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Abstract 

Tetrahydrothiophene (THT), as a surfactant, was studied for the shape control of gold 

nanoplates via chemical vapour deposition (CVD). Dense gold nanoplates (6 μm) with a 

highly smooth surface were deposited by using 1,3-diisopropyl-imidazol-2-ylidene gold 

(I) hexamethyldisilazide at 370˚C, with 45 mtorr of THT. Similar but isolated nanoplates 

were attained with 15-35 mtorr of THT at 430˚C. Along with single-crystalline structure, 

a {111} plane of the nanoplates was confirmed by determining the gold stacking fault, 

1

3
{422} diffractions in selected area electron diffraction (SAED) patterns. Purity of the 

nanoplates was shown by energy dispersive X-ray spectroscopy (EDS) and X-ray photoe-

lectron spectroscopy (XPS) analysis, both showing gold metal without significant sulfur 

impurities. THT preferably capped the gold {111} plane which lowered the surface ener-

gy, leading to a smooth surface and large size. Gold precursor supply influenced the par-

ticle size and mechanism of the crystal growth, as well as the particle density. 
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1 Introduction 

1.1 Gold Films 

Gold is a useful metallic material for numerous applications. Gold films are potentially 

interesting for developments in biosensors,1-3 catalysts4-6 and photonic materials,7,8 due to 

the excellent conductivity, conversion efficiency and anisotropies of metallic particles. 

Gold particles in surface plasmon resonance (SPR) applications have seen a growing in-

terest because of the significant interactions with light, enhancing the availability of pho-

tovoltaic technology in different fields.9-12 It can be expected that creative discoveries for 

gold metal nanofabrication and applications are on the horizon since it is valuable and 

promising for scientific applications. 

Shape control is a fundamental goal of metallic materials science.13 Gold films with 

particles in different shapes have a variety of useful properties. A single gold nanorod has 

been shown to, vitro and in vivo, act as a two-photon luminescence reagent providing 

high contrast and having a low quenching probability.14 The achievement of gold nano-

plasmonic probes with platinum implanted on gold surfaces made it possible to monitor 

the process of catalytic reactions, based on changes in refractive index.15 An innovative 

mechanism of drug release was established using polymer-coated gold nanocages, melt-

ing the polymer coating to release a captured payload by highly efficient photo-thermal 

conversion.16 Gold "bowties" were synthesized to generate ultraharmonics with the help 

of field-enhanced effects.17 Thus, morphological research of gold particles is an essential 

branch of nanotechnology. 
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1.2 Gold Nanoplates 

Gold nanoplates receive abundant attention for their outstanding optical and conductive 

performance. With a smooth plane on the atomic level, a thin single-crystalline layer is an 

ideal target for plasmonic substrates with a large patterning area.18 The splendidly smooth 

surface, as well as the high aspect ratio, makes gold nanoplates adept at conductivity, re-

flectivity19 and chemical stability,20 for larger contact areas.21 Thus, gold nanoplates have 

significant potentials for SPR applications,22,23 and surface-enhanced raman scattering 

(SERS),24,25 as well as electronic conductive adhesives (ECAs).26 

Since first reported in 2004, much work had been done on preparation of gold nano-

plates.27 Machinable single-crystalline gold nanoplates were prepared through chemical 

reduction showing a two-step growth model in solution.28 Other research closely detailed 

shape control by using poly (vinylpyrrolidone) (PVP), in addition to the plasmon reso-

nance. 29  With cetyltrimethylammonium bromide (CTAB), triangular gold nanoplates 

were synthesized in high yield and tunable size distribution, investigated for plasmonic 

properties by UV-Vis-NIR adsorption spectroscopy.30 A method for thickness control 

was demonstrated recently using HAuCl4, CTAB and ascorbic acid.31 

However, vapour depositions of gold nanoplates have been seldom mentioned in the 

literature compared with liquid-phase chemistry. Though successfully produced by CVD, 

gold particles were still generated with less control.32 Consequently, it would be a break-

through if a reliable route was discovered for controllable gold nanostructure fabrication 

via deposition methods. 
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1.3 Chemical Vapour Deposition 

Chemical vapour deposition (CVD) is a typical technology for producing metallic films.33 

Unlike physical vapour deposition (PVD), CVD involves chemical reactions during the 

deposition including precursor decomposition and surface reactions, as well as adsorption 

and desorption.34 When employed into a furnace tube, gaseous precursors are delivered at 

high temperatures and arrive at the surface of substrates via diffusion. By use of a reduc-

ing gas or heat (or both), precursors are reduced to generate crystal nuclei that then form 

continuous films through continued chemical reduction.35 

1.3.1 Precursors and Reductants 

Metal containing precursors, usually inorganic or organ-metallic complexes, are used as 

sources to make metallic films by CVD. Apart from the central metallic ions, organic lig-

ands often work as stabilizers to allow film deposition in mild conditions.36-38 It is an 

overall requirement that precursors should be highly volatile and thermally stable since a 

high temperature is often used during depositions.39 Chemical reactivity and low melting 

points are also criteria for the selection of precursors. 

For gold CVD, it is not recommended to use reduction gas, especially hydrogen, as a 

reductant during depositions because hydrogen can reduce gold precursors at an extreme-

ly fast rate at low temperatures, even room temperature. This would lead to an uncontrol-

lable reduction during CVD, making the deposition hard to control. 
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1.3.2 Steps and Processes 

A brief process on gold CVD is shown in Figure 1.32,35 Volatile precursors are evaporated 

and introduced into the furnace to form a main gas flow within the apparatus (1). At high 

temperatures, gas phase reactions occur and can produce surface reactive compounds 

which are able to interact with the substrates (2). Such a process is sustainable and simul-

taneous because of the continual input of precursor gas. The surface reactive products are 

physisorbed on the surface via gas phase transportation (3). Surface diffusion can occur 

on surface-activated molecules. The metallic centers residing on the surface can become 

immobilized by reaction with hydroxyl (or other) groups on the surface through chemi-

sorption (4). An equilibrium between adsorption and desorption of the molecules can oc-

cur, which is influenced by temperature (5). In a furnace, reactive gold (I) surface groups 

can be reduced to form small gold nanoparticles, releasing oxidized ligands to the atmos-

phere (6). 
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Figure 1. Schematic diagram for the process of gold CVD. (1) main gas flow; (2) gas phase reactions; (3) 

gas phase transportation; (4) surface diffusion; (5) precursor desorption; (6) surface reactions; (7) continu-

ous film formation. Reproduced with permission from Reference 32 and 35. 

1.3.3 CVD Kinetics 

Generally, there are two main types of film deposition rate during the kinetic process of 

CVD, called the surface-reaction rate limited regime and mass-transport limited regime 

(Figure 2).40 At lower temperatures, the deposition rate is mainly influenced by surface 

reactions because the reaction rate is low but larger amounts of precursors exist just 

above the surface (1). Thus, the deposition rate (RD) would be sensitive to temperature, 

leading to difficulties in deposition control. On the contrary, if the temperature is higher, 

reactants will be quickly consumed because of a faster surface. The deposition rate in this 

case depends on diffusion, as mass transport process, with less response to changes in 

temperature (2). It could be, therefore, possible to control film depositions for uniformed 
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morphology since a (unavoidable) temperature gradient does not seriously impact film 

growth. 

 

Figure 2. Deposition rate-temperature relation curve of CVD. (1) surface-reaction rate limited; (2) 

mass-transport limited. Reproduced with permission from Reference 40. 

1.4 Crystal Growth Mechanism 

Crystal growth of noble metals is an essential aspect of nanotechnology. It is typically 

divided into two different stages, the establishment of small nanoparticulate nucleation 

points (crystal seeds) and shaped crystal formation.41 
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1.4.1 Small Nanoparticle Growth 

Due to the tiny size of nanoparticle seeds, structural fluctuations easily occur during par-

ticle formation in moderate conditions, even at room temperature, because the total sur-

face energy of different morphologies are so similar that the energy barrier between them 

are low.42 In addition, the oscillation rate between different seed morphologies rises sig-

nificantly with decreasing size. 

Shapes of single-crystalline materials, especially face-centered cubic (FCC) noble 

metals, are usually predicted by the Wulff condition resulting in a series of polyhedrons 

(Figure 3).43 The increasing order of atomic surface energy for FCC facets is γ(111) < γ(100) 

< γ(110). The Wulff model predicts a truncated octahedron with hexagonal (100) and 

square (111) facets when γ(110)/γ(111) ≧ √3/2 (Figure 3a), while the less stable (110) facets 

would appear otherwise (Figure 3b).44 Tetrahedron (Figure 3c) is a typical shape of small 

metallic crystals coming from multiply folded symmetry (Figure 3d, e).44,45 A special 

decahedral structure can also be found where (111) facets formed boundaries of the deca-

hedron (Figure 3f) to further lower surface energy.46-48 
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Figure 3. Models for typical shapes of small metallic nanocrystals. (a) truncated octahedron; (b) trun-

cated octahedron with extra (110) truncations; (c) tetrahedron; (d) icosahedron; (e) decahedron; (f) Mark’s 

decahedron. Reproduced with permission from Reference 41 and 44. 

Some metals, such as gold, silver and copper, are known to form triangular nuclei with 

a {111} face via stacking faults (Figure 4).49 The relatively small atomic radii of these 

metals results in a low stacking fault energy, allowing this uncommon morphology.50 So 

the tetrahedral metallic seeds (Figure 4d) more easily produce stacking faults by recon-

structing atomic arrangement within nanocrystals. Two possible models for stacking fault 

formation in gold nanocrystals have been proposed: one with a ledge facing an edge (V-

ledge, Figure 5a), and another one with a ledge facing a vertex (I-ledge, Figure 5b).51 It 

was calculated that the energy of a V-ledge is 0.05 eV/atomic layer, compared to 0.12 

eV/atomic layer for an I-ledge, because those models formed different angles of the fac-

ets, 70.5˚ and 109.5˚ for V-ledge and I-ledge respectively. Thus, the V-ledge model is 

more reasonable for the formation of gold stacking faults. 
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There are three concave edges generated within a twinned tetrahedral crystal (Figure 

4c) which contain a single stacking fault, making these the activated sites for deposition 

during the crystal growth. The concavities, therefore, grow in a much faster rate than the 

convex edges, and then small nanoparticle flakes (Figure 4d, e) can be obtained.45 

 

Figure 4. Growth models of small nanoparticles with stacking fault. (a) tetrahedral nanocrystals; (b) 

nanocrystals with stacking fault; (c) twinned crystal with stacking fault; (d) hexagonal crystal seed; (e) tri-

angular crystal seed. Reproduced with permission from Reference 41 and 49. 
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Figure 5. Possible models for the gold stacking fault. (a) V-ledge; (b) I-ledge. Reproduced with permis-

sion from Reference 51. 

1.4.2 Shaped Crystal Growth 

Once nucleated, nanocrystals with a given shape may grow into larger nanostructures 

with different shapes depending on the growth conditions. Here the key factor for shape 

control is lower potential surface energy.44 In the following section, several typical mech-

anisms for producing nanocubes, nanowires, nanoplates, nanorods, nanostars, and 

branched particles will be outlined. 

1) Nanocubes 

Nanocubes with {100} facets have been known for a long time.52,53 Xia's research group 

first demonstrated the synthesis of single-crystalline silver nanocubes with exclusively 

{100} facets.54 The subsequent observation of truncated nanocubes was seen with a lower 

ratio of {220} to {111} signal intensities in the X-ray diffratogram (XRD). Based on this 

discovery, it was inferred that nanocubes could be obtained by the selective growth of 

{111} facets, which grow into the eight vertices of the cube (Figure 6).45 
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Figure 6. Growth model of nanocubes. Reproduced with permission from Reference 45. 

2) Nanowires 

Nanowires are very popular for their ability to make porous structures leading to large 

surface area which is useful for sensors and catalysts.55,56 Nanowires with a pentagonal 

cross-section and a <110> growth direction are common for gold (Figure 7a).57 These 

grow from decahedral seeds, which are composed of five tetrahedral crystallites twinned 

together along {111} facets. A possible mechanism was revealed when a small piece of 

crystal attached to the incomplete decahedron was seen to become a fast-growing side 

(Figure 7b).58 Thus, the elongated growth was templated by twinned decahedron with se-

lectively growth at the convex edges, assisted by a surfactant specific to {100} coverage. 
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Figure 7. Growth model of nanowires. (a) growth direction of nanowires; (b) twinning model of the 

elongated growth. Reproduced with permission from Reference 45 and 58. 

3) Nanoplates 

Hexagonal and triangular nanoplates are grown from seed crystals containing one or 

more parallel stacking faults in the {111} plane.59 The higher surface energy at the stack-

ing fault causes preferred growth in that plane.60 Growth anisotropy is enhanced when the 

{111} facets of the growing nanoplate are selectively stabilized by a growth-directing 

surfactant.  
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The shape of the nanoplate (hexagonal or triangular) depends on the number of stack-

ing faulted twinned crystals.58 Triangular nanoplates are generated from singly-twinned 

seed crystals (Figure 8a-c); while hexagonal nanoplates are generated from doubly-

twined hexagonal seeds (Figure 8d-f). The singly-twined seed crystal possesses three 

concave edges and three convex edges, defined as concave (A) and convex (B), respec-

tively. Growth on concave (A) is much faster than on convex (B) because of its higher 

surface energy.61 In contrast, the doubly-twinned seed crystal possesses six equivalent 

edges composed of both concave and convex regions, leading to a similar growth rate at 

all edges. 
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Figure 8. Growth models of triangular and hexagonal nanoplates. (a) singly-twinned hexagon; (b) cross 

section of the singly-twinned hexagon; (c) growth direction of the singly-twinned hexagon; (d) doubly-

twinned hexagon; (e) cross section of the doubly-twinned hexagon; (f) growth direction of the doubly-

twinned hexagon. Reproduced with permission from Reference 58. 

4) Nanorods 

Nanorods are distinguished from nanowires by their elongated cross-section.58 One mod-

el for nanorod growth is depicted in Figure 9. Nanorods, like triangular nanoplates, origi-
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nate from singly-twined seed crystals. One-dimensional growth occurs to produce a nano-

rod when a crystal twins to a concave edge of the singly-twinned seed crystal, generating 

a new active growth site.44,58 

 

Figure 9. Growth model of nanorods. (a) singly-twinned hexagon with an attached crystal; (b) growth 

direction of the nanorod. Reproduced with permission from Reference 44 and 58. 

Another type of nanorod has been prepared electrochemically and capped by mi-

celles.62 It is abnormal for gold nanostructures to have elongated {110} facets since these 

have the highest surface energy among {100}, {110} and {111} facets. However, the 

{110} facets were thought to be stabilized by both surfactant adsorption and surface re-

construction. The latter has been seen by scanning tunneling electron microscopy 

(STEM), and this reconstruction increases the surface area from √2a2 to √3a2 while low-

ering the surface energy from 7.701/a2 to 6.928/a2 (Figure 10b, c).62 As interatomic dis-

tance increases, stronger surfactant bonds to the gold surface would be allowed to form. 

Once the surfactant was employed to the crystal, the {110} facets with lower surface en-

ergy would selectively adsorb the surfactant and be capped to show a <100> growth di-

rection. 
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Figure 10. Growth and reconstruction models of {110} elongated nanorods. (a) {110} elongated gold 

nanorod; (b) atomic model of an ideal {110} facets; (c) atomic model of the reconstructed {110} facets. 

Reproduced with permission from Reference 62. 

5) Nanostars 

Gold nanostars have 20 sharp, reactive vertexes which makes them useful in catalysis be-

cause of multiple activated points.63-65 Nanostars form from icosahedral seed crystals 

(Figure 11a) through growth of each {111} facet into a sharp point. The shape transfor-

mation can be visualized as follows: each triangular {111} facet is split into six smaller 

triangles (Figure 11b) sharing a central point (Figure 11c).66 The points are pulled out to 

make the arms of the nanostars which are hexagonal pyramid shaped (Figure 11d). The 

geometry of the nanostars is consistent with a model where the faces of the arms are {321} 
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facets. The {321} facets are generated with the help of surfactants because of the lower 

h/k and l/k values.67,68 

 

Figure 11. Growth model of nanostars. (a) icosahedron; (b) split icosahedral facets; (c) icosahedron with 

protuberant points; (d) nanostar. Reproduced with permission from Reference 66. 

6) Branched Particles 

Branched silver pentagonal nanowires are known, and result from the coalescence of sep-

arate nanowires.69 The twinning occurs between two {111} facets of the nanowires tips 

(Figure 12).44 This is evidenced by the fact that the <110> axes of twinned wires are ro-

tated with respect to each other by an angle of 36˚. The branching is most extensive at 

higher temperatures, but also occurs in a lesser degree and in shorter forms at lower tem-

peratures. 



 

 18 

 

Figure 12. Growth model of branched particles. Reproduced with permission from Reference 44. 

1.5 Growth Directing Surfactants 

In the context of colloidal synthesis, surfactants are compounds which are adsorbed to the 

surface of nanostructure and lower the surface tension interfacing with the surrounding 

medium. Thus, surfactants serve to stabilize both colloids and nanostructures which 

would otherwise have high surface energies. Typically, surfactants have both hydrophilic 

and hydrophobic functional groups for interacting with both the solid material and the 

surrounding medium.70 

Not only stabilizers, surfactants are commonly employed for shape control of noble 

metal nanostructures through a process known as directed growth. This is possible be-

cause surfactants are adsorbed with different strength to different crystal facets, and 

growth is selectively slowed at the facets with a capping agent has a high steric bulk, like 

with hydrophobic chains. With surfactants, several particular shapes of gold had been de-
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veloped like nanowires,71,72 nanorods,14,73-75 nanostars,66,76 and nanoplates,27,28,30,31,77 to 

name a few. 

1.5.1 Selective Adsorption 

Typically, selective adsorption occurs on {111} facets since this is the closest packed and 

lowest surface energy crystal plane in the FCC structure.44 This is exploited for shape 

control, such as in the synthesis gold nanoplates in solution using cetyltrimethylammoni-

um bromide (CTAB)77-80 or poly (N-vinyl-2-pyrrolidone) (PVP) as surfactants.28,29,81-83 

Both surfactants have long, hydrophobic hydrocarbon chains which effectively slow the 

growth on {111} facets. The reaction kinetics were found to be first order in Aun+, and 

the reaction rate depended on CTAB concentrations due to the selective adsorption of 

{111} facets.84 

Other facets such as {110} and {100} can be capped to generate other morpholo-

gies.85-87 Apart from surface energy, atomic reconstruction of a crystal face also contrib-

utes to facet formation due to larger interatomic spaces allowing surfactants be more easi-

ly absorbed.62,66 Gold tetrahedron, a single-crystalline seed, consists of {111} twinning 

planes, {110} surfaces and stepped {100} facets.88 Gold nanowires as described above 

can be synthesized with the help of CTAB.89 During making gold nanostars, a preferred 

adsorption on {321} facets with dimethylamine (DMA) was the key to form the sharp 

tips of the stars, as well as using PVP as a stabilizer of the {111} facets.66 
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1.5.2 Self-Assembled Monolayers 

Self-assembled monolayer (SAM) formation is a useful technique to make gold nanopar-

ticles.90-92 Typical SAM processes have been described often.93-97 Precursors are synthe-

sized by inorganic metallic materials and surface active organic compounds. Via specific 

mechanisms, precursor molecules automatically assemble together to form particles in 

particular shapes (Figure 13). 

Organic compounds with thiol groups can be used to make gold nanoplates.96,98 Gold 

(III) is reduced to gold (I) by quaternary ammonium salts (NR4X), forming the gold pre-

cursors. Sodium borohydride (NaBH4) then reduces gold (I) to gold (0) crystals and re-

lease ammonium ligands. Meanwhile, thiol works as a surfactant by capping the {111} 

plane of the crystals (Figure 13a). Gold nanoplates with {111} surfaces are consequently 

produced whose shape is influenced by the gold/thiol ratio.98 Gold nanowires can be fab-

ricated by using oleylamine as a reductant and surfactant.97 With a similar process, gold 

(III) is partially reduced to gold (I) and make complex molecules with oleylamine. Fol-

lowing this, gold (0) crystals are obtained by further reduction, and the shapes of the re-

sulting nanostructures are controlled by self-assembly of oleylamine at the elongated sec-

tions (Figure 13b). 
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Figure 13. Schematic Diagram for the growth of shaped gold particles via SAM. (a) hexagonal nano-

plates; (b) nanowires. Reproduced with permission from Reference 96 and 97. 

1.5.3 Hydrophile Lipophile Balance 

Given the relatively strong surface dipole of metals, compounds with stronger dipoles 

would be higher probable to be attracted on the surface due to stronger van der Waals in-

teractions. The hydrophile lipophile balance (HLB) has been used to compare the hydro-

philicity of surfactants, especially among those with different hydrophilic heteroatoms.99 

For non-ionic surfactants, the HLB values can be determined using Equation 1, qualita-

tively comparing the number of hydrophilic and hydrophobic functional groups or atoms, 

with an assumption that the attractive force is proportional to the mass of those hydro-

philic groups:  

 HLB = 
mass of hydrophilic atoms or groups

molecular mass
 × 20  (1)  
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Table 1 shows HLB rankings for water solutions of various surfactants and the rele-

vant applications. With low HLB values (e.g., 4-8), the surfactants can be used as emulsi-

fier to suspend hydrophobic chemicals uniformly.99 In contrast, surfactants with high 

HLB values (e.g., >16) would make hydrophobic solute resolve in polarized solvents. 

Table 1. Properties and applications of surfactants with different HLB values. 

Properties after mixing with water HLB values Potential applications 

non-dispersedmixtures 

0  

2 

emulsifiers 4 

slight dispersed mixtures 6 

unstable emulsions 8 

wetting agents 

stable emulsions 10 

translucence 12 

detergents 

solution  

14 

16 

solubilizers 

18 

 

1.6 Surfactant-Assisted CVD 

There are several advantages of using CVD for preparing nanostructured gold thin film. 

Impurities can be minimized since no solvent is used and by-products can be designed to 

be volatile.100 Additionally, nanostructures can be integrated directly into devices as no 

additional steps are required to transfer particles to a substrate, especially for water sensi-

tive materials. Not only is this efficient, but it avoids potential alteration of morphology 
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which can occur during drying after wet chemistry.101,102 Thus, shape-controlled CVD 

would be a valuable technique to establish. 

Compared with solution methods,32 fewer methods have been reported for shape con-

trol during CVD using a surfactant because many surfactants are non-volatile salts or 

polymers.103  Volatilized elemental sulfur was employed as a surfactant to synthesize 

GaSb nanowires by stabilizing Sb atoms at the surface.104 Smooth, {111} oriented copper 

films were obtained using iodine as a surfactant. In this case an in situ reflectivity detec-

tor was employed to precisely calibrate iodine dosing.60 A couple of strategies have been 

reported for employing non-volatile surfactants in CVD. CTAB-stabilized SnS nanowires 

were synthesized by treating tin foil with a CTAB solution then exposing it gaseous 

H2S.105 Size-controlled gold nanoparticles were prepared by using tetraoctylammonium 

bromide (TOAB) as a surfactant through aerosol-assisted CVD (AACVD) with an arrow 

size distribution.106 

Though some progresses have been made in surfactant-assisted CVD, it is limited in 

terms of materials and morphologies, leaving plenty of room to explore this area of mate-

rials science. There is little literature on gold synthesis by CVD, in particular high aspect-

ratio nanoplates. Some atoms, like sulfur95,107,108 and iodine,109,110 were used to passivate 

gold surfaces, making them potentially interesting for shape control of particles through 

CVD. As a volatile liquid, THT has the potential to control the shape of gold particles via 

CVD through its sulfur atom and the steric bulk of its hydrophobic ring. Also, the low 

cost of this material makes it attractive to be employed in an industrial setting. 1,3-

diisopropyl-imidazol-2-ylidene gold (I) hexamethyldisilazide was shown to be an effec-

tive precursor for gold CVD.32 Since the resulting film showed initial interesting nano-
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plate morphology, this precursor was the precursor of choice in this project: all gold CVD 

described below uses 1,3-diisopropyl-imidazol-2-ylidene gold (I) hexamethyldisilazide as 

precursors. 

1.7 Flow Conditions 

Precursor transport is heavily affected by gas velocity, which in turn may influence parti-

cle growth during CVD. Thus, the flow condition of the CVD experiment should be con-

sidered with respect to its influence on the formation of gold nanoplates. From on the 

ideal gas equation (Equation 2) and the average molecular mass from Equation 3.111 

 PV = nRT  (2)  

 M̅ = 
P1M1+P2M2

P1+P2
  (3)  

Where P is the pressure of a gas, Pa; V is the volume of a gas, m3; n is the amount of sub-

stance, mol; R is the perfect gas constant, 8.314 m3·Pa·mol-1·K-1; T is the temperature, K; 

M is the molecular mass, kg·mol-1. 

Under high vacuum, intermolecular attractions are weaker leading to different kinetic 

properties of the gas.111 Assuming ideal particles (as above), the molecular mean free 

path (MMFP) of the viscous gas can be estimated via Equation 4.112 The mean molecular 

velocity (MMV) can be calculated with Equation 5 base on the Maxwell distribution.111 

Combining 3-5, Equation 6 can be used to determine the MMFP for a particular gas. 

 λ = 
μ

u
∙

1

C̅
  (4)  

 C̅ = √
8RT

πM
  (5)  
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  λ = 
1

1.016
∙

16

5
∙

μ

P
∙√

RT

2πM
  (6)  

Where, λ is the MMFP of a gas, m; μ is dynamic viscosity of a gas, Pa·s; C̅ is the MMV, 

m·s-1; u is a factor, 1.016× (5π/32);112 R is the perfect gas constant, 8.314 m3·Pa·mol-1·K-

1; M is the molecular mass, kg·mol-1; T is the temperature, K. 

Knudsen numbers are typically used to describe gaseous molecular motion, showing 

flow conditions under high vacuum.113 The Knudsen numbers can be calculated from 

Equation 7. 

 Kn = 
λ

L
  (7)  

Where Kn is the Knudsen number; λ is the MMFP of a gas, m; L is the representative 

physical length scale, m. 

When Kn is lower than 1/100, the gas would be defined as having a viscous flow be-

cause the molecular interactions are dominated by collisions between gaseous molecules 

(Figure 14b).113 On the contrary, a Knudsen flow would be categorized as having a Kn 

larger than 1/3. The MMFP is even longer than the length of the system. So instead of 

intermolecular collisions, gaseous molecules prefer to move "independently" performing 

heat transfer via collisions with the wall of a system (Figure 14c). If Kn is between 1/100 

and 1/3, the gas would be in a transitional flow, mixing properties of viscous and Knud-

sen flow. 
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Figure 14. Knudsen numbers and flow conditions. (a) relationship between Knudsen numbers and flow 

types; (b) flow condition of the viscous flow; (c) flow condition of Knudsen flow. 

1.8 Project Overview 

The goal of this project was to develop a method for controlling the morphology of 

nanostructured gold films deposited by CVD. This entailed precursor synthesis, CVD ap-

paratus construction, surfactant selection and detailed CVD studies employing the select-

ed surfactant. 

The precursor synthesis was undertaken according to a literature procedure (Figure 

15).32 Detailed synthetic procedures are discussed in Chapter 6. 
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Figure 15. Schematic diagram for synthesis of the gold precursor. (1) tetrahydrothiophene gold (I) 

chloride; (2) hexamethyldisilazane; (3) lithium hexamethyldisilazide·diethyl ether; (4) 1,3-diisopropyl-4,5-

dihydro-3H-imidazol-1-ium chloride; (5) 1,3-diisopropylimidazolidin-2-ylidene gold (I) chloride; (6) 1,3-

diisopropyl-imidazol-2-ylidene gold (I) hexamethyldisilazide. 

In Chapter 2, the CVD apparatus is outlined. Additionally, studies screening potential 

surfactants for use in CVD with the precursors (4, 6) are outlined. The candidate surfac-

tants were tetrahydrofuran (THF), 1,3-di-t-butyl-imidazol-2-ylidene carbene (NHC) and 

tetrahydrothiophene (THT). 

In Chapter 3, gold CVD studies using THT as the surfactant are discussed. The de-

pendence of nanostructure shape, size, and surface morphology on the furnace tempera-

tures and input pressure of THT are explored. The effect of changing the total system 

pressure is explored by using flowing nitrogen instead of THT at similar pressures. Imag-
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ing characterization (SEM, TEM, and SAED) and compositional analysis (EDS and XPS) 

were conducted as well. 

In Chapter 4, a brief summary of the results in this project is discussed, and the future 

work is elaborated in Chapter 5. 
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2 Screening Gold CVD 

A new apparatus was established for the gold CVD. Using 4 only, control depositions and 

blank depositions were performed to investigate the effectiveness of the new constructed 

system. Some potential compounds then were studied to determine a useful surfactant for 

the further depositions. The detailed deposition of the process is discussed in Chapter 6. 

2.1  System Construction 

2.1.1 Separated-Feeding-Route Apparatus 

Precursors and surfactants were input separately in the separate-feeding-route CVD appa-

ratus (Figure 16). A mass flow controller (MFC, 4, MKS P9B) was used for pressure con-

trol of the surfactant. There was a gate valve (3, Swagelok SS-43GS4) between the MFC 

and the surfactant bubbler (2, CCR Process Products, stainless steel, KF-25, 100 mm). A 

joint needle valve (8, Swagelok SS-1VS4-X) was positioned after the MFC, controlling 

the nitrogen (1, Praxair Instrument 4.8) for chamber filling. A control valve (9, Swagelok 

SS-43GS4) was set between it and the furnace pipe (15, CCR Process Products, stainless 

steel, CF-275, 24 inch, Φ 1.5 inch). On the other gas route, a glass precursor vial (6, 

Chemglass, CV-2100) was put inside a precursor bubbler (5, CCR Process Products, 

stainless steel, KF-25, 100 mm), using a gate valve (7, Swagelok SS-43GS4) to control 

the precursor feed. A nickel substrate boat (10, 12×1.0×0.38 (inch)) was positioned at the 

left end of the furnace pipe. With an independent temperature controller (Lindberg/Blue 

CC58114A Control Consoles), a heater (11, Lindberg/Blue HTF 55322A Hinged Tube 

Furnace) was used to maintain the furnace pipe at desired temperatures. A cross pipe 
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(CCR Process Products, stainless steel, KF-25 Cross) was installed to the right of the fur-

nace pipe linking with a pressure gauge (12, Agilent/Varian 0531 Thermocouple Gauge 

Tube). A cold trap (14, stainless steel, KF-25) filled with liquid nitrogen was used to trap 

the by-products and excess surfactant during depositions. Vacuum was achieved with a 

roughing pump (13, General Electric SKCR47UG26BT) located on the right end of the 

CVD apparatus. Made of stainless steel, all tubes (Φ 0.25 inch) and pipes (KF-25) in the 

feeding system were wrapped by foil and heating tape to stabilize the input tempertures 

of the gaseous chemical components. The furnace pipe was sealed by nipples with copper 

O-rings (CCR Process Products, CF-35), while other units were sealed with stainless steel 

centering rings with rubber O-rings (CCR Process Products, KF-25), as well as two 

ferrule tube fitting (Swagelok, 0.25 inch). 

Depositions were performed under a modified process based on the literature.32 How-

ever, no metallic gold deposition occurred using this apparatus. Instead, reflective gold 

metal collected at the inlet of the furnace pipe, suggesting that the precursors decomposed. 

The system was not likely suitable because the diffusion path was too long for precursor 

transport, leading to precursor decomposition prior to the substrates. Thus, the system 

had to be modified by shortening the route between the precursor bubbler and the sub-

strates. 
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Figure 16. Schematic diagram for the separated-feeding-route CVD apparatus. (1) nitrogen tank; (2) 

surfactant bubbler; (3) gate valve; (4) MFC; (5) precursor bubbler; (6) precursor vial; (7) gate valve; (8) 

joint needle valve; (9) control valve; (10) substrates; (11) furnace heater; (12) pressure gauge; (13) rough-

ing pump; (14) cold trap; (15) furnace pipe. 

2.1.2 Combined-Feeding-Route Apparatus 

Instead of a separate-route system, a single-input apparatus was designed for the gold 

depositions (Figure 17). A glass precursor vial (2, Chemglass, CV-2100) was placed in a 

precursor bubbler (1, CCR Process Products, stainless steel, KF-25, 100 mm) which was 

attached to a T-pipe (CCR Process Products, stainless steel, KF-25 Tee) connected in 

parallel to a furnace pipe (8, CCR Process Products, stainless steel, CF-275, 24 inch, Φ 

1.5 inch). To control the pressure of surfactant, a gate valve (3, Swagelok SS-43GS4) and 

a needle valve (4, Swagelok, SS-4L-MH) were employed respectively between the T-

pipe and surfactant bubbler (5, CCR Process Products, stainless steel, KF-25, 100 mm) 
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located on the vertical arm of the T-pipe. A cross pipe (CCR Process Products, stainless 

steel, KF-25 Cross) was installed on the right of the furnace pipe, linking to a pressure 

gauge (9, Agilent/Varian 0531 Thermocouple Gauge Tube). Positioned at the right end, a 

nitrogen tank (13, Praxair Instrument 4.8) with a control gate valve (12, Swagelok SS-

43GS4) was used for back-filling. As discussed in Section 2.2.1, copper O-rings and KF-

25 centering rings were used to seal the apparatus. 

Temperature uniformity is an important factor to guarantee the reliability of deposi-

tions. As a tube furnace, coiled heaters provided the uniformity and the heating efficiency 

within the equipment. Moreover, corundum supports were used to hang the furnace pipe, 

insulating potential heat transfer between the furnace and surroundings. Also, thermal 

leaks between the supports and the furnace pipe were filled with glass wool (Fisher Sci-

entific) to further maintain the heat uniformity in the furnace. The thermocouple for tem-

perature monitoring was located in the middle of the furnace, similar to the locations of 

the deposited films. So the temperatures used to control the furnace can be reasonably 

affirmed as deposition temperatures. 

For the comparison experiments, substituting surfactant over-pressure with nitrogen, 

another nitrogen tank (5, Praxair Instrument 4.8) with a control gate valve (Swagelok, 

SS-1VS4) was used to replace the surfactant bubbler (Figure 18). 
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Figure 17. Diagrams for the combined-feeding-route CVD apparatus. (a) schematic diagram of the 

apparatus; (b) photo of the feeding system; (c) photo of the trapping system. (1) precursor bubbler; (2) pre-

cursor vial; (3) gate valve; (4) needle valve; (5) surfactant bubbler; (6) substrates; (7) furnace heater; (8) 

furnace pipe; (9) pressure gauge; (10) vacuum pump; (11) cold trap; (12) gate valve; (13) nitrogen tank. 
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Figure 18. Schematic diagram for the nitrogen flow CVD apparatus. (1) precursor bubbler; (2) precur-

sor vial; (3) gate valve; (4) needle valve; (5) nitrogen tank; (6) substrates; (7) furnace heater; (8) furnace 

pipe; (9) pressure gauge; (10) vacuum pump; (11) cold trap; (12) gate valve; (13) nitrogen tank. 

Gold depositions were found at specific locations on the substrate boat, which was in-

fluenced by temperatures (Figure 19). At 430˚C, gold films were located at 13-20 cm 

from the left of the boat (1). The films moved a bit further to 15-23 cm at 370˚C because 

of slower decomposition at this lower temperature (2). At 310˚C, further rightward film 

depositions located at 23-30 cm could be observed (3). Additional gas flow also affected 

the film position. With 45 mtorr of nitrogen at 430˚C, the precursor transport was assisted 

and spread further, resulting to further depositions at 23-30 cm (4). 
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Figure 19. Locations of the gold depositions. (1) 13-20 cm: Td = 430˚C; (2) 15-23 cm: Td = 370˚C; (3) 

23-30 cm: Td = 310˚C; (4) 23-30 cm: Td = 370˚C, PN = 45 mtorr. 

2.2  Test Depositions 

Using 4 only, two different depositions were employed to check validity of the construct-

ed CVD apparatus. During the control runs, only the precursor input route was used to 

repeat the reported depositions.32 Meanwhile, the "blank" runs used both precursor and 

surfactant input route to fabricate gold films, with nitrogen flowing through surfactant 

route. 

2.2.1 Control Run 

At 430˚C, a large number of nanoparticles with irregular sizes were found (Figure 20a). 

Shapes were varied: plates, belts and ribbons, showing some shape control of the deposi-

tions (Figure 20b). The nanoparticle sizes were widely distributed, ranging from 200 nm 

to 4 μm (Figure 20b, d). The nanofeature’s surfaces were rough with obvious secondary 

nucleation (Figure 20c). Quantities of small nanoparticles resulting from different kinds 

of seeds were apparent on the substrates (Figure 20d). These depositions resulted in a 

denser collection of nanoparticles in larger sizes compared with previous work under 
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similar conditions (Figure 20e).39 The main reason for this is that the temperature was 

more stable and better controlled in the new apparatus. With less fluctuation of tempera-

tures, the particle growth proceeded more regularly. 

 

Figure 20. SEM images of gold particles deposited at Td = 430˚C. (a-d) control depositions; (e) SEM 

image in Reference 39. 
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2.2.2 Blank Run 

On the whole, nanoparticles produced from the blank runs were similar to the control 

runs. At 430˚C, the surfactant feeding route was opened to emulate conditions when sur-

factant was used. Compared with the control run (Figure 21a), the blank depositions 

showed small nanoparticles in similar densities (Figure 21b). Sizes looked larger as well 

as more highly regular. However, shapes were not uniform, again demonstrating weak 

shape control during the depositions. Complete nanoplates were not formed, leaving ir-

regular gaps at the edges. 

 

Figure 21. SEM images of gold particles deposited at Td = 430˚C. (a) control depositions; (b) blank dep-

ositions; (c) detailed image of the blank depositions. 
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2.3  Surfactant Selection 

In this section, several surface active chemicals were assessed for shape control during 

the gold CVD, including tetrahydrofuran (THF), 1,3-di-t-butyl-imidazol-2-ylidene car-

bene (NHC) and tetrahydrothiophene (THT). THF is a common solvent with low toxicity 

and straight-forward handling. The oxygen has the potential to interact with gold as the 

surface moiety. THT, the odorant used in the natural gas industry, is cheap and bears sul-

fur that is able to form a strong bond with gold. With a similar structure to the ligands of 

precursor 4, the NHC may be useful for shape control of gold since the precursors 

demonstrated some shape control during the reported initial deposition of gold particles.32 

2.3.1 Tetrahydrofuran 

The experiments were performed at 370˚C, with 35 mtorr of THF. There was no deposi-

tion on the substrates under these experimental conditions. The THF pressures were 

measured every 5 minutes. The pressure dropped quickly when the deposition started 

(Figure 22), reaching equilibrium at 5 mtorr after 15 minutes (1). In contrast, the THF 

flow was stable for two hours at room temperature, which was a typical time for the dep-

osition experiments (2). 
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Figure 22. THF pressure-time relation curves. (1) T = 370˚C; (2) T = 25˚C. 

THF is a reactive chemical leading to a network of free radical reactions (Figure 

23). 114  When exposed to light or heat, THF reacts to form 2-tetrahydrofuryl or 3-

tetrahydrofuryl radical depending on temperatures. However, the former is favored be-

cause of the H atom adjacent to the oxygen center, making it more easily be abstracted. 

The residual oxygen in the apparatus could be consumed to form hydroperoxytetrahydro-

furyl radicals via different mechanisms. These radicals may react with 4 before it arrives 

at the surface. So there was no deposition due to insufficient precursor supply. The pres-

sure in the system drops quickly since those radicals may also react with the ligands re-

leased from the precursor, probably adsorbed to the metallic substrate boat and reactor 

walls during the CVD. Therefore, THF is not suitable to use as a surfactant for the gold 

CVD and other surfactant candidates have to be evaluated. 
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Figure 23. Schematic diagram for reaction network of THF via H-abstraction. Double arrows repre-

sent multi-step reactions. Reproduced with permission of Reference 114. 

2.3.2 1,3-Di-t-butyl-Imidazol-2-Ylidene Carbene 

The NHC-assisted gold CVD were undertaken at 430˚C with 0 mtorr, 5 mtorr, 10 mtorr 

and 15 mtorr of NHC (Figure 24) respectively. Without NHC, dense misshapen plates 

were found with a lot small nanoparticles (Figure 25a, b). The particles were in highly 

irregular morphology with obvious secondary nucleation. Small nanoplates in truncated 

triangles appeared with 5 mtorr of NHC. However, small nanoparticles dominated the 

deposition which suggested weaker shape control than the blank run using 4 only (Figure 

25c, d). At 10 mtorr, NHC helped to generate nano-ribbons which were larger than the 



 

 41 

particles found with 5 mtorr of NHC, along with a small number of hexagons. As well, 

denser and larger small nanoparticles were found compared with those deposited with 5 

mtorr of NHC (Figure 25e, f). With 15 mtorr of NHC, no particles in identifiable shapes 

were attained showing weak shape control during the depositions (Figure 25g, h). 

 

Figure 24. Diagram of 1,3-di-t-butyl-imidazol-2-ylidene carbene (NHC). 
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Figure 25. SEM images of gold particles deposited at Td = 430˚C with NHC. (a, b) PNHC = 0 mtorr; (c, d) 

PNHC = 5 mtorr; (e, f) PNHC = 10 mtorr; (g, h) PNHC = 15 mtorr. 
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A supposed model of the NHC-assisted gold CVD process is shown below (Figure 

26a).32,35 As a strong electron donor, the NHC reacted with the precursors to form new 

compounds by replacing the N-heterocyclic ligands (Figure 26b). Shape control is weaker 

using the new compounds (2) because of weaker interactions with gold (discussed in sec-

tion 3.2). Compared with the 4 (1), the new compounds allow stronger desorption, along 

with possibly weaker adsorptions. So there is no enhanced shape control during the depo-

sitions with 5 mtorr of NHC. With 10 mtorr of NHC, the shape control is strengthened, 

generating ribbons instead of small nanoparticles. The higher concentration of NHC al-

low higher absorption rates on specific facets (likely elongated {111} for ribbons) to 

lower the surface energy. With 15 mtorr of NHC, the excessive NHC caps all the surfaces 

on the particles without selectivity. Thus, small nanoparticles again dominate the mor-

phology without observable shapes. 

In summary, the NHC emerges as exhibiting weak shape control on nanoparticles be-

cause of its weak surface activity. A different option is needed to perform shape control 

via the gold CVD. 
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Figure 26. Schematic diagram for NHC-assisted gold CVD. (a) suggested process: (1) main gas flow, (2) 

NHC substitution reaction, (3) adsorption of the substituted precursor, (4) surface diffusion; (5) precursor 

desorption, (6) surface reaction, (7) continuous film formation, (8) shape control adsorption of NHC, (9) 

desorption of the NHC; (b) suggested reaction between the NHC and 4. 
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2.3.3 Tetrahydrothiophene 

These depositions were performed at 430˚C with THT at 5 mtorr, 10 mtorr and 15 mtorr 

respectively. These depositions resulted in a series of uniform gold films.  

The morphologies deposited with 5 mtorr of THT were small triangular nanoparticles 

(Figure 27c, d), compared with the blank depositions with the 4 only (Figure 27a, b). The 

particles were also bigger but not regular, still demonstrating a weak shape control. Larg-

er flat surfaces began to form, although secondary nucleation is still obvious, as are the 

poorly formed edges. With 10 mtorr of THT, the secondary nucleation was suppressed, 

more often showing smooth, planar surfaces (Figure 27e, f). The deposited shapes were 

more regular with smoother edges than the particles deposited with 5 mtorr of THT. Ad-

ditionally, the particles (e.g., 3 μm) were with narrower size distribution. With 15 mtorr 

of THT, isolated hexagonal nanoplates appeared with significantly less small nanoparti-

cles, which were entirely different from the deposition experiments with the 4 only (Fig-

ure 27g, h). Secondary nucleation was eliminated forming a smooth surface. Shapes were 

highly regular in hexagons with smooth edges which suggested excellent shape control 

by THT. The nanoplates were enlarged significantly (e.g., 5 μm), while the small nano-

particles decreased in size. In addition, some gold small particles were located beneath 

the gold nanoplates. This was thought to be generated during the initial input of 4 evapo-

rating below 70˚C before THT was added to the apparatus. 
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Figure 27. SEM images of gold particles deposited at Td = 430˚C with THT. (a, b) PTHT = 0 mtorr; (c, d) 

PTHT = 5 mtorr; (e, f) PTHT = 10 mtorr; (g, h) PTHT = 15 mtorr. 
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2.4  Summary 

In this chapter, a combined-feeding-route CVD apparatus was established to perform 

gold CVD. Control depositions and blank depositions were undertaken by using 4 only to 

ensure reproducibility of the depositions. A series of compounds was investigated to seek 

a suitable surfactant for controlled morphology gold nanoparticle CVD. Due to thermal 

reactivity, THF was oxidized to generate free radicals which apparently reacted with the 

gold precursors. Pressure of THF dropped rapidly during the depositions and no gold 

films were found because of the limited gold precursor supply. NHC was evidenced to 

show some shape control on particles, but the shapes were irregular. At 430˚C, hexagonal 

nanoplates of a large size (e.g., 5 μm) were identified with 15 mtorr of THT. Obvious 

shape control was observed by using THT making this the best available surfactant for 

controlled morphology gold CVD. 
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3 THT-Assisted Gold CVD 

A detailed research on gold nanoplates was performed using gold CVD and THT as a 

surfactant. The detailed deposition process is discussed in Chapter 6. The morphology 

was characterized by SEM and TEM, as well as SAED for crystalline structures. EDS 

and XPS were used to investigate the elemental content. Growth models are proposed 

herein to explain the mechanism of shape control on gold nanoplates by THT. 

3.1  Structural Investigation 

3.1.1 Morphology 

At 370˚C, many small nanoplates were observed along with small nanoparticles (Figure 

28a). The orientation of the poorly formed flakes was disorganized and there was signifi-

cant secondary nucleation on the gold features. The shapes and sizes were highly irregu-

lar showing weak shape control, with a mixture of triangles, ribbons and hexagons (Fig-

ure 28b). With 45 mtorr of THT, the nanoplates were obviously larger in somewhat iner-

ratic shapes, presenting obviously smooth edges (Figure 28c). Importantly, the surface of 

these features was smooth showing that no secondary nucleation occurred (Figure 28d). 

Edges of the gold nanoplates became smoother with less acute angles. Additionally, the 

small nanoparticles became less dense and smaller than in the depositions using 4 only.  
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Figure 28. SEM images of gold particles deposited at Td = 370˚C with THT. (a, b) PTHT = 0 mtorr; (c, d) 

PTHT = 45 mtorr. 

SEM was employed for the initial study on morphology of the deposited nanoplates. 

Further higher-resolution microscopy should be considered to further confirm the actual 

surface conditions of the nanoplates. Atomic force microscopy (AFM) or scanning tun-

neling microscopy (STM) might be used to accurately attain morphologic information on 

the plain of those nanoplates because of the detection for interaction changes between the 

probe and sample surface.115,116 
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3.1.2 Elemental Analysis 

EDS spectra were collected to find out the actual content of the nanoplates. The central 

part of a nanoplate was chosen to perform the EDS analysis (Figure 29a) and the ele-

mental analysis in wt.% and at.% (Figure 29b). 

Only gold and silicon signals were identified in the EDS. The nanoplates showed no 

additional signals within the detection limit (> 1 at.%). Notably there was no signal from 

the sulfur from THT. Due to the extremely thin nanoplates, the electron beam was able to 

reach the substrate, which is the source of the silicon signal.  

 

Figure 29. EDS spectrum of the gold nanoplate deposited at Td = 370˚C, PTHT = 45 mtorr. (a) location 

of the spectrum; (b) elementary analysis of the gold nanoplate. 

Therefore, the nanoplates were taken to be gold metal without significant impurity. 

But the EDS technique is not surface sensitive since electrons from the beam can pene-

trate entirely through the features. Thus, a more effective and specific technology has to 

be utilized for surface content detection (discussed in section 3.2). 



 

 51 

3.1.3 Crystalline Structural Analysis 

1) Crystalline State 

Crystalline information of the gold nanoplates was needed to find out the facet type of the 

facial plane. Consequently, TEM imaging along with SAED was used to characterize the 

crystalline structure of the prepared gold nanoplates (Figure 30). 

 

Figure 30. TEM image and SAED patterns of the gold nanoplate deposited at Td = 370˚C, PTHT = 45 

mtorr. (a) TEM image; (b-e) SAED patterns at different locations. 

A relatively large and isolated feature (e.g., 3 μm) was imaged, along with some small 

nanoparticles exhibiting as hexagons, triangles and tetrahedrons (Figure 30a). Several 

positions on the plane were selected to fully characterize crystalline state since the nano-

plate covered a large area (Figure 30b-e). The gold nanoplate presented a single-

crystalline diffraction pattern with regular hexagonal. At least one group of forbidden dif-

fractions was seen in the SAED with weaker intensity than the parent hexagonal pattern. 



 

 52 

The diffraction spots showed similar arrangements among the four characterized posi-

tions, suggesting the same crystalline structure occurred throughout the plane. 

2) Facet Identification of the Plane 

The orientation of the face with respect to the direction of the electron beam was charac-

terized to figure out the facet of the face. Such determination was made by measuring dif-

fraction spots within the SAED pattern from Figure 30d (Figure 31). 

 

Figure 31. Facet identification of the gold nanoplate deposited at Td = 370˚C, PTHT = 45 mtorr. 

The facet distances were found by measuring the least distance of the symmetric spots 

through the center, calculating via Equation 8.117 
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 d = 
2

l
  (8)  

Where d is the facet distance, nm; l is the least distance of two symmetric spots going 

through the center, nm-1. 

Two families of spots could be determined within the gold nanoplate. The 13.79 nm-1 

could be converted to a facet distance of 0.1450 nm which was characteristic for gold 

{220} facets.118 As allowed diffractions, the {220} spots were brighter and larger. Anoth-

er value, 8.03 nm-1, showed a facet distance of 0.249 nm. This value is the characteristic 

distance of the forbidden diffraction, 
1

3
{422},119 which evidenced the stacking fault in 

these gold crystals.59,120 

Then, via Equations 9-11, the direction of electron beam, [uvw], can be calculated by 

obtaining two different diffractions, {h1k1l1} and {h2k2l2}.117 

 u = k1l2 - l2k1  (9)  

 v = l1h2- h1l2  (10)  

 w = h1k2- k1h2  (11)  

With the discovered {220} and 
1

3
{422} diffractions, the calculated direction of the 

electron beam is [1̅11]. As shown in Figure 32, the electron beam is perpendicular to the 

plane of the gold nanoplates, as well as those two diffraction groups. So the facet causing 

this diffraction pattern is {111} facet. All other diffraction patterns in Figure 30 showed 

similar results of spot positions and distances. Therefore, the plane of the gold nanoplate 

is verified as {111} facets. 



 

 54 

 

Figure 32. Model of spatial relationship between the electron beam and the gold nanoplates. The 

dashed lines represent assignments of gold atoms forming 
1

 3
 {422} facets. Reproduced with permission of 

Reference 120. 

3.2  Role of Surfactant 

3.2.1 Pressure Effects 

1) 370˚C Depositions 

To distinguish the origin of shape control (i.e., whether it is due to THT or a change in 

pressure); gold depositions at 370˚C were performed with an over-pressure 45 mtorr of 

THT or nitrogen (Figure 33). In the blank run, dense nanoplates with smaller sizes were 

observed (Figure 33a). Additionally, a lot of small particles along with several ribbons 

were as well. The shapes were highly irregular resulting from weaker shape control from 

the surfactants inherent in the ligand system of 4. In contrast, with 45 mtorr of THT, na-

noplate shapes were more filled out, which herein is defined as having a lower perimeter 

to surface area ratio (Figure 33c). Furthermore, small gold particles and ribbons were less 
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abundant. Even at a 30 μm scale, uniformed thickness could be assumed because of the 

similar shade of colors in the SEM image. The large gold flakes (e.g., 5 μm) had smooth 

surfaces and no secondary nucleation, showing effective shape control during the deposi-

tions (Figure 33d).  

 

Figure 33. SEM images of gold particles deposited at Td = 370˚C with nitrogen or THT. (a) PTHT = 0 

mtorr, PN = 0 mtorr; (b) PN = 45 mtorr; (c, d) PTHT = 45 mtorr. 

The film moved 5 cm further along the deposition zone with 45 mtorr of nitrogen 

(Figure 33b). Nanoplates were still found, suggesting that the ligand system was exhibit-

ing shape control on the gold particles. However, less dense nanoplates evidenced lower 

efficiency of the precursor supply on gold surface. Shapes were less symmetrical com-
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pared with the blank and THT-assisted depositions. The nitrogen flow might change the 

precursor transport because branching growth on the nanoplates was more significant. 

2) 430˚C Depositions 

At 430˚C, similar depositions were performed with 15 mtorr of nitrogen to further inves-

tigate its effect on shape control. Compared with the blank depositions (Figure 34a, b), 

the nitrogen flow did not change the morphology of gold particles, nor the number of par-

ticles on the surface (Figure 34c, d). Several bigger nanoplates (e.g., 2 μm) were observed 

along with quantities of small nanoparticles. But the surface on the nanoplates showed 

obvious secondary nucleation. The shapes were still irregular and sizes were poly-

dispersing. With 15 mtorr of THT, nanoplates were found in isolation, the faces of these 

plates were smooth with sharp edges and highly symmetric shapes (Figure 34e, f). Large 

nanoplates were easily discovered, again suggesting that THT was exhibiting excellent 

shape control. 
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Figure 34. SEM images of gold particles deposited at Td = 430˚C with nitrogen or THT. (a, b) PTHT = 0 

mtorr, PN = 0 mtorr; (c, d) PN = 15 mtorr; (e, f) PTHT = 15 mtorr. 
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3) Flow Conditions 

In Table 2, molecular data were calculated to verify that the gas was flowing under the 

Knudsen condition. Assumed as standard air, the viscosity of gas in the CVD apparatus is 

3.232×10-5 Pa·s at 370˚C and 3.425×10-5 Pa·s at 430˚C.121 At 370˚C and 430˚C, the Kn of 

nitrogen flow was both higher than the THT flow, leading to less viscous flow. In an en-

hanced Knudsen condition, intermolecular collisions occur less because of the longer 

MMFP.113 The coefficient of viscosity is significantly decreased resulting to higher diffu-

sion. Consequently, the nitrogen flow allowed for stronger diffusion which accelerated 

the flow velocity to move the gold films further to the inlet end. 

Table 2. Knudsen flow data of gases. 

Flow P/ mtorr T/˚C M̅* λ*/10-4 m Kn/10-2 

Nitrogen 45 370 28.7 6.41 1.83 

THT 45 370 41.9 5.31 1.52 

Nitrogen 15 430 28.8 8.32 2.38 

THT 15 430 34.0 7.66 2.19 

 * Including the air consisted of base pressure. 

However, flow condition is not the only factor influencing gold film positions. Indeed, 

temperatures significantly affect film depositions including location of deposition (dis-

cussed in section 2.1). Higher temperatures give higher Kn values which lead to a lower 

probability of intermolecular collisions. Kn values can only predict general collisions in 

gas-phase environment. Yet chemical reaction depends on "effective collisions" between 

molecules which is heavily impacted by temperatures.111 At higher temperatures, the pre-

cursors would be more easily activated to perform "effective collisions" with heat transfer 
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exceeding energy barriers. Thus, compared with the films at 370˚C, the precursors still 

decomposed faster at 430˚C and gold were deposited closer to the precursor inlet despite 

improved gaseous diffusion. 

Above all, THT has been shown to effectively improve shape control of the gold metal 

nanofeatures deposited by CVD. 

3.2.2 Surface Morphology 

1) Secondary Nucleation 

Secondary nucleation is an enhanced growth leading to branched structures or emboss-

ments. It would negatively affect surface morphology of the gold nanoplates, consuming 

gold precursors inefficiently and causing surface roughness. 

Using 4 only, secondary nucleation was obvious on the surface of the deposited gold 

particles (Figure 35a). It occurred either on the surface or at the edges to form irregular 

branched shapes. Moreover, gold aggregations were also produced, likely due to addi-

tional gold island nucleation sites on the surface. With 5 mtorr of THT, the gold nano-

plates showed a clearer surface with less secondary growth (Figure 35b). The nanoplates 

grew larger and formed more regular shapes, suggesting improved shape control. But 

much non-uniformity still existed at the edges of the nanoplates. With 10 mtorr of THT, 

more and larger gold nanoplates could be found (Figure 35c). Secondary nucleation was 

less significant, though the surface was still rough. Shapes were less inerratic presenting 

sharper and longer edges. With 15 mtorr of THT, less dense but even larger (e.g., 5 μm) 

nanoplates could be found with increasingly regular shapes (Figure 35d). The nanoplates 
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presented a smooth surface without secondary nucleation, as well as well-formed edges. 

Additionally, small nanoparticles were grown at the substrate surface. 

 

Figure 35. SEM images of gold particles deposited at Td = 430˚C with THT. (a) PTHT = 0 mtorr; (b) 

PTHT = 5 mtorr; (c) PTHT = 10 mtorr; (d) PTHT = 15 mtorr. 

2) Surface Smoothness 

Blank depositions with only 4 at 370˚C produced a lot of simple gold nanoplates which 

were different from the types grown at 430˚C (Figure 36a). These nanoplates were rela-

tively small and grew alongside other nanoshapes (e.g., ribbons). Importantly, the surface 

was rough with embossments or hollows showing weak shape. Shapes were a highly ir-

regular mix of hexagons, triangles and truncated structures. With 25 mtorr of THT, larger 
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gold nanoplates were present with fewer ribbons and other small particles (Figure 36b). 

The shapes of the nanoplates were more symmetric presenting better formed edges. 

However, imperfections could still be observed on the surface. With 35 mtorr of THT, 

the nanoplates demonstrated an even improved morphology with very smooth surfaces 

(Figure 36c). Eliminating sharp angles, the edges became smoother to form symmetric 

and regular shapes. Gold nanoplates with smooth and continuous surfaces resulted with 

45 mtorr of THT (Figure 36d). No secondary nucleation could be found, which suggested 

good shape control during the depositions. Furthermore, large plates (e.g., 6 μm) could be 

seen with significantly smaller numbers of nanoparticles at the surface. Shapes were 

highly regular exhibiting hexagonal morphologies, with tiny amounts of triangles and 

ribbons. 
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Figure 36. SEM images of gold particles deposited at Td = 370˚C with THT. (a) PTHT = 0 mtorr; (b) 

PTHT = 25 mtorr; (c) PTHT = 35 mtorr; (d) PTHT = 45 mtorr. 

3) Models of Surface Construction 

The surface model where the 1,3-diisopropyl-imidazol-2-ylidenyl ligands were adsorbed 

was demonstrated in the previous work.32 Due to the capability to lower surface energy, 

the carbene ligands were able to selectively cap the surface as a surfactant (Figure 37). 

Thus, gold nanoplates can be observed in the blank depositions with precursors only at 

both 370˚C and 430˚C (Figure 35a, 36a). However, the gold-carbene interactions are not 

strong enough on the growing surface, and this weak capping allowed the gold islands to 
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grow at different rates to form secondary nucleation, depending on the strength of car-

bene ligand adsorption. 

 

Figure 37. Growth model of the blank gold CVD. 

When adsorbed to the growing gold surface, THT acts as a stronger surfactant by sub-

stituting the carbene ligands on the gold surface (Figure 38a). At lower pressures (e.g., 5 

and 10 mtorr at 430˚C), the substitution occurs but the concentration of THT is not high 

enough to fully cover the gold surface, capping partially instead (Figure 38b). At the sites 

capped by THT, gold islands grow more slowly due to the surface bond strength. In con-

trast, the faster growth on gold islands can still occur on sites occupied by the carbene. 

This leads to non-uniformity at the gold surface generating secondary nucleation. Thus, 
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due to the partial capping by THT, the gold nanoplates exhibit better shape control, a 

smoother surface, and more regular shapes than the precursor-provided carbene alone. 

 

Figure 38. Growth model of the gold films with partially capped by THT. (a) ligand substitution; (b) 

different growth of gold. 

At higher pressures (e.g., 45 mtorr at 370˚C), THT caps the gold more efficiently to 

generate a smoother surface with lower surface energy. As with the higher surface energy, 

the stacking-faulted {111} plane would be preferably capped by THT to keep total sur-

face energy within the particles low. Once the surface is fully capped, the gold precursors 

would seldom be adsorbed on the THT-covered face, thus avoiding further growth on the 

crystal islands (Figure 39a). Instead, the gold nanoplates grow at the edges enlarging the 
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nanoplate size (Figure 39b). Therefore, large hexagonal gold nanoplates exhibiting a 

{111} plane (e.g., 6 μm) are produced because of the capping effect of THT. 

 

Figure 39. Growth model of the gold films with fully capped THT. (a) capping condition on the surface; 

(b) overall growth model of gold nanoplates. 

It is interesting to note that during the precursor synthesis, THT is substituted by the 

N-heterocyclic ligands (Figure 14). However, THT is able to replace the N-heterocyclic 

ligands during the gold metal CVD. Likely reason for this is different Au-S bonding be-

tween THT gold (I) chloride and THT-capped gold (0) surface. THT makes a covalent 

bond with gold (I) via sp orbital hydridation, resulting to a linear compound (Figure 40a). 

However, gold (0) has been reported to make a weaker, coordination bond with the sulfur 
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lone pair to stabilize the gold particles.122 Thus, the bonding mode between THT and gold 

at the gold metal surface is a weaker interaction because both covalent bonding and anti-

bonding orbital are fully occupied by electrons (Figure 40b). The strength of gold interac-

tion on the surface significantly depends on the hydrophilicity of the surfactant com-

pounds. 

 

Figure 40. Models of bonding between gold and THT. (a) orbital hydridation for tetrahydrothiophene 

gold (I) chloride; (b) molecular orbital for THT-capped gold. 

For the purposes of HLB ranking, sulfur is defined as the hydrophilic atom within 

THT compounds (Figure 41a). This gives it HLB 7.27, and so THT shows stronger hy-

drophilicity than the carbene with an HLB of 5.19. The carbene ligands are less hydro-

philic because of their additional alkyl groups, as well as lighter hydrophilic atoms (Fig-

ure 41b). Accordingly, THT is more favored to reside on the gold surface, predicting sub-

stitution of the N-heterocyclic ligands. With a lower HLB of 4.40 (Figure 41d), the t-
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butyl NHC showed even weaker shape control on the depositions, forming gold ribbons 

instead (Figure 23). 

 

Figure 41. HLB values of compounds with circled hydrophilic atoms. (a) THT; (b) the N-heterocyclic 

ligands compositing 4; (c) THF; (d) the NHC. 

HLB values are proportional to the coordinative interactions with gold because of 

gold’s inherent hydrophilicity. Also, the coordinative interactions mainly depend on the 

polarity of the molecules. Within THT, the C-S dipoles are directed to the sulfur since its 

electronegativity (2.58) is slightly higher than carbon (2.55).123 With component dipoles 

in the same direction, C-S dipoles contribute to the total dipole combining with dipoles of 

the lone pairs (Figure 42a). In contrast, in the NHC structures, the C-N dipoles are di-

rected toward the nitrogen atoms which compete with the dipole of carbon lone pair (Fig-

ure 42b). Accounting for the additional methyl groups, the total dipole of the NHC is fur-

ther decreased making even weaker molecular polarizations (Figure 42c). Thus, THT 
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presents the strongest interactions with gold, while the NHC is the weakest among these 

molecules, which agrees with the order of the HLB values. 

 

Figure 42. Models of dipoles for the surfactant molecules. (a) THT; (b) the N-heterocyclic ligands com-

positing 4; (c) the NHC. Bold arrows show total dipoles of the molecules. 

3.2.3 Particle Size 

Particle size is another important factor for this structural investigation. Temperatures are 

likely to change the mass and heat transport within the system. In the following section, 

depositions at different temperatures are discussed separately. 

1) 430˚C Depositions 

At 430˚C, gold depositions were performed with 0 mtorr, 5 mtorr, 15 mtorr, 25 mtorr, 

and 35 mtorr of THT. Without THT, gold particles with irregular shapes were obtained 

with a large disparity of sizes (Figure 43a). With 5 mtorr of THT, small hexagonal and 

triangular particles were found (e.g., 1.5 μm) (Figure 43b). The size distribution began 

narrowing, but sizes were still poly-dispersing. With 15 mtorr of THT, large gold nano-

plates (e.g., 5 μm) were observed (Figure 43c). Compared with the blank run with 4 only, 

sizes were increased significantly although the nanoplates were now relatively isolated 

from one another. At 25 mtorr, THT showed similar size control keeping the nanoplates 

in the 5 μm range (Figure 43d). With 35 mtorr of THT, the isolated gold nanoplates again 
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showed similar sizes (e.g., 5 μm) compared with the other runs with THT (e.g., 15, 25 

mtorr) (Figure 43e). 

 

Figure 43. SEM images of gold particles deposited at Td = 430˚C with THT. (a) PTHT = 0 mtorr; (b) 

PTHT = 5 mtorr; (c) PTHT = 15 mtorr; (d) PTHT = 25 mtorr, (e) PTHT = 35 mtorr. 
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2) 370˚C Depositions 

Further size enhancement was investigated at 370˚C by using THT. The blank deposi-

tions with only 4 showed larger gold nanoplates than those deposited at 430˚C. Different 

trials were undertaken by using THT at 0 mtorr, 25 mtorr, 35 mtorr and 45 mtorr respec-

tively. Without THT, only small nanoplates (e.g., 1 μm) were found as hexagons or trian-

gles (Figure 44a). Sizes were more regular than those under the same flows at 430˚C. 

With 25 mtorr of THT, hexagonal nanoplates grew bigger (e.g., 3 μm) in addition to there 

being less small particles (Figure 44b). With 35 mtorr of THT, even bigger (e.g., 4 μm) 

gold nanoplates could be observed along with smaller nanoparticles (Figure 44c). The 

biggest nanoplates (e.g., 6 μm) were found with 45 mtorr of THT (Figure 44d). In con-

trast, growth of small particles was significantly limited. 



 

 71 

 

Figure 44. SEM images of gold particles deposited at Td = 370˚C with THT. (a) PTHT = 0 mtorr; (b) 

PTHT = 25 mtorr; (c) PTHT = 35 mtorr; (d) PTHT = 45 mtorr. 

3) Models of Size Enhancement 

A suggested model for size enhancement by THT is presented herein to shows the mech-

anism of the flake growth (Figure 45). The particle size of the gold nanoplates was pro-

portional to the pressure of THT within a certain range. To maintain the plane, THT pref-

erably attaches to the gold {111} plane attaining a lower surface energy. THT capping is 

suggested to play an essential role on growth preference varying sizes of the gold nano-

plates. 
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Without THT, the gold precursors join in nanoparticle growth without selection ac-

counting for similar surface conditions (1). Crystal seeds grow equally and more nano-

particles are produced, leading to precursor competition among those seeds. Thus, larger 

numbers of nanoplates are generated with small sizes, and nucleation continues to occur, 

giving a wide variety of plate sizes. In contrast, THT substitutes the carbene ligands to 

further lower the surface energy, giving higher stability of the gold plane (2). So the par-

tially capped surfaces are more likely to attain gold adatoms at their growth edges, result-

ing in bigger nanoplates. Once the plane is fully capped, the surface will attract a high 

proportion of adatoms to reside at the edges of the nanoplates (3). Large gold nanoplates 

are easier to grow (e.g., 5 μm) with a dominant precursor supply. Therefore, the nano-

plates grow with 45 mtorr of THT produce a larger plane than those with less THT be-

cause of the lower surface energy maintaining the plane. 
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Figure 45. Growth models of the gold films with THT. (1) non-capped; (2) partially capped; (3) com-

pletely capped. 
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3.2.4 Surfactant Residual 

Having residual THT on the gold surface post-deposition would be undesirable since this 

would add impurities at the surface that might impact the characteristics of the material. 

An ideal scenario would be if THT can be completely desorbed once the shape control is 

completed. Thus, compositional characterization was used to investigate the overall com-

position of the gold nanoplate surfaces. Specifically, XPS was used to determine the 

composition of the gold surface, and EDS was used to measure the bulk impurities. 

1) EDS Spectrum 

Sulfur is likely to reside on the surface at low temperatures because desorption occurs 

slowly which is potentially harmful to gold nanoplates. Consequently, gold nanoplates 

deposited at 370˚C and 310˚C were characterized by EDS analysis (Figure 46). Overlap-

ping nanoplates attained at 370˚C were selected since these had the best chance to show a 

strong sulphur signal (Figure 46a). Only gold and silicon signals were found, showing the 

purity of the obtained gold nanoplates (Figure 46b). A sulphur signal (~2.20 keV) could 

not be significantly measured with a detection limit (e.g., 1 at.%). From the films depos-

ited at 310˚C, a small nanoplate was chosen because there were no big nanoplates ob-

served on the substrates (Figure 45c). Sulphur content could also not be measured here, 

and the spectrum showed only gold and silicon (Figure 45d). Using EDS alone is not suf-

ficient to fully explore the elemental content in the gold nanoplates because the detection 

limit for such technique is high, and the penetration depth of the electrons is 10s of na-

nometers. Surface sulphur might be lost in the detection limit of such a technique. 
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Figure 46. EDS spectra of gold particles at PTHT = 45 mtorr. (a, b) Td = 370˚C; (c, d) Td = 310˚C; (a, c) 

locations of the spectra (SEM); (b, d) elementary analysis of the gold films. 

2) XPS Spectrum 

With higher sensitivity (0.1 at%), XPS is a useful technique to characterize the composi-

tion of the gold nanoplates. It is especially suitable to determine elemental information on 

the surface since only electron escaping from the surface (50-70Å) can be detected. Gold 

nanoplates deposited at 370˚C were selected for the XPS investigation. A strong peak 

(~533 eV) was found in the survey spectra (Figure 47a) which belonged to O1s signal, 

probably coming from the incidental environment. Two similar peaks (~353 eV and 336 

eV) corresponding to Au4p 3/2 and Au4p 5/2 and a small peak (~292 eV) for C1s was discov-
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ered. The carbon signal is likely due to adventitious carbon from the atmosphere. The 

peaks of Si2s (~153 eV) and Si2p (~99 eV) were found due to the silicon (100) substrate. 

Finally, another pair of gold signals relating to Au4f 5/2 (~88 eV) and Au4f 7/2 (~84 eV) 

were also found in the survey scan. 

 

Figure 47. XPS spectrum of the gold films deposited at Td = 370˚C, PTHT = 45 mtorr. (a) survey spec-

trum; (b) S2s spectrum. 

However, as a characteristic signal of sulfur, the peak (~229 eV, S2s) was not found in 

both the survey and high resolution scan (Figure 47b). Thus there was no significant sur-

face sulfur which implied THT were likely. Temperature is thought to play an important 

role on sulfur desorption. At high temperatures (e.g., 653 K), sulfur is desorbed from gold 

surface significantly in a short period.124 So THT could be desorbed quickly during cool 



 

 77 

down period of the gold CVD deposition. The moderate vacuum used during the deposi-

tions would be another factor as the sample was preserved under vacuum for 67 hours.125 

3.3  Gold Supply Control 

Besides the surface activity of the surfactant, precursor supply is another significant fac-

tor for gold depositions. Typically, precursor supply is controlled by temperatures, flow 

conditions, and reactant additions. Precursor supply influencing gold nanoplates' for-

mation is outlined in the following section. 

3.3.1 Flake Density 

With 35 mtorr of THT, gold depositions are considered at different temperatures. At 

430˚C, the large nanoplates (e.g., 5 μm) spread sparsely along with quantities of small 

nanoparticles (Figure 48a). At 370˚C, dense gold nanoplates were deposited with uni-

formed size (e.g., 5 μm) and a dense carpet of nanoparticles (Figure 48b). Regular nano-

plates showed well-formed and smooth edges, which suggested more 4 preferably resided 

at the nanoplates. At 310˚C, few identifiable shapes of gold could be found, only small 

nanoparticles (Figure 48c). In this case, density of the small particles would not likely to 

be increased compared with the runs at higher temperatures (e.g., 370˚C and 430˚C). 
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Figure 48. SEM images of gold particles at PTHT = 35 mtorr. (a) Td = 430˚C; (b) Td = 370˚C; (c) Td = 

310˚C. 

The precursor 4 has limited thermal stability and its decomposition is sensitive to tem-

perature.32 When heated, the 4 decomposed in the furnace, causing the pressure to in-

crease approximately 5 mtorr. The pressure recovery as the temperature was lowered 

demonstrated that the precursor supply is not sustainable at high temperature. So at high-

er temperatures (e.g., 430˚C), only isolated nanoplates were attained. However, low tem-

peratures (e.g., 310˚C) also cause shortage of the precursor supply. Slow decomposition 

generates surface-reactive precursors limiting the particle growth by surfactant chemi-

sorption. Meanwhile, non-decomposed precursors are carried away along with the main 
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gas flow. Thus, a lower precursor concentration was experienced at the surface and pro-

duced a smaller number of gold nanoplates. 

3.3.2 Shape Preference 

Additionally, shapes can also be affected by gold supply during the deposition. At 310˚C, 

small nanoplates were found which were mostly triangles, as well as ribbons (Figure 49a, 

b). In contrast, at 370˚C and 430˚C, large hexagonal nanoplates (e.g., 5 μm) were pro-

duced on the substrates (Figure 49c, d). Gold supply is mainly affected by temperatures, 

depending on decomposition rates. Slow decomposition leads to less precursor supply, 

producing less stacking-faulted hexagonal small nanoparticles. With less hexagonal seeds, 

singly twinned seeds would dominate the initial deposition, forming triangular nanoplates. 

Otherwise, nanoplates would be generated since those seeds are multiply twinned doubly 

with abundant stacking-faulted seeds (discussed in section 1.4). 
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Figure 49. SEM images of gold particles with THT. (a) Td = 310˚C, PTHT = 15 mtorr; (b) Td = 310˚C, 

PTHT = 45 mtorr; (c) Td = 370˚C, PTHT = 45 mtorr; (d) Td = 430˚C, PTHT = 35 mtorr. 

3.3.3 Particle Size 

1) Exceeding Surfactant 

At 370˚C, only small nanoplates (e.g., 2 μm) could be found in the blank depositions us-

ing 4 only (Figure 50a). With 45 mtorr of THT, large gold nanoplates (e.g., 6 μm) with a 

smooth plane were evident (Figure 50b). Yet triangular nanoplates were found with 55 

mtorr of THT, suggesting limited gold supply occurred (Figure 50c). The surface was 

rough with poorly-formed edges plane appeared, although there was no secondary nu-
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cleation. With 70 mtorr of THT, only small gold nanoparticles appeared on the substrates, 

smaller than those deposited without THT (Figure 50d). 

 

Figure 50. SEM images of gold particles deposited at Td = 370˚C with THT. (a) PTHT = 0 mtorr; (b) 

PTHT = 45 mtorr; (c) PTHT = 55 mtorr; (d) PTHT = 70 mtorr. 

At 310˚C, with 45 mtorr of THT, only small triangular or hexagonal nanoplates could 

be found, along with small nanoparticles and ribbons (Figure 51b). These particles were 

no larger than those from the blank depositions with 4 only (Figure 51a). With 55 mtorr 

and 70 mtorr of THT, gold particles with identifiable shapes were rare and the surface 

was sparsely covered by small nanoparticles (Figure 51c, d). These nanoparticles were 

smaller than from the blank depositions, and similar to the depositions at 370˚C. 



 

 82 

 

Figure 51. SEM images of gold particles deposited at Td = 310˚C with THT. (a) PTHT = 0 mtorr; (b) 

PTHT = 45 mtorr; (c) PTHT = 55 mtorr; (d) PTHT = 70 mtorr. 

When THT was introduced prior to the introduction of 4, there were no gold deposi-

tions, with condensed material remaining in the bubbler. This material was collected and 

characterized by 1H nuclear magnetic resonance (NMR) analysis to inspect the composi-

tion. This showed that the precursor had decomposed, and no composition could be easily 

assigned.  

The gold precursor was consumed very quickly, and can result in significant limitation 

of gold supply during the deposition. At high temperatures, the gaseous precursor con-

centration could be lowered by thermal decomposition. At lower temperatures (e.g., 
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40˚C), THT vapor could condense in the precursor bubbler. There, THT could react with 

4 and leave the non-volatile byproducts in the bubbler. For general depositions, once sat-

urated adsorption on the gold surface occurred, the excess THT might remain in the dep-

osition atmosphere and reacted with 4, diminishing precursor concentration.  

2) The Best Points 

To clearly outline the results based on the surface area of gold nanoplates and pressures 

of THT, an approximation of surface area was made (Figure 52). With obvious shape 

control, THT increased the surface area to about 20 μm2 at 430˚C, and it stabilized there 

even when more THT was added (1). At 370˚C, increasing THT helped to enlarge the 

gold nanoplates until about 40 mtorr, where the size then started to decrease with excess 

THT (2). Few significant shapes could be determined at 310˚C because of limited precur-

sor concentration during the depositions (3). 
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Figure 52. Surface area-THT pressure relation curve on fine gold particles. (1) Td = 430˚C; (2) Td = 

370˚C; (3) Td = 310˚C. 

3.4  Summary 

In this chapter, detailed research was performed on shape control of gold nanoplates via 

THT-assisted gold CVD. Large gold nanoplates (e.g., 6 μm) with a smooth surface were 

found, and confirmed to be single crystalline with a {111} plane. The evidence of gold 

stacking fault was found by the identification of 
1

3
{422} diffractions in the SAED pat-

terns. 

The role of THT as a surfactant was studied by altering the over-pressure of the sur-

factant. Adding intermediate pressures of THT (e.g., < 45 mtorr) enhanced surface mor-

phology of the gold nanoplates including suppression of secondary nucleation and nano-
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particle formation. Sulfur was not found as an impurity, suggesting these structures were 

pure gold nanoplates.  

Affected by THT and temperatures, the gold adatom supply was also an important fac-

tor on nanoplate growth. Gold particles formed triangles or hexagons via single or multi-

ple twinning through stacking-faulted seeds whose concentration was dependent on pre-

cursor supply. In addition to density, adatom availability had a significant impact on size 

of the gold nanoplates. Excessive THT reacted with the precursors in the gas phase to 

limit the precursor concentration resulting to small size and sparsely deposited gold na-

noparticles.  
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4 Conclusions 

Dense large (e.g., 6 μm) gold nanoplates were attained via CVD at 370˚C with 45 mtorr 

of THT. Also isolated nanoplates in similar size could be found at 430˚C with THT pres-

sures between 15 mtorr and 35 mtorr. Meanwhile, few identifiable shapes were found at 

310˚C. 

Compared with the double-feeding-route system, the newly constructed single-

feeding-route CVD apparatus was more successful for gold metal CVD. The blank depo-

sitions showed reproducible results which were similar to the previously reported deposi-

tions.32 Due to free radical reactions, THF was not useful as surfactant for the gold CVD 

at elevated temperatures. Although some shape control was evident, the selected NHC 

did not satisfy the requirements of shape-controlled CVD since only ribbons and small 

nanoplates were found in the deposited gold films. 

THT, as a surfactant, was successfully used to prepare large gold nanoplates with a 

smooth {111} plane via CVD. The gold nanoplates were confirmed single-crystalline due 

to the regular diffractions in SAED patterns. Showing 
1

3
{422} diffractions, the stacking 

fault on gold particles was evident, showing the plane to be {111} facets. Both EDS and 

XPS showed the nanoplates were pure gold without elemental residue from surfactants. 

Compared with nitrogen, THT showed evidence of significant improvement over 

shape control of gold particles, as well control of size and flake density. THT substituted 

carbene ligands on the gold {111} plane to stabilize the shape due to the stronger coordi-

native interaction of the Au0-S bond. Secondary nucleation was significantly eliminated 

due to the preferable capping of THT. Size enhancement was also found by adding THT 
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during the gold depositions because THT-capped particles grew more. EDS and XPS pre-

sented evidence that THT was fully desorbed. 

Gold adatom supply was found to be essential for shape control of gold nanoplates, 

and this supply was impacted strongly by temperatures. It would also have an effect on 

the mechanism of crystal twinning to select particle shape between triangles and hexa-

gons. Particle size was also affected heavily by gold supply due to the competition with 

small nanoparticles. Excess THT was suggested to react with the gas phase precursor 

molecules to limit the concentration, which led to small particles on the substrates. 
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5 Future Work 

THT was found to be effective for strong shape control on gold particles. Also, the explo-

ration of gold CVD was enhanced because of better understanding of the growth mecha-

nism of gold seeds and structures. Some work is suggested to be performed in the future. 

Since the shape of nanoparticle seeds is sensitive to temperature, gold precursor 

should be continued to develop so that a wider range of temperatures can be accessed. 

This is an essential step to produce other specific shapes of gold particles via CVD. 

Surfactant selection should be continued to find an even stronger shape controller for 

the gold depositions. Since sulfur was found to be effective for producing gold nanoplates, 

similar molecules with sulfur atoms could be considered, like diethyl sulfide and dibenzyl 

sulfide.  

The growth mechanism of gold should be further explored. It remains unknown what 

the initial precursor concentrations and addition has on the ultimate particle shape. It is 

expected that some differences would be found at this point. 

As bigger nanoplates were found, nitrogen flow could be another branch for future 

work: flow change seemed to result in different gold surface morphology. For a "greener" 

chemistry approach, huge enhancements would be expected if particle shape is able to 

change with inert gas flow only. 
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6 Experimental Section 

General Considerations. Unless otherwise noted, reagents were ordered from 

Strem Chemicals, Sigma Aldrich or Alfa Aesar. All compounds were synthesized base on 

literatures.32,126,127 Acetone was distilled from reactant grade products and stored over 

active 3A molecular sieves. Air-sensitive experiments were performed in a nitrogen flow-

ing Schlenk line or MBraun Labmaster 130 dry box. 1H NMR data were attained from a 

Bruker AMX 300Mhz spectrometer, calibrated by TMS (0 ppm) for CDCl3 and C6D6 

(7.16 ppm).  

Tetrahydrothiophene Gold (I) Chloride (1). HAuCl4·3H2O (8.800 g, 21.4 mmol) 

was dissolved in a mixture of water (20 mL) and ethanol (100 mL) in a 250 mL beaker, 

forming a clear orange solution. At room temperature, THT (4.50 mL, 51.1 mmol) was 

dropped into the solution on a stirring plate, changing the color to deep yellow. The stir-

ring was continued for 1 hour until a white suspension was produced. The white solid 

was filtered, and washed by diethyl ether (3×20 mL), then dried for 10 hours under vacu-

um, yielding 97.7%. 

Lithium Hexamethyldisilazide·Diethyl Ether (2). In a 250 mL schlenk flask, hexa-

methyldisilazane (7.202 g, 44.6 mmol) was stirred with diethyl ether (100 mL) for 5 

minutes. On a Schlenk line, 1.6 M n-butyl lithium hexane solution (25.0 mL, 40.0 mmol) 

was dropped onto the suspension which was cooled to 0˚C in an ice bath. The mixture 

was warmed to room temperature, and then stirred for 2 hours, turning to a clear and col-

orless solution. White solid was obtained after drying for 8 hours under vacuum, with a 

yield of 92.6%. 
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1,3-diisopropyl-imidazolidin-2-ylidene Gold (I) Chloride (3). In a dry box, 1,3-

diisopropyl-4,5-dihydro-3H-imidazol-1-ium chloride (1.654 g, 8.68mmol) was suspended 

in a 250 mL Schlenk flask with tetrahydrofuran (100 mL). 2 (1.951 g, 8.08 mmol) was 

dissolved in diethyl ether (80 mL) in another flask. On a Schlenk line, the suspension was 

cooled to 0˚C in an ice bath, and the 2 solution was dropped by cannula transfer. The 

mixture was warmed to room temperature and stirred for 1 hour, to get a clear yellow so-

lution. Under nitrogen, 1 (2.590 g, 8.50 mmol) was added by 5 portions over 20 minutes 

to the yellow solution which was cooled to -78˚C in a dry ice-isopropanol bath. Warmed 

to room temperature, the mixture was kept stirring for 18 hours. A dark purple solid was 

recovered after trap-to-trap distillation at 0˚C, and dried for additional 2 hours under vac-

uum. Brought into a dry box, the solid was extracted by dichloromethane (3×20 mL) and 

filtered by using a glass frit. The dichloromethane was removed by a rotary evaporator, to 

get a dark orange solid with a yield of 96.3%. 1H NMR (300 MHz, CDCl3): δ 4.76 (sept, 

2H, CH(CH3)2, δ 3.53 (s, 4H, CH2CH2), δ 1.22 (d, 12H, CH(CH3)2). 

1,3-diisopropyl-imidazol-2-ylidene Gold (I) Hexamethyldisilazide (4). In a dry 

box, 2 (1.756 g, 7.27 mmol) was added to a 150 mL round bottom flask and dissolved in 

toluene (70 mL). 3 (2.704 g, 6.99 mmol) was suspended with toluene (150 mL) in anoth-

er round bottom flask. Both mixtures were chilled to -35˚C in a freezer. The 2 solution 

was added dropwise to the 3 suspension. The reaction was kept for 21 hours by stirring at 

room temperature, protected by foil from light, attaining a black suspension. The suspen-

sion was filtered through a 0.5 cm Celite pad which was washed by toluene (50 mL) af-

terwards, affording a yellow solution. Crude dark blue solid was obtained after drying. 

White purified product was found after sublimation (100 mtorr, 90˚C) with a -78˚C cold 
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finger, yielding 67.4%. 1H NMR (300 MHz, C6D6): δ 4.82 (sept, 2H, CH(CH3)2, δ 2.40 (s, 

4H, CH2CH2), δ 0.78 (d, 12H, CH(CH3)2), δ 0.62 (s, 18H, Si(CH3)3). 

Chemical Vapour Deposition. Surfactant (5.0 g) was added to a small vial and 

placed in the surfactant bubbler, which was then frozen to -120˚C in an ethanol-liquid 

nitrogen bath for 30 minutes. To remove air, the bubbler was evacuated and then sealed 

under vacuum, kept in a water bath at room temperature. 4 (50 mg) was added to an 

open-ended vial, and spread thoroughly on the wall. The vial was sealed in the precursor 

bubbler. Substrates were put at specific locations on a metallic boat which was placed at 

the precursor inlet end of the furnace pipe. The CVD system was then put under vacuum 

for 2 hours (160 mtorr) and the furnace (LINDBERG/BLUE HTF 55322A Hinged Tube 

Furnace) was preheated to the desired temperatures (LINDBERG/BLUE CC58114A 

Control Consoles). The feeding system except bubblers was heated and kept at around 

100˚C for 2 hours as well. Afterwards, the precursor bubbler was quickly heated and sta-

bilized at around 87˚C. The surfactants were released at designated pressures once the 

precursor bubbler reached 70˚C. The depositions lasted for 2 hours, after which an addi-

tional 30 minutes was employed without surfactant input. Finally, the vacuum was re-

moved by flowing nitrogen and the cooled substrates were collected after cooled over-

night. 

Substrate Preparation. Recycled silicon (100) was used for the depositions. Silicon 

pieces were cut to slides in a size of 1×6 (cm), and then the slides were sonicated in iso-

propanol for 30 minutes. Piranha solution (1:3 30% H2O2/H2SO4) was used for further 

cleaning, soaking for 1 hour. The slides were finally cleaned by deionized water. Distilled 
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water was used between each step of cleaning. The cleaned substrates were dried and 

stored in air at a 110˚C oven before use. 

Film Characterizations. Scanning electron microscopy (SEM, TescanVegaII XMU 

SEM), energy dispersive X-ray spectroscopy (EDS, Oxford Inca Energy 250X EDS), 

transmission electron microscopy (TEM, FEI Tecnai G2 F20 TEM) and selected area 

electron diffraction (SAED, Gatan ORIUS TEM CCD Camera) were completed at the 

Carleton University Nano Imaging Facility. Measurements of the SAED were performed 

by using GMS 3 software. X-ray photoelectric spectroscopy (XPS) was attained from a 

Specs/RHK multi-technique ultrahigh-vacuum system, with a XR-50 X-ray source (14.27 

keV Al Kα source) at University of Ottawa. The pressure during the investigation was 

controlled between 7×10-10 and 1×10-9 Torr. An Au-Al2O3 (100 nm) -Si (100) slide was 

used for calibration. The program CasaXPS was used to post-process the XPS data and 

Igor Pro 6.3 was utilized for plotting. 
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