at 

100°C and with 100 °C step to reach 500 °C. A last measure is taken at 30 °C, when samples 

have been cooled back. The measure time last for 10 min and the temperature is maintained 

constant during this time. The 2θ angle has a variation interval centered on each gold 

orientation of interest (cf. subsection 4.2). 

In the second step, 2 temperatures are selected amongst the temperature interval 

determined in the preceding step. For each temperature, a gold sample, deposited at speed 

selected in the part 5.1, is maintained at this selected temperature. At the same time, 
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crystallite size and orientation evolutions are monitored during each isotherm. Therefore, 

the annealing temperature-time couple which maximizes the size of the crystallites and the 

number of oriented (111) crystallites can be determined at each temperature. The final 

choice to select the most optimized temperature-annealing time couple is done by 

considering the surface roughness on AuTS. 

All the XRD measurements are performed on gold before template-stripping process as 

the optical glue cannot bear temperatures above 125 °C. Moreover, Bragg peaks on XRD 

curves are fitted with Gaussian or Lorentzian equations, using Origin 85 or a custom Python 

code made for this study. The Python code fits the mathematical function with the data by 

minimizing the Sum of Squared Residuals (SSR, cf. eq. 3-3), the function kept for analyzing a 

XRD peak at the different temperatures is the one which minimizes the most the SSR. 

               
 

 

   

 eq. 3-3 

With n the number of data point for which the ith datum is the couple (xi;yi) and f is the 

function to fit on the data. 

3.3. AFM protocol 

AFM analyses are performed either with a Multimode 8 from Bruker, equipped with a 

Nanoscope V controller and the software Nanoscope 9.1, or with a Nano-Observer from 

CSINSTRUMENTS with the use of the software Nanosolution.  Analyses are made either in 

peak force mode (Multimode 8) or in tapping mode (Nano-Observer). Peak force mode is 

performed with Multi75Al-G tips from BudgetSensors which have a resonance frequency 

range of 60-90 kHz, a force constant range of 1-7 N/m and a tip radius guaranteed inferior to 

10 nm. For analyses made in tapping mode, the AFM tips used are PPP-NCLR from 
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Nanosensors which have a resonance frequency range of 146-236 kHz, a force constant 

range of 21-98 N/m and a tip radius guaranteed inferior at 10 nm. Each AFM is inside a box 

with anechoic moss on an optic table stabilized by pressurized air in a room controlled in 

temperature. Before starting experiments, the tip is let stabilized thermally and dynamically 

in the AFM during 24 h, if the tip is installed for the first time in the AFM, or during 1 h, if the 

tip is already installed.  

Both AFM modes have the advantages to put less constraints on the AFM tips than 

contact mode, increasing tip lifetime and then the rms roughness measurement robustness. 

The scans are made at 256 pixels/s (px/s) for peak force mode and at 512 px/s in tapping 

mode. For both techniques, the scan size is 1µmx1µm on the gold surface after stripping (cf. 

Fig. 1D). AFM images are analyzed with Gwyddion 2.51 [42]. 

As shown in Fig. 2c, gold surface is not a monocrystalline structure. There are several 

grains and holes in the surface. The roughness inside a grain is expected to be low as a grain 

is a monocrystal. The roughness is mainly increased by the boundaries between grains and 

the holes in the gold surface. 

Gwyddion software statistical quantities tool is used to evaluate the roughness and the 

useful surface [43]. The surface roughness is evaluated by computing the rms roughness on 

3 to 5 images made at different locations on the samples. Then, the rms roughness mean 

and standard deviation are computed. 

We define the useful surface as the portion of the image for which the rms roughness is 

below 0.3 nm. The 0.3 nm represents a very low rms roughness compare to literature [11–

13,18,19] guaranteeing a flatness of high quality. Even if the rms roughness of the surface is 

superior to this limit, the surface is not necessarily useless as the roughness is mainly due to 
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the grain boundaries and holes which represents a tiny portion of the sample surface. 

Therefore, we develop a method to mask these height variations and evaluate the rms 

roughness out of this mask. We extend this mask to keep only the parts of the surface with a 

rms roughness inferior or equal to 0.3 nm which represents the useful surface.  

The first step of this method is localizing the position and intensity of the height 

variations.  For this purpose, Gwyddion has several functions like thresholding or edge 

detector. The method choice relies on exclusion of all holes and most possible boundaries by 

masking them and must be reproducible and weakly sensitive to the operators. This later 

condition is the most important.  The best method in this study is to combine an edge 

detector by step and a thresholding. 

More precisely, on the post-processed AFM image, the algorithm of edge detector by step 

is applied. This algorithm computes, at each pixel of the image, the square root difference 

between the 2/3 and the 1/3 quantiles of the heights in a radius of 2.5 pixels. The results are 

visualized in a second image called presentation. The colors in the presentation are a 

qualitative information of how prominent the edges are, or, in other words, how intense are 

the height variations (cf. Fig. 2a). The most prominent they are for the algorithm, the lighter 

they appear in the presentation. Then a height threshold is applied on the presentation. 

Doing so, the most prominent edges that correspond to holes and deep boundaries are 

masked (cf. Fig. 2b). The mask is extracted from the presentation and applied to the AFM 

image (Fig. 2c). If the rms roughness of the non-masked surface is higher or lower than 0.3 

nm, the threshold is decreased or increased to have a non-masked surface with a rms 

roughness of 0.3 nm. 
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Fig. 2: Steps for determining the useful surface. a) Presentation obtained from the algorithm of edge detector by step 
on the AFM image. b) Masking the strong height variations using the thresholding tool. c) Applying the presentation mask 
on the AFM image. The image size is 1µmx1µm. 

With the statistical quantities tool, the surface area is computed by following the profile 

of the grains. This area considers the height variations inside the grains.  

3.4. Checking the surface suitability for SAM deposition 

The verification of the suitability of our AuTS for SAM deposition is achieved by scanning 

tunneling microscopy (STM) and cyclic voltammetry (CV). 

STM images are acquired with a Multimode 8 Nanoscope V from Bruker at ambient 

conditions in air on AuTS. The bias is applied to the sample relatively to the grounded 

mechanically sharpened Pt-Ir (95/5) wire used as STM tip. Different tips and samples are 

used to ensure reproducible and free from artifacts images. The tip-sample distance is 

controlled by tunneling current and voltage values of 10 pA and 200 mV respectively, and 

the scan rate is 512 px/s. 

Moreover, CV is performed to verify how molecules organize on our AuTS. The CV 

measurements are carried out in a custom-built electrochemical cell equipped with a 

platinum counter electrode, an Ag/AgCl reference electrode and AuTS served as the working 

electrode. Potential is applied between the AuTS substrate and reference electrode and 
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corresponding response in terms of current is recorded between the AuTS substrate and Pt 

wire. The area of the substrate exposed to the electrolyte solution, equal to 0.5 cm², is 

controlled by using O-ring of 8 mm diameter. The cyclic voltammograms are measured in an 

aqueous solution of HClO4 with a concentration of 1.0 M. We used the AUTOLAB 

PGSTAT302N with NOVA 2.10 software to record the cyclic voltammograms. 

The molecules, characterized during CV measurements, are the 11-(Ferrocenyl) 

undecanethiol (FcC11SH). The FcC11SH is purchased from Sigma-Aldrich and used without 

any further treatment. 

4. Results  

4.1. Deposition rates 

Three deposition rates on gold have been studied: 0.05 nm/s, 0.2 nm/s and 5 nm/s. All 

the sample in this part have been annealed at 200 °C for 20 min. 

At 0.05 nm/s (cf. Fig. 3), the mean rms roughness is (1.0±0.7) nm on all the surface which 

is too rough for SAM deposition. However, the mean useful surface is (95±3) %. So, 95.4 % of 

gold surface deposited at 0.05 nm/s have a sufficiently low roughness for molecules 

deposition. The remaining 4.6 % are the hole edges which have so intense height variations 

that they make the roughness jump from 0.3 nm to 1.0 nm. 
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Fig. 3: AFM images on AuTS0.5As samples after annealing. a) to c) topographic images with applied mask so that the 
non-masked surface has a rms roughness inferior or equal to 0.3 nm. 

When the speed is increased to 0.2 nm/s (Fig. 4), the mean rms roughness decreases to 

(0.26±0.03) nm with less dispersion across the surface. As the rms roughness is already 

below 0.3 nm, the useful surface is 100 %. 

 

Fig. 4: AFM images on AuTS2As samples after annealing. a) to c) topographic images. 

The substrate with the last deposition rate of 5 nm/s has (cf. Fig. 5) a mean RMS 

roughness of (0.9±0.2) nm and a mean useful surface of (79±18) %. So, even if the surface is 

rougher than the 0.3 nm limit, more than the four-fifth of the surface is below this limit, that 

is, the four-fifth of the surface is exploitable for deposition of molecules.  
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Fig. 5: AFM images on AuTS50As samples after annealing. a) to c) Images after mask application so that the non-masked 
surface has a rms roughness inferior or equal to 0.3 nm. For image a), the total pixel number of the image is 262,144 
(512x512 px) and the mask occupies 110,100 px. 

4.2. XRD measurements during temperature ramps 

With a low roughness, a maximum of large (111) oriented gold crystallites is wanted for 

our AuTS surface. For this purpose, the different gold grain orientations must be 

determined. Indeed, the most prominent peak on XRD curves are selected in order to reduce 

the annealing time between the first and last measure at the same temperature. All XRD 

measurement are performed before stripping step on gold (cf. Fig. 1B). 

We cleaved a part of the silicon wafer on which gold layer has been deposited at 0.2 nm/s 

and annealed at 200 °C before XRD measurement. We performed θ/2θ symmetric 

measurement on this sample and the result is displayed in Fig. 6a). 
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Fig. 6: a) XRD curve obtained on gold deposited at 0.2 nm/s and annealed at 200 °C for 20 min. b) to d) XRD curves of 
the (111), (311) and (222) gold orientations during annealing. The dots are the data, and the lines are the Gaussian fits. 

The identification of the peaks is made with the gold and silicon crystallographic 

datasheets. The peaks at 38.18 °, 44.36 °, 77.62 ° and 81.74 ° respectively correspond to the 

(111), (200), (311) and (222) gold orientations. The peak marked as silicon corresponds to 

the (400) silicon substrate orientation.  We tried to suppress this monocrystalline silicon 

peak by tilting the sample, but it remains with lower intensity. As X-Ray beam penetrates 

through the 200 nm gold layer, the XRD analysis is meaningful for both gold surfaces: gold 

before stripping (cf. Fig. 1B) and gold after stripping (cf. Fig. 1D).  Without considering silicon, 

the peaks of the (111), (311) and (222) gold orientations are the most intense peaks kept for 

the rest of the study. 

In the XRD graphs of the (111) and (222) gold orientations (cf. Fig. 6b and d), up to 400°C, 

the peak intensity increases, which means the number of atomic planes matching this 
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orientation increase. However, at 500°C, (111) peak intensity is still increasing while 

surprisingly (222) peak intensity decreases. Since the (111) and (222) planes correspond to 

the same crystallographic orientation, the slight differences in peak intensity variations (cf. 

Fig. 6) and crystallite size (Fig. 7) is assigned to the measurement time between the data 

acquisition of each peak. 

In the case of (311) orientation (cf. Fig. 6c), the number of planes decreases with the rise 

in annealing temperature.  The intensity of the curves at 400°C and 500°C decreases 

resulting in more prominent noise which increases the standard error on crystallite size. 

Once returned to ambient temperature, the intensity of (311) peak is sufficiently high to be 

detected without much noise but remains below the initial value. 

It must be noted that the gold layer was dewetted at the end of the measurement. So, 

the results presented for the annealing at 500 °C and after cooling the sample are influenced 

by this dewetting. In the case of the (311) orientation at 500 °C, more nuance must be 

provided, due to dewetting, the obtained fit is surely not representative of the true gold 

state which explains why the (311) oriented crystallite size at 500 °C is as large as the gold 

layer with a standard deviation allowing even larger thicknesses than gold layer. AFM 

measurements proves that the dewetting begins before 10min of annealing, therefore the 

annealing at 500°C is discarded for the subsequent steps of the study.  The dewetting AFM 

results and their discussion are presented in subsection 5.4. 
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Fig. 7: a), c) and e) Crystallite size of the (111), (311) and (222) gold orientations respectively. b), d) and f) Comparison 
between the variation in interreticular distance due to temperature and the theoretical thermal expansion of the 
interreticular distance for the (111), (311) and (222) gold orientations respectively. The vertical blue bars are error bars. 

The mean crystallite size (cf. Fig. 7a, c and e) is computed with Scherrer equation (eq. 3-1) 

using parameters derived from the Gaussian fits in Fig. 6. This size represents the crystallite 

width normal to the surface in symmetric mode. For all orientations, the size of the 

crystallites increases with the temperature. This result could sound strange as the (311) peak 

intensity decreases with temperature. But the crystallite size is affected by the thermal 
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expansion. Indeed, the (311) orientation keep the same size before and after annealing. The 

increase observed from 20 °C to 400 °C could only come from the thermal dilation. When the 

sample have been cooled after annealing the crystallite size of all the orientation decreased. 

This phenomenon is also due to the thermal expansion.   

Finally, all the XRD graphs show peak shifting to lower angles (cf. Fig. 6b to d). This 

behavior is expected as the thermal dilation broaden the interreticular distances. However, 

once back to ambient temperature, the peak at 30 °C is not at the same position as the initial 

peak at 23°C, which might be attributed to residual stress in the gold layer. To confirm that 

the peak shifting is due to thermal dilation, the evolution of the interreticular distance 

versus the annealing temperature is plotted and compared to the expected evolution due to 

thermal dilatation (cf. Fig. 7b, d and f). For all the orientations, the effective evolution 

follows quite accurately the expected evolution. The differences observed at some points, 

mainly when back to ambient temperature, are symptomatic of the presence of stresses 

inside the crystallites. The vertical deformations (                       where d 

stands for the interreticular distance) induced by these stresses after annealing are -3x10-4 

and -2x10-4 respectively for (111) and (311) orientations.  

4.3. XRD measurements during isotherms 

The temperatures selected for the isotherm study are 300 °C and 400 °C. Indeed, as 

shown previously, high temperatures induce predominant and large (111) oriented 

crystallite. We will justify more in details these temperatures in the subsection 5.2. In this 

part, we will examine the effect of each isotherm on each orientation. 
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Fig. 8: a) and b) XRD curves of the (111) gold orientations during annealing at the 2 isotherms: 300 °C and 400 °C 
respectively. The dots are the data, and the lines are the Gaussian fits. The time specified in the caption are the annealing 
time. c) and d) Gaussian amplitude of the (111) gold orientation during annealing at 300 °C and 400 °C respectively, 
obtained from the Gaussian fits in a) and b).  e) and f) Crystallite size of the (111) gold orientation during isothermal 
annealing at 300 °C and 400 °C respectively. The vertical blue bars are error bars. 

As the Gaussian curves are fairly overlapping (cf. Fig. 8a and b), the Gaussian amplitudes 

of the (111) gold orientation have been plotted versus the annealing time (cf. Fig. 8 c and d). 

The blue error bars represent the standard error on the amplitude estimation. For the 

isotherms at 300 °C and 400°C, the Gaussian amplitude increases with the temperature and 
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the annealing time. For an annealing at 300 °C, the amplitude increases until the end of the 

measurement (90 min). The same behavior is observed at 400 °C but the amplitude stabilizes 

since 50 min. Once cooled, the (111) Bragg peak amplitude, and so the number of (111) 

planes, increases in the case of the annealing at 300 °C and 400 °C. From a crystallite size 

point of view (cf. Fig. 8 e and f), an annealing at 400 °C creates larger crystallites than at 300 

°C. Moreover, the crystallite size remains constant at 300 °C up to 80 min and at 400 °C 

during the whole annealing since the first measurement at 10min. The crystallite size is 

considered constant on each interval as the error bars, standing for the standard error, are 

overlapping. At 90 min for 300 °C and 40 min for 400 °C, the crystallite size increases but, in 

the case of 400°C for 40min, the increase is not significant as error bars overlap. However, 

the cooling does not affect the final size here. 

Finally, Fig. 9 introduces the effect of annealing on (311) orientation. As we want to 

maximize the presence of (111) grains, we need to decrease or suppress the other 

orientations. This purpose is achieved as the Gaussian intensity decreases as soon as the 

annealing reaches the right temperatures. The Fig. 9c) and d) allow a better insight on the 

Gaussian amplitudes as the curves during annealing are overlapping (cf. Fig. 9a and b) and 

the y-level of the Gaussian base significantly influences the peak height in Fig. 9a) and b). 

Once annealing begun at 300 °C and 400 °C, the Gaussian amplitude, and so the number of 

(311) planes, remains constant as the error bars are overlapping. Yet, the amplitude at 400 

°C is lower than at 300 °C. Similarly, their size stays quite constant during annealing even if 

there is a slight increase at 300 °C for 50 min. For the annealing at 300 °C, the size before 

heating and after cooling is the same. So, the increasing size can be attributed to thermal 

expansion. But, at 400 °C, the size after cooling is a little higher than the initial size. 
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Fig. 9: a) and b) XRD curves of the (311) gold orientations during annealing at the 2 isotherms: 300 °C and 400 °C 
respectively. The dots are the data, and the lines are the Gaussian fits. The time specified in the caption are the annealing 
time. c) and d) Gaussian amplitude of the (311) gold orientation during annealing at 300 °C and 400 °C respectively, 
obtained from the Gaussian fits in a) and b).  e) and f) Crystallite size of the (311) gold orientation during isothermal 
annealing at 300°C and 400 °C respectively. The vertical blue bars are error bars. 

To summarize, we have determined the right deposition rate (0.2 nm/s) for gold in 

ambient condition. Moreover, we have determined two temperatures (300 °C and 400 °C) 

for which the deposited gold has the maximum and the largest (111) orientated crystallites. 

Now, we need to determine the annealing time which further maximizes the (111) 
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orientation and its crystallites. To this end, XRD is performed during isotherm respectively at 

300 °C and 400 °C. 

 

4.4. AFM measurements in resonant-mode on optimized 

temperature-annealing time couples   

As it will be detailed in part 5.2, two couples of annealing temperature and time have 

been selected from XRD measurements: 300 °C during 90 min (cf. Fig. 10) and 400 °C during 

40 min (cf. Fig. 11). The last screening is performed with AFM on AuTS samples (cf. Fig. 1D), 

annealed before stripping step. 

 

Fig. 10: AFM images on AuTS2As samples annealed at 300 °C during 90 min. a) to c) Different imaged areas. The blue 
mask represents area with strong height variations so that the non-masked surface exhibits a rms roughness less than or 
equal to 0.3 nm. 

After annealing at 300 °C during 90 min, the surface exhibits a mean rms roughness of 

(0.5±0.1) nm with a useful surface of (97±1) %. As indicated in the caption of Fig. 10, the blue 

mask has been applied on the height variation so that the rms roughness of the surface is 

equal or inferior to 0.3 nm. This mask covers crystallite boundaries and adsorbates with large 

height variations on the gold surface which appear as blue spots on Fig. 10. The rms 
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roughness and useful surface do not take into account the adsorbates as they are not 

representative of the gold surface. 

 

Fig. 11: AFM images on AuTS2As samples annealed at 400 °C during 40 min. a) to c) Different imaged areas. The blue 
mask represents adsorbates so that the non-masked surface exhibits a rms roughness inferior or equal to 0.3 nm. 

Increasing the temperature to 400 °C and annealing for 40 min (cf. Fig. 11) smooth the 

surface up to (0.21±0.04) nm resulting in a useful surface close to 100 %. As the mask is only 

applied on adsorbates, neither the rms roughness nor the useful surface are taken into 

account. 

5. Discussion 

5.1. Choice of the deposition rate  

In order to choose the deposition rate, two parameters are taken into account: the rms 

roughness and the useful surface (cf. Table 1), determined by AFM. The importance of 

roughness is based on its effect on molecule organization. An increasing roughness of the 

surface will promote molecular disorganization.  As observed above, even if the roughness is 

higher than the 0.3 nm limit, some part of the surface could have a sufficiently low rms 

roughness. These surface parts composed the useful surface. The deposition rate giving the 

lowest rms roughness and the highest useful surface are chosen. 
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The deposition rate at 0.2 nm/s gives the lowest rms roughness, the higher useful surface 

and the lowest interval error for each parameter.  

Table 1: Comparison of the different depositions rates with all sample annealed at 200 °C during 20 min 

 AuTS0.5As AuTS2As AuTS50As 

RMS Roughness  [nm] (1.0±0.7) (0.26±0.03) (0.9±0.2) 

Useful surface [%] (95±3) 100 (79±18) 

 

5.2. XRD result analysis:  selection of temperature and annealing time 

couple 

As observed in Fig. 7, the higher the temperature, the higher the (111) and (222) oriented 

crystallites size and number. Besides, the (311) Bragg peak amplitude decreases with the 

temperature and their size remains the same before and after annealing. Two different 

temperatures are investigated for isotherm study: 300 °C and 400 °C. 

At 300°C, the number of (111) planes (cf. Fig. 8a, c and e) increases until the end of the 

experiments. The crystallite size is the same for 80 min and then rise at 90 min. Moreover, 

the (311) orientation (cf. Fig. 9a, c and e) is not really influenced by annealing time. Thus, it 

appears that annealing for 90 min at 300 °C gives the most (111) and largest crystallites.  

For the isotherm at 400 °C, a similar behavior is observed for (111) (cf. Fig. 8b, d and f) 

and (311) crystallites (cf. Fig. 9b, d and f) but some differences appear. After 60 min, the 

number of (111) planes is constant whereas the (311) crystallites undergo a slight decrease 

of their size at 40 min but the error bar at 40 min overlaps the ones at 20 min, 60 min and 80 

min. Thus, this slight decrease is not significant. As annealing at 400 °C for 40 min is a little 
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more noteworthy than the other annealing times for this temperature, this temperature-

annealing time couple is selected. 

5.3. Determining the optimal temperature and annealing time 

From the latter section, 2 couples of temperature and annealing time have been 

determined optimal. The last screening is based on AFM analysis on AuTS (cf Fig. 1D): the 

couple which leads to the lowest rms roughness and the highest useful surface is selected. 

Table 2: Surface states summary of gold annealed with the different temperature-annealing time couples. 

 200 °C for 20 min 300 °C for 90 min 400 °C for 40 min 

RMS Roughness  [nm] (0.26±0.03) (0.5±0.1) (0.21±0.04) 

Useful surface [%] 100 (97±1) 100 

 

The sample surface annealed at 400 °C for 40 min is smoother than the one annealed at 

300 °C for 90 min (cf. Table 2). Therefore, the annealing at 400 °C for 40 min is the optimal 

couple. 

However, during the deposition rate selection phase (cf. part 4.1), the sample AuTS2As, 

arbitrary annealed at 200 °C during 20 °C, gave a rms roughness and an useful surface 

comparable to the one annealed at 400 °C for 40 min (cf. Table 2). But, the Gaussian 

amplitude of Au(111) orientation peak, after an annealing at 200 °C during 20 min (cf. Fig. 

6a), is two times lower than the Gaussian amplitude of Au(111) orientation peak after an 

annealing at 400 °C for 40 min (cf. Fig. 8d). Besides, the (111) crystallites are bigger at 400 °C 

during 40 min (53.98 nm) than at 200 °C for 20 min (51.24 nm). Therefore, the optimal 

temperature and annealing time for gold evaporated on silicon in ambient conditions is 400 

°C for 40 min. 
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In order to compare the results obtained for the optimal deposition rate and annealing 

with the literature[13,15,16], we have performed AFM measurement recording 5x5 µm² 

images of our optimized AuTS. These measures reveal again an ultra-flat surface, suitable for 

nanoscience fields like molecular electronics, with a RMS roughness of (0.25±0.03) nm and a 

useful surface of 100 % (cf. Fig. 12). The suitability for SAM deposition is discussed in the 

subsection 5.5.  

 

Fig. 12: AFM images on AuTS2As samples annealed at 400 °C during 40 min. a) to c) Different imaged areas. 

 

5.4. Dewetting effects on AuTS roughness 

AFM measurements are performed to prove that the dewetting begins before 10min of 

annealing at 500 °C. 
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Fig. 13: AFM images on AuTS2As samples annealed at 500 °C for 10 min. a) to c) Different imaged areas. The blue mask 
represents area with height variations so that the non-masked surface exhibits a rms roughness inferior or equal to 0.3 nm. 

At 500 °C during 10 min (cf. Fig. 13), the mean rms roughness increases to (0.3±0.1) nm. 

The useful surface is about 100 %. For Fig. 13a), the mask is only applied on adsorbates. 

Nevertheless, the interval error of the annealing at 500 °C overlaps the one at 400 °C. So, the 

increase in roughness is not certain. However, the standard error at 500 °C is 3 times greater 

than the one at 400 °C. 
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Fig. 14: AFM images on AuTS2As samples annealed at 500 °C for 10 min made on the shaded areas. a) Photo of the gold 
surface with the AFM tip. The red circles highlight the shaded areas on gold. b) and c) Topographic images on different 
shaded areas. d) and e) Application of the mask to reveal the useful surface on b) and c) respectively. The blue mask 
represents area with strong height variations so that the non-masked surface has a rms roughness inferior or equal to 0.3 
nm 

Moreover, the surface of the sample annealed at 500 °C during 10 min exhibits zones with 

colors slightly different from the rest of the gold surface (cf. Fig. 14). These shaded zones 

reveal a gold with high rms roughness (2.1±0.6) nm, (cf. Fig. 14b and c) and a low useful 

surface (24±1) %. As explained in the part 4.3, the annealing at 500 °C has encountered 

dewetting. The presence of these shaded areas with high roughness tends to prove the 

presence of partial dewetting at multiple locations on the gold surface even with 10 min of 

annealing. 

5.5. Suitability for SAM deposition 

The presence of large atomically flat terraces is a parameter that indicates the suitability 

of the surface with a low roughness for molecule deposition. This has been probed by 
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acquiring STM images at ambient conditions in air on AuTS deposited at 0.2 nm/s and 

annealed at 400°C during 40 min (cf. Fig. 15).  

 

Fig. 15: STM images on AuTS2As samples annealed at 400 °C during 40 min. a) to c) Different imaged areas. The largest 
terraces are observed in the top right corner on a) and in the middle right of c). 

As displayed in Fig. 15, the largest terraces (up to ~100 nm) are observed in a), top right 

corner, and c), middle right, ,and they are smaller than those of Diebel’s images[12]. The rest 

of the grains are also terraces but stacked in a way they practically overlap each other. 

Therefore, if atomically flat terraces are present on our AuTS, there are no large ones. 

Nevertheless, electrochemical analysis with CV is performed to verify how molecules 

organize on our AuTS. 

Cyclic voltammogram obtained on bare AuTS substrate is shown in Fig. 16. This 

experiment is important to perform prior to SAM characterization to calculate the real 

surface of the electrode. The voltammogram observed is very clean with well-defined 

baseline. The real surface area is calculated by integrating the oxygen reduction peak 

(around 0.82 V) by following Trasatti‘s method [44]. From Fig. 16, the real active surface area 

calculated is 0.56 cm2 and comparing with geometrical surface area: Sreal/Sgeometrical = 0.56/0.5 

= 1.12. Hence, the AuTS substrate is really flat at atomic scale and suitable for SAM 

deposition. 
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To verify the above statement on flatness of AuTS substrate, CV is performed SAM of 

FcC11SH deposited on optimized AuTS. An ethanolic solution of 1 mM FcC11SH is prepared 

and degassed with nitrogen for 10 minutes. A freshly template stripped AuTS substrate is 

soaked in this solution and the solution is degassed again for 10 minutes. Then the solution 

with AuTS substrate is left for 20 hours at room temperature under nitrogen (using balloon 

filled with N2). After 20 hours, the AuTS substrate is taken out and washed with copious 

amount of ethanol. The substrate is dried by blowing nitrogen and CV is performed. Fig. 17 

shows the voltammogram taken at 1 V/s. 

 

Fig. 16: Cyclic voltammogram of bare AuTS2As, annealed at 400 °C during 40 min, recorded at scan rate of 1 V/s with 
Ag/AgCl reference electrode and 1 M HClO4 electrolyte solution. 
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The Fig. 17 voltammogram has a peak-separation of 0.075 V indicating fast electron 

transfer. FWHM of the redox peaks is 80 mV. Integrating the redox peaks and applying the 

following formula Fc = Qtot/nFA (Qtot: total charge, n: number of electrons transferred per 

mole of reaction, F: Faraday constant and A: real surface area of the electrode exposed to 

electrolyte solution), molecular density Fc is 4.3  10-10 mol/cm2. Compare to the maximal 

theoretical value (4.5x10-10 mol/cm²), the computed molecular density is very close to the 

maximum density. All the above quantifications indicate near ideal behavior of the 

voltammogram and densely packed SAM [30,45]. 

 

Fig. 17: Cyclic voltammogram of AuTS2As, annealed at 400 °C during 40 min, modified with a of FcC11SH recorded at 
scan rate of 1V/s with Ag/AgCl reference electrode and 1 M HClO4 electrolyte solution. 
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6. Conclusion 

In summary, we have determined the optimal deposition rate (0.2 nm/s) and annealing 

temperature (400°C) and time (40 min) of gold deposited on silicon, with the annealing 

performed in ambient conditions after deposition. The purposes are to get an AuTS surface 

with minimum roughness and the largest (111) crystallites. Two techniques have been 

mainly used: AFM and XRD. AFM, in tapping and peak force mode, was used to determine 

the roughness of the AuTS surfaces, while in situ XRD during annealing, was employed to 

survey the crystalline orientation evolution with annealing. With the optimized parameters, 

AuTS surface exhibits a rms roughness of (0.21±0.04) nm with a (111) crystallite size of 54 

nm normal to the surface. Such smooth surface makes them suitable for nanoscience fields 

like molecular electronics. 
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