
 

 

ABSTRACT 

LEE, KYOUNGMI. Atomic Layer Deposition for Fiber Surface Modification and Nanosheet 

Fabrication. (Under the direction of Dr. Gregory N. Parsons). 

Atomic layer deposition (ALD) is a vapor phase thin film deposition technique based 

upon the sequential dosing of precursor species. This sequential precursor delivery process 

affords precise control over thin film thickness in sub-nanometer resolution. Moreover, it is 

possible to vary film composition or create junctions by altering precursor chemistries in 

successive ALD processes. 

We present the mechanism for wetting transition with X-ray photoelectron spectroscopy 

(XPS), in situ Fourier-transform infrared spectroscopy (in situ FTIR), and scanning electron 

microscope (SEM). The wetting property of cotton was modified only with a few number of 

ALD cycles. In situ FTIR and XPS suggest that Al-(O-C-)3 bonding on the fiber surface bring 

about the change from hydrophilicity to hydrophobicity. Induced hydrophobicity is promoted 

from an increase in surface roughness after small number of Al2O3 cycles. 

We show a new strategy to nanosheet synthesis that uses atomic layer deposition (ALD) 

and allows vast control over nanosheet composition and thickness. Nanosheets are two-

dimensional (2D) materials with micro- to macro-scale lateral dimensions and nanometer to sub-

nanometer thickness with unique electrical and mechanical properties. The two common routes 

to nanosheet synthesis, which are mechanical or chemical exfoliation from layered compounds, 

and vapor-phase or hydrothermal growth using morphologically constrained systems, suffer from 

limited control over nanosheet thickness or restriction to layered materials. We use metal oxide 

ALD films on a polymer sacrificial layer followed by dissolution to create nanosheets with 



 

 

controlled thickness and show the photocatalytic activity of TiO2 and ZnO nanosheets under UV 

light. Surface area and thickness of nanosheets as well as UV light intensity affect dye 

photodegradation rate according to the kinetic equation. More importantly, TiO2/ZnO bilayer 

nanosheets from two successive ALD processes promote dye photodegradation > 5 times than 

TiO2 nanosheets under UV light.  

Cu2O films are grown by electrodeposition. They all have pyramidal triangular grain in 

shape but the size depends on deposition temperature, pH of the solution, and deposition time. 

To increase electrochemical stability, TiO2 ALD film with Al-doped ZnO buffer layer is 

deposited on Cu2O films but the expected increase in stability is not observed.  

Free-standing Cu2O sheets are obtained using flexible ITO-PET substrates. Simple 

bending after electrodeposition isolates Cu2O film from the substrates. Dye molecules are 

degraded with Cu2O sheets for the first 30 min but it is recovered after 30 min under UV light 

while Cu2O sheets with ZnO ALD layer prevent dye reduction showing continuous degradation. 

Under visible light, however, dye recovery is not observed with Cu2O sheets. Although ZnO film 

prevents reduction of dye molecules, photocatalytic activity of Cu2O sheets is decreased after 

ALD. 
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2 

1.1 Overview of Atomic Layer Deposition 

Atomic layer deposition (ALD) is a very effective thin film deposition technique for 

growing conformal inorganic or organic films with monolayer thickness on substrates. Since 

initially developed in 1970s by T. Suntola,
1
 ALD produces uniform, conformal, dense, and 

pin-hole free films even on complex 3D structures as well as a planar substrates over the 

entire surface.
2,3

 Therefore, ALD has grown remarkably and it is expanding applications to 

microelectronics, nanotechnology, and optoelectronics for gate oxides, capacitors, insulators, 

and dielectric multilayers with scaling down to sub-nanometer dimensions.
4-6

 ALD is a kind 

of chemical vapor deposition (CVD) but alternate dose of precursor differentiates ALD from 

CVD. In CVD, all reactants are dosed at the time and the reactions between them occur on 

the surface so that it produces high purity bulk materials.
7
 On the other hand, in ALD, 

reactant and co-reactants are dosed in gas phase alternatively and the film is deposited in 

atomic scale by self-limiting reactions. In addition, CVD strongly depends on deposition 

temperature but ALD is affected less than CVD. 

Schematic illustration of one ALD cycle which consists of four steps is shown in 

Figure 1.1.
8
 In step 1, precursor is exposed on a substrate with reactive surface groups and 

reacts with them. The unreacted precursor and byproducts after reaction are purged with an 

inert gas in step 2. In the next two steps, a co-reactant is exposed into a reactor to form a film 

in atomic range followed by purging of the excess reactants and byproduct. By repeating the 

steps, films are grown with exact thickness control. Since ALD is based on sequential self-

limiting reaction of precursor and reactant, film thickness can be precisely controlled by the 



 

3 

number of ALD cycles. The growth per cycle (GPC) depends on only growth temperature, 

substrate, pressure of reactants, and pulse time. The amount of precursor has no effect on 

GPC when the surface is saturated. 

 

 

Figure 1.1 Schematic illustration of one ALD cycle.
8
 One cycle is consisted of four steps. 

Step 1: precursor is exposed on the surface with reactive groups; Step 2: unreacted precursor 

and byproducts purged with an inert purge gas; Step 3: co-reactant is exposure and reacts 

with the surface groups; Step 4: unreacted co-reactant and byproducts are purged.  

 

In ALD process, deposition temperature is critical for uniform and conformal film 

growth. The temperature range within the film is grown by surface control is called ALD 

window where the growth rate is constant.
9
 Figure 1.2 shows scheme of (a) ALD window.

10
 

In lower temperature than ALD window, growth rate is limited by (b) precursor condensation 



 

4 

or (c) insufficient reactivity. On the other hand, as temperature is increased outside ALD 

window, it is limited by (d) precursor decomposition or (e) precursor desorption. If there is 

no constant GPC, the film growth is controlled by the available reactive site on the surface (f). 

ALD window depends on precursors because of the different partial pressure. If the partial 

pressure is not enough to saturate the surface, growth rate is below that in ALD window. For 

example, the ALD window for ZnO film with zinc acetate, [Zn(CH3COO)2], is found to be 

280 ‒ 350 °C while the ALD windows for diethylzinc [Zn(C2H5)2] and dimethylzinc 

[Zn(CH3)2] are 100 ‒ 180 °C and 80 ‒ 150 °C, respectively.
11

  

 

 

Figure 1.2 Scheme of (a) an ALD processing window limited by (b) precursor condensation, 

(c) insufficient reactivity, (d) precursor decomposition and (e) precursor desorption. If the 

deposition rate is dependent on the number of available reactive sites as in (f), actual ALD 

window cannot be observed.
10
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As a type of ALD, plasma enhanced ALD (PEALD), where plasma chemically 

activates one of the reactive species, deposits conformal and dense film with good electrical 

properties. Good dielectrics can be deposited by PEALD at low temperature (100 °C).
12

 Also, 

PEALD expands ALD films to metal and its nitride films such as ruthenium
13

 or tantalum 

nitride,
14,15

 although it has conformality limitation especially on high aspect ratio structures 

caused by recombination of reactive radicals.
16

 In addition, PEALD provides larger 

temperature window, high growth rate, and less purge time.
17

 For example, ruthenium film 

grown by PEALD at 260 °C successfully acted as adhesion layer for copper interconnects.
12

 

Also, Mourey et al. fabricated high performance thin film transistor (TFT) with PEALD ZnO 

film deposited at 200 °C with high mobility.
18

 

A variety of precursors available for ALD contributes to the rapid growth of ALD. 

Based on complicated surface chemistry, inorganic and metal organic from II–VI and III–V 

compounds (ZnS, GaAS, and CdS) to metal oxides (TiO2, SiO2, SnO2, and ZnO) and nitrides 

(TiN, AlN, and GaN) have been widely studied at early ALD literature and for a while.
19

 

Precursors should satisfy several requirements. They should vaporize at lower temperature 

than the deposition temperature and react with the surface sites irreversibly and quickly to 

saturate the growth surface.
20

 Also, byproducts after reaction should inert for the surface sites. 

As ALD reactants, many metal halides, metal alkyls, metal amides, and metal β-diketonates 

are satisfied these requirements.
21

  

Compared to other film deposition techniques like thermal evaporation (~1000 °C)
22

 

or laser pulse deposition (450 °C),
23

 ALD is low temperature process, which makes ALD 

process inexpensive and suitable for polymer, fibers, or biological substrates. Recently, 
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Al2O3, SiO2, ZnO, and Co3O4 have been deposited at temperature as low as room 

temperature.
24-27

 Lim et al. showed that N-doped ZnO ALD film was used as active channel 

layer in TFT instead of Si for transparent and flexible display.
28

 While Si based TFT requires 

high process temperature (250 °C), TFT with N-doped ZnO film can fabricated at below 

150 °C.  

 

1.1.1 ALD on polymer films 

ALD enables to coat thin films on polymer substrates because of low processing 

temperature. Different nucleation behaviors are also observed on a variety of polymer films. 

For example, Wilson et al. demonstrated that Al2O3 ALD at 85 °C showed different 

nucleation and growth depending on polymers.
29

 Polystyrene (PS), polypropylene (PP), 

polymethyl methacrylate (PMMA), polyvinylchloride (PVC), and polyethylene (PE) showed 

different mass gain during the nucleation period which is generally 10 ‒ 20 initial cycles after 

trimethylaluminum (TMA) exposure. Small and intermediate mass increase was measured on 

polyvinylchloride (PVC) and on polystyrene (PS), respectively, while 

polymethylmethacrylate (PMMA), polypropylene (PP) and polyethylene (PE) showed large 

mass gain. Similarly, they have various mass growth rates after nucleation, which are higher 

than that on unpolished quartz crystal microgravimetry (QCM) sensor. The authors explained 

that this resulted from different polymers’ porosity and reactivity with the precursor. They 

proposed a model to explain how a diffusion layer forms within the near surface region 

(Figure 1.3).
29
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In addition to flat polymer surface, ALD film can be deposited on the patterned 

polymer film from PS-b-PMMA block copolymer.
30

 Al2O3 and TiO2 ALD on the polymer 

film results in the patterned nanostructure with tunable feature size and shapes after 

removing polymers at high temperature. It is possible because of selective and self-limited 

interaction for precursor like TMA or TiCl4 with carboxyl group in PMMA. 

 

 

Figure 1.3 Model for Al2O3 ALD on polymer films showing (a) cross section of polymer 

film represented by loosely packed circles, (b) Al2O3 nucleation clusters forming from H2O 

reaction with TMA trapped in the near surface region, (c) coalescence of Al2O3 clusters and 

closure of space between polymer chains, and (d) formation of dense Al2O3 film that grows 

on top of the polymer surface.
29
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1.1.2 ALD on bio-templates 

Biology system provides various organic or inorganic 3D bio-templates.
31-35

 In 

general, bio-templates are thermally weak so that low temperature ALD process is suitable to 

coat them. Moreover, thin film deposition of ALD in atomic range replicates their fine 

structure. Lee at el. demonstrated that eggshells as a bio-template can be coated with TiO2 or 

ZnO at 70 °C and ZnO ALD of 100 cycles improves flexibility and thermal stability of 

eggshells.
26

 Huang at el. obtained a replica of butterfly by Al2O3 ALD and showed optical 

properties of those replicas depend on the film thickness.
36

 They also achieved efficient anti-

reflections structure with Al2O3 ALD by replicating fine structures of fly eyes.
37

 In addition, 

Mumm at al. fabricated highly ordered and aspect ratio (> 60,000) nanotubes with high 

chemical and thermal stability by Al2O3 coating on a spine of sea mouse.
38

  

 

1.1.3 ALD on fibers 

ALD is effective to evenly coat inorganic materials on 3D substrates such as 

nanotubes, photonic crystals, or fibers with high surface area.
39-41

 Low growth temperatures 

in particular make ALD on fibers possible. As 3D substrates for ALD, organic or inorganic 

fibers have attracted interest because of their 3D structures and high surface area and applied 

for catalysts,
42

 bio-adhesive,
43

 and membranes.
44

 Fibers, which have diverse uses in our lives, 

have high free volume such that precursors can penetrate into the substrate before formation 

of a diffusion barrier that blocks more penetration, resulting in modification of fibers’ 

mechanical and chemical properties. Fiber substrates can be easily removed by calcination 
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leaving behind inorganic 3D structure. Kim at al. achieved free standing mats consisted of 

anatase TiO2 submicrotubes by calcination poly(vinyl pyrrolidone) (PVP) fibers after TiO2 

ALD at 70 °C.
45

 Peng et al. showed Al2O3 microtubes with controlled thickness using 

electrospun PVA microfiber.
39

 Also, magnetic and photocatalytic nanotubes were obtained 

from electrospinning and calcination followed by ALD, where organic parts in electrospun 

fibers were removed and inorganic parts were oxidized to metal oxide.
46

 

Natural or synthetic fibers can be substrates and affected by growth temperature and 

pulse pressure like flat substrates. On the other hand, film growth on fibers is very different 

from growth on planar substrate like polymer film. It depends on the type of fibers, and 

deposition temperature plays an important role in inorganic film growth. The surface activity 

with precursors decides the nucleation region during the first ALD cycles. For example, 

Al2O3 ALD at 60 °C on poly propylene fibers, which have no reactive functional group with 

trimethylaluminum (TMA), results in film growth at the surface showing distinct interface 

between fiber and Al2O3 film.
47

 At higher temperature, 90 °C, on the other hand, TMA 

penetrates inside expanded fibrils so that nucleation and growth happen in near-surface 

region. (Figure 1.4) However, cotton fibers that have very reactive hydroxyl groups showed 

abrupt interface without a sub-surface growth at 80 °C. Sub-surface growth is also observed 

for poly amide 6 (PA6) fibers where amide bonding reacts with TMA.
48

 While PA6 showed 

no strong dependence on deposition temperature, extended TMA dosing time produces 

thicker diffusion interface. 
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Figure 1.4 Cross sectional transmission electron microscopy images of polypropylene fibers 

extracted from a nonwoven fiber mat after processing with aluminum oxide ALD at 60 °C 

with (a) 100 and (b) 1000 ALD cycles, and at 90 °C with (c) 100 and (d) 1000 cycles.
47

 

Uniform surface modification is observed on all samples. Processing at 60 °C (panels a and b) 

show nearly uniform encapsulation of the polypropylene fiber surface. When deposition is 

performed at 90 °C, however, (panels c and d) intermixing between the oxide and the 

polypropylene is observed. The cracks in the coatings and voids in the polymer result from 

the microtome sample preparation. 

 

ALD modifies mechanical or chemical properties of organic or inorganic fibers. For 

example, carbon fibers keep their high strength and modulus up to 2000 °C if no oxygen is 

present but they suffer from oxidation at high temperature with oxygen. Al2O3 ALD film 

provides cheaper and efficient way to prevent degradation compared to other methods such 
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as sol-gel techniques.
49

 Also, mechanical properties of spider silk are improved by infiltrating 

precursors and by modifying molecular bonds from hydrogen bond to covalent bond.
50

 

In addition, Hyde et al. found that wetting property of cotton and PP fiber mats 

significantly changes depending on the number of ALD cycles and deposition 

temperature.
51,52

 Cotton fiber mats which are naturally hydrophilic rapidly changes to 

hydrophobic only with one cycle of Al2O3. It turns back to hydrophilic after ~10 cycles, and 

then wetting state keeps with longer ALD cycles. On the other hand, nonwoven PP fiber mats 

become hydrophilic after ~50 cycles of Al2O3 at 60 °C, while they stay hydrophobic after 

Al2O3 ALD at 90 °C. The difference in wetting transition between 60 °C and 90 °C is 

attributed to the precursor penetration and surface roughness. Since the PP fiber mats expand 

more at higher temperature, precursors can penetrate more deeply than at low temperature 

resulting in more sub-surface nucleation and growth that make the fiber mats rougher. 

Therefore PP fiber mats coated with Al2O3 at 90 °C stays in hydrophobicity according to 

metastable Cassie-Baxter model
8
 but coating at 60 °C follows Wenzel model.

53
  

 

1.2 Water splitting; principles and recent research 

Solar energy is an inexhaustible, vast, and clean energy source. As fossil fuels like 

coal, petroleum, and natural gas are depleted while they produce excess greenhouse gases, 

demand for solar energy has grown rapidly. Solar energy cells convert light into electricity 

directly and have been widely studied to achieve higher efficiency. The maximum efficiency 

has continuously increased up to 40% for GaInP/GaInAs/Ge multijunction solar cells.
54

 Also, 
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dye sensitized solar cell which is a kind of photochemical solar cells showed more than 12% 

efficiency
55

 and organic solar cells with the efficiency of 12% was reported recently.
56

 

Although various solar cells including the common crystalline silicon solar cells are widely 

available commercially, low sunlight absorption and high fabrication costs make solar cells 

economically impractical for most users.
57-59

  

Another solar energy conversion approach is photochemical water splitting to 

produce hydrogen and oxygen. Hydrogen gas is very light (0.08988 g/L) and has a higher 

energy density (~140 kJ/g) than any other fuels.
60

 Furthermore, hydrogen gas emits no 

greenhouse gases and other pollutants from generation to end use if produced from solar 

energy. Hydrogen is used as a fuel for fuel cells, or as a reactant to produce liquid fuels. 

However, most hydrogen gas production currently relies on natural gas because of low 

efficiency of water splitting. Therefore, it is important to develop a solar-based water 

splitting process with a reasonable efficiency of at least 10%. Thermodynamic analysis 

indicates that splitting of water into gaseous hydrogen and oxygen requires an input of Gibbs 

free energy of 237 kJ/mol, so that a minimum potential of 1.23 eV/e is required to enable the 

reaction.
61

 Although the photon energy from sunlight is enough to induce the reaction, water 

cannot absorb sufficient radiation from sunlight. Thus water splitting systems need to employ 

a photo-anode or photo-cathode to absorb photons and create electron-hole pairs. Since the 

separated electron should reduce hydrogen ion to gas at a cathode while the hole should 

oxidize water to form oxygen gas, the photo-electrode should employ a semiconductor with a 

conduction band higher in energy than the reduction potential of H2O (E
o 

= 0 V) and the 

valence band lower than the oxidation potential of H2O (E
o 

= 1.23 V).
62

 Figure 1.5 shows 
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schematic illustration of water splitting with semiconductor catalysts and their band energy 

diagram, where conduction band and valence band cover water reduction and oxidation 

potential.
63

 Furthermore the band gap of the semiconductor needs to be sufficiently small to 

ensure maximum absorption of visible light in the solar spectrum. In addition, the photo-

electrode needs to be chemically stable under illumination. 

 

 

Figure 1.5 (a) Schematic illustration of water splitting over semiconductor photocatalyst and 

(b) its band energy diagram that spread over water oxidation and reduction potential.
63

 

 

There are four types of water splitting systems that utilize a photoelectrode: 1) 

semiconductor solid state photovoltaic based systems; 2) direct semiconductor electrode 

structure; 3) sensitized semiconductor electrode systems; and, 4) homogeneous and 

microheterogeneous systems.
64

 In semiconductor solid state photovoltaic based systems, p-n 

junction photovoltaic cells are connected with an electrolysis cell or immersed into water as 

an electrode and electricity generated by photovoltaic cells induces the electrolysis of water. 
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Although the quantum efficiency (production of fuel per absorbed photon) of 10% can be 

achieved with this system, making it competitive with other energy generation devices, the 

cost of produced hydrogen gas is not economical because of the high cost of photovoltaic 

cells. The most widely investigated system is the direct semiconductor electrode system 

where an n-type semiconductor functions as a photoanode, or p-type is used as a 

photocathode. Since Fujishima and Honda showed water photolysis with TiO2 electrode in 

1972,
65

 TiO2 has attracted interest as a photoanode in photoelectrochemical devices but its 

large band gap (3.0 eV for rutile phase and 3.2 eV for anatase phase) and low conduction 

band limit the efficiency and make it impractical.
66

 To overcome these problems, dye 

sensitized semiconductors were introduced where a dye that can absorb more solar energy is 

attached onto the surface of the anode. The anode is often a layer of sintered TiO2 particles. 

In this system, the overall efficiency (production of fuel over the entire range of incident 

photons) needs to be optimized relative to the anode thickness. If the dye/anode thickness is 

too thin, then not enough light is absorbed, whereas if the layer is too thick the photons can 

easily recombine resulting in low quantum efficiency. Lastly, homogeneous and micro 

heterogeneous systems which consist of sensitizer, catalysts, and charge accumulation sites 

provide high quantum efficiency for hydrogen gas evolution relative to other types of devices, 

focusing on a half reaction but typically not on true water splitting.
67

 However, it is hard to 

satisfy all the requirements for the best efficiency in one. 

To achieve higher efficiency, semiconductor materials for photoelectrode need to 

have a small band gap and balanced potential level. For many years, extensive research has 

been carried out on semiconductor materials such as ZrO2, ZnO, Ta2O5 and TiO2. In addition 



 

15 

to them, other transition or main group metal oxides such as BiVO4, Bi2WO6, and In2O3 and 

metal sulfides such as CdS or ZnS also have been studied in recent works.
68

 Figure 1.6 shows 

band gap energy of semiconductors relative to water oxidation and reduction.
69

 Especially, 

TiO2, which is the first photochemical catalyst for water splitting, has some merits as a photo 

electrode. For example, it is less expensive than other semiconductor materials and reactive 

with light. Moreover, TiO2 has good chemical and photo chemical resistance in aqueous 

environment.
70

  

 

 

Figure 1.6 Band-gap energies and relative band positions of different semiconductors 

relative to the water oxidation/reduction potential vs NHE.
69

 

 

Doping or compound with other semiconductor maximizes light absorption for 

semiconductor materials with narrow band gap like TiO2.
71

 For example, properties of TiO2 

are modified with doping of metal ions such as iron and copper, non-metals such as nitrogen, 

carbon, or boron, or metal oxides such as Nb2O5 or ZrO2.
72-74

 This is important in 
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photoelectrochemical devices to maximize solar energy absorption, since band gap of most 

semiconductor materials is larger than 3 eV which corresponds to wavelength less than 

visible light irradiation (> 420 nm). Thus, without doping, semiconductor materials mostly 

absorb UV light which is composed of only less than 4% of the solar energy while visible 

light is about 43% of solar energy cannot be used for water splitting leading to low solar 

efficiency.
75

 Thus, many un-doped semiconductors cannot be used for water splitting due to 

low light collection. However, even with doping, there is no single material that can drive 

water splitting with a quantum efficiency larger than 10% only in the visible region of the 

sun spectrum. The maximum quantum efficiency under visible light is so far about 6% at 420 

nm with (Ga1−xZnx)(N1−xOx) as a photocatalyst,
76

 while the maximum efficiency (power 

out/power in) was reported as 12.4% using a monolithic photovoltaic-photoelectrochemical 

(PEC/PV) tandem cell to date.
77

 And it is still a challenge to find the semiconductor materials 

or combination of them to maximize solar energy absorption and minimize energy losses.  

 

1.2.1 Metal oxide nanosheets for water splitting 

Two-dimensional nanosheets have attracted considerable attention in recent years as 

demands for nanoscale devices have increased due to their thickness in nanometer range, 

high crystallinity, and novel physical properties.
78

 Graphene, which is a single atomic layer 

of graphite carbon, has been most widely studied in physics and electronics and synthesized 

by chemical vapor deposition or chemical reduction of graphite oxide since the first synthesis 

in 1987.
79-81

 It has high crystallinity and remarkable electronic properties leading to various 
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applications such as nano-capacitors, batteries, or field emitters.
82,83

 For example, its 

semiconducting gap can be tuned to ~0.3 eV in bilayer graphene and its charge carrier 

mobility as high as 15,000 cm
2 

V
-1 

S
-1

 can be explained with the Dirac equation, not with the 

Schrödinger equation usually applied to quantum particles.
84

 In addition to graphene, various 

transition metal oxides can be exfoliated into nanosheets from layered compounds. For 

example, nanosheets of Ti oxides, Mn oxides, Ti-Nb oxides, or Ru oxides can be dispersed in 

a colloidal suspension after delamination with negative charges. They are suitable for 

nanostructure multilayer films through restacking and combining with other ionic materials. 

These composite films have no interface damage that happens in other physical methods.
85,86

 

Although the delamination from layered structure is mostly developed, other techniques such 

as aqueous-phase synthesis, hydrothermal growth, and thermal evaporation have been widely 

used for fabrication of nanosheets.
87-90

 

A variety of nanosheets and their composites have unique electronic, spin-electronic, 

and magnetic properties, which make nanosheets promising candidates for nanoelectronics or 

photoelectronics. For example, titania nanosheets have received special attention due to their 

photochemical properties such as photo-induced hydrophilic conversion and photocatalytic 

oxidation.
91-93

 Wang et al. showed that a glass coated with titania polycrystalline film has a 

water contact angle of 0° under UV irradiation but it showed a hydrophobic surface after 

removing the UV source.
94

 Also, Shibata et al. demonstrated that titania decomposes organic 

substances as a photocatalyst when exposed to UV so it is promising for water splitting.
95

 In 

addition, ZnO nanosheets which have large exciton binding energy and wide band gap 

showed a potential application in electro-optical devices.
56,96

 HCa2Nb3O10, Ba5Ta4O15, and 
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BiVO4 nasnosheets also have showed photocatalytic effects.
97-99

 Moreover, hybrid 

nanosheets that is polymer layers combined with inorganic materials have attracted interest 

recently because of their flexibility and robustness,
100-103

  

Nanosheets have advantages for water splitting with high surface area, shorter 

diffusion length, and low reflectivity.
104

 Compton et al. showed that Ca2Nb3O10 nanosheets 

split water into hydrogen and hydrogen peroxide under UV light.
105

 Also, Yu et al. 

demonstrated the synergistic effect of (0 0 1) facets of TiO2 nanosheet with Pt nanoparticles 

and surface fluorination for water splitting.
106

 In addition, graphene with CdS clusters,
107

 N-

doped La2Ti2O7 nanosheets,
108

 and CdS/ZnS porous nanosheets
109

 produce hydrogen from 

water splitting under UV or visible light. 

ALD has merits over other nanosheet fabrication techniques if the separation from the 

substrate and collection of released nanosheets are successfully done, because thickness can 

be controlled precisely in the nanometer range and chemical composition can be varied with 

diverse precursors. Furthermore, it is easy to grow multiple layers with different metal oxides 

by successive ALD such that ALD can be used for fabrication of p-n junction as well as 

single material photocatalysts. Therefore, nanosheets fabricated by ALD are expected to 

work as photocatalysts in dye decomposition or water splitting system. 

 

1.3 Summary 

ALD is an efficient technique to deposit conformal and uniform films. In particular, 

many 3D structures which normally have a difficulty in uniform coating can be coated with 
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various kinds of inorganic or metal-organic films. Since ALD is performed at lower 

temperature relative to other techniques like thermal evaporations, it is useful for thermally 

weak substrates including polymer film, fibers, and bio-templates, where the nucleation and 

growth depend on the substrates, deposition temperature, and the number of cycles. ALD can 

change the surface properties of the substrates like wetting properties by the interaction 

between functional groups of the substrate and precursors. Also, ALD can be employed for 

2D-nanosheets fabrication by being released from the appropriate sacrificial layers. It has 

advantages of precise thickness control and chemical composition compared to previous 

nanosheet fabrication. Furthermore, successive ALD produces multilayer nanosheets which 

act as p-n junctions expected to be applied for water splitting effectively. 
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Chapter 2 

ALD Process and Analysis Tools 
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2.1 ALD rector 

Atomic layer deposition was performed in a custom hot wall viscous flow tube 

reactor with stainless steel tube with inner diameter of 1.35 inch. Precursors were 

trimethylaluminum (TMA, 98%), diethylzinc (DEZ, 95%), and titanium tetrachloride (TiCl4, 

99%) for Al2O3, ZnO, and TiO2, respectively with deionized (DI) water as co-reactant. All 

precursors were purchased from Strem Chemicals, Inc. and used as received. Each precursor 

was dosed alternatively with DI water at an operating pressure of 2 Torr. High purity argon 

or nitrogen was used as a carrier and purge gas, and they were purified before use with an 

inert gas filter (Gatekeeper
®
, Entegris Inc.). ALD sequences are consisted of 

[TMA/purge/H2O/purge] = [1/30/1/60 s] and [DEZ/purge/H2O/purge] = [2/50/2/50 s] for 

Al2O3 and ZnO coatings, respectively. The process temperature was fixed at 60 or 90 °C for 

Al2O3 and ZnO ALD. Under these conditions, the growth rate of the Al2O3 and ZnO on a 

planar silicon wafer was measured to be 1.2 ‒ 1.3 and 1.5 ‒ 1.7 Å/cycle, respectively, 

consistent with well-defined atomic layer deposition.
1,2

 The sequence for TiO2 is 

[TiCl4/purge/H2O/purge] = [1/40/1/40 s] at 100 °C and the growth rate is ~0.4 Å/cycle. The 

partial pressure of each precursor is 0.1 ‒ 0.2 Torr for Al2O3 and ZnO while 0.01 ‒ 0.02 Torr 

for TiO2. 

 

2.2 Spectroscopic Ellipsometry 

Thickness of single or multilayers was measured using spectroscopic ellipsometry 

(Alpha-SE Ellipsometer, JA Woollam Co., Inc.). It detects a change in polarized light with 
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reflection on the surface or transmittance by the surface.
3
 ALD film on Si/SiO2 wafer was 

used for film thickness measurement as a reference for every ALD run.  

 

2.3 Contact angle goniometer 

Contact angle goniometer (Rame-Hart, Inc., model 200-F1) provides contact angle 

between substrate and water drop. In general, the contact angle less than 90° is considered as 

hydrophilic with high surface free energy that means a solid substrate has good adhesion and 

wettability. On the other hand, the substrate with the contact angle larger than 90° is 

hydrophilic with low surface free energy as well as poor adhesion and wettability. There are 

two models to explain contact angles, Wenzel
4
 and Cassie-Baxter model.

5
 Wenzel model 

explains hydrophobicity on the homogeneous surface and Cassie-Baxter model is applied to 

the heterogeneous surface.  

There are two types of contact angle measurement, static and dynamic contact angles 

that is composed of advancing and receding contact angles. When the volume of liquid drop 

is increasing, advancing contact angle is obtained.
6
 On the contrary, receding contact angle is 

measured during decrease in the volume of a liquid drop. The difference of advancing and 

receding contact angles is hysteresis that shows how much the surface is rough.
7
 For 

smoother surface, hysteresis is close to 0. 
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2.4 In situ Fourier transform infrared spectroscopy (In situ FT-IR) 

Chemical bond change was investigated using specially designed in situ Fourier 

transform-Infrared spectroscopy (In situ FT-IR) in transmission mode in real-time. Figure 2.1 

shows a schematic diagram of the in situ FTIR ALD/MLD reactor.
8
 The IR beam from FT-IR 

spectrometer (Nicolet 6700, Thermo Scientific) passes through the vertically mounted 

specimen and the reflected beam on the a gold parabolic mirror is focused onto an external 

MCT-A (mercury cadmium telluride type A) IR detector. ALD system is connected to in situ 

FT-IR system, so that IR spectra can be collected after every half-reaction to explore a 

change in chemical bond that happens for each precursor or co-reactant dose by comparing 

differential spectra.  

 

Figure 2.1 Schematic diagram of the in situ FTIR ALD/MLD reactor.
8
 In the middle part of 

the chamber, two gate valves are installed between the IR window and reactor chamber to 

prevent the deposition of ALD/MLD film on the windows. The IR beam goes through the 

planar sample and focused into a MCT-A detector. 
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2.5 X-ray photoelectron spectroscopy (XPS) 

Riber LAS-3000 instrument with the Al Kα line as an X-ray source was used as X-ray 

photoelectron spectroscopy (XPS). XPS is a technique of surface analysis that investigates 

chemical elements and concentration. It detects the kinetic energy of the ejected 

photoelectrons by irradiating the surface with soft X-ray in ultra-high vacuum state (< 10
-9

 

Torr) that is needed to make the ejected electron reach at the analyzer without scattering with 

other gas molecules as well as to remove surface contaminations.
9
 The kinetic energy of the 

ejected electron is determined by the equation, 

Ek = hv – EB – ϕ                                     (1) 

where hv is the exciting photon energy, EB is the electron binding energy, and ϕ is the 

spectrometer work function. X-ray source is magnesium or aluminum and it can penetrate the 

surface up to ~1μm allowing the electrons emit. The depth that electrons emit depends on the 

energy of X-ray source. For example, if the energy of X-ray source is ~1400 eV, electrons 

emit in the < ~10 nm depth from the top surface.
10

 The analyzer detects Ek and calculates EB 

based on the eq. (a). The final spectrum is drawn intensity versus EB where the concentration 

of elements can be determined by this peak intensity.  

 

2.6 Scanning electron microscopy (SEM) 

Scanning electron microscopy is image analysis tools. Accelerated electrons are 

generated from the electron gun by the voltage difference between cathode and anode, and 

then focused by condensers.
11

 The detector records dissipated energy which is generated 
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from backscattered electrons and diffracted backscattered electrons, and photons, resulted 

from the interaction between electrons and the surface of specimen, and these signals form 

the image. 

For low resolution SEM image, PHENOM™ (FEI) was used and JEOL 6400F which 

is field-emission scanning electron microscopy (FESEM) provides high resolution SEM 

image. 

 

2.7 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) examines a specimen with the beam of 

accelerated electrons.12 The beams that pass condensers go through the specimen and are 

processed as an image. It is especially effective for the crystalline specimen, where the electron 

beams diffract resulted in contrast in the image.13 Hitachi HF 2000 or JEOL 2000FX which is 

operated at 200 kV provides the ALD film images and crystalline information. 

 

2.8 Atomic force microscopy (AFM) 

DI 3000 (Digital Instruments) with tapping mode was used for atomic force 

microscopic (AFM) image. The laser beam detects the position of a tip in z-direction. 

Position of a cantilever changes by interaction between atoms on the surface and tip on the 

cantilever.
14

 Depending on the distance between them, repulsive or attractive force is 

generated and this force is indirectly measured with the laser beam deflection. The 
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topography of the surface can be imaged by converting the force to the distance using Hook’s 

law. 

 

2.9 X-ray diffraction spectrometer (XRD) 

XRD is a convenient tool to determine crystallinity of solid quickly and accurately. 

Atoms regularly arranged in a crystal of solid material diffract incoming X-ray beam 

resulting in constructive interference in a specific direction.
15

 By measuring intensity and 

diffracted angle of the constructive interference, the crystalline state, magnitude of unit cell, 

and symmetry can be determined. In addition to peak intensity and position, the shape of the 

peaks is also an important factor to identify the material. To determine crystallinity of Cu2O, 

Rigaku SmartLab X-ray diffractometer with Cu Ka radiation as an X-ray source (40 kV, 44 

mA) was used.  

 

2.10 UV-visible spectrophotometer 

UV-Vis spectrophotometer (Evolution 300, Thermo Scientific Inc.) generates UV-

visible light (wavelength of 10 ‒ 800 nm) with xenon lamp as a source (wavelength of 190 ‒ 

1100 nm). The light passes through a cuvette containing liquid or a solid specimen attached 

on a holder and reaches at the detector which is silicon photodiode that measures how much 

light intensity is decreased compared to a reference. Absorbance, transmittance, or reflection 

can be measured.  
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2.11 UV lamp 

UV-light flood system (Intelli-Ray 400, Uvitron International) provides UV irradiation 

for photodegradation experiment. Metal halide lamp of 400 W illuminates the curing area with 

UVA light (320 – 390nm). UV light intensity and irradiation time can be controlled.  
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Chapter 3 

Mechanisms for Hydrophilic/Hydrophobic Wetting Transitions 

on Cellulose Cotton Fibers Coated using Al2O3 Atomic Layer 

Deposition 
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Abstract 

This report explores reactions that proceed during the first few cycles of inorganic 

film atomic layer deposition (ALD) on natural cellulose cotton fibers, and how surface 

reactions can explain the previously observed transitions in surface wetting upon ALD on 

cotton fibers. Atomic layer deposition of aluminum oxide and zinc oxide onto natural cotton 

cellulose produces a transition from hydrophilic to hydrophobic, then from hydrophobic back 

to hydrophilic, and we describe here the main factors that bring about. Interestingly, we show 

that air exposure and related adventitious carbon adsorption also affects the subsequent 

reactions and wetting properties obtained after subsequent ALD cycles. X-ray photoelectron 

microscopy and in-situ Fourier transform infrared spectroscopy data indicate Al-(O-C-)3 

bonding units form when trimethylaluminum interacts with surface –OH units during the first 

precursor doses, producing a hydrophobic finish on the cotton that remains for only a few 

ALD cycles. However, field-emission scanning electron microscopy (FESEM) results show 

that some surface roughening may occur in the first few ALD cycles, which can also 

contribute to the hydrophilic/hydrophobic transitions. 
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3.1 Introduction 

Fibrous materials have recently attracted great interest for their applications in 

photovoltaic cells, transistors, or sensors due to their high surface area, flexibility, and low 

cost.
1-6

 Cellulosic materials are particularly interesting because they are renewable and they 

degrade naturally, promoting use in sustainable design. Chemically modifying the fiber 

surface is important to improve appearance, chemical durability, and mechanical properties. 

For example, sol-gel or plasma surface treatments are known to alter surface properties of 

woven and nonwoven fiber mats for use in hygiene, bandages, or oil recovery functions.
7-10

 

Exposing fibers to reactive vapors is also known to alter the surface properties of fibers, 

especially their wetting characteristics.
11

  

Although it is less well known than other methods in the industry, vapor phase atomic 

layer deposition (ALD) is known to penetrate inside complex fibrous structures such as 

cellulosic or wool fibers to create conformal and uniform coatings of inorganic or inorganic-

organic thin films for surface modification or replicas of those structures.
12-18

 As opposed to 

wet chemical processes, ALD leaves no liquid chemical waste and requires no expensive 

thermal drying steps after coating. Recently our group reported that ALD coating has a 

crucial effect on the wetting property of polypropylene and cotton fibers.
19,20

 Hyde et al. 

showed Al2O3 ALD on hydrophobic polypropylene fibers significantly decreases water 

contact angle to 0° when deposition is performed at 60 °C, but after coating at 90 °C the 

surface remained hydrophobic. This was explained by formation of a uniform hydrophilic 

Al2O3 film at low temperature, whereas at higher temperature, ALD on polypropylene 
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produced more subsurface diffusion and growth.
21

 The subsurface growth roughened the 

surface, promoting hydrophobicity. Moreover, Hyde et al. also showed that highly 

hydrophilic cotton fibers become hydrophobic after only a small number of Al2O3 ALD 

cycles. The fibers returned to a hydrophilic state with continued ALD coating. This wetting 

transition on cotton fibers was not completely understood. In this paper, we focus on the 

change in chemical bonding units as metal oxide ALD proceeds on the surface of cellulose 

cotton fibers. We demonstrate that the change in surface bonding units can explain the 

observed abrupt wetting transition on woven cotton fabrics. This improved insight could be 

important, for example, to engineer cellulose materials with controlled or variable wetting 

properties for advanced breathable, naturally renewable and multifunctional fibrous 

materials.  

 

3.2 Experimental Procedure 

Woven cotton fiber mats and cotton balls were purchased from SDL Atlas, LLC, 

Textile Innovators and Fisher Scientific Co., respectively, and used as received. Atomic layer 

deposition was performed in a custom hot wall viscous flow tube reactor where 

trimethylaluminum (TMA) (98%, Strem Chemicals, Inc.) and deionized (DI) water were the 

precursors for the Al2O3 film. The ZnO ALD film was deposited in the same reactor using 

diethylzinc (DEZ) (95%, Strem Chemicals, Inc.) and DI water. Each precursor was dosed on 

the substrates alternatively at an operating pressure of 2 Torr. Argon or Nitrogen was used as 

the carrier gas and purge gas, and they were purified before use with an inert gas filter 



 

48 

(Gatekeeper
®
, Entegris Inc.). Unless specified, ALD sequences are consisted of [TMA 

dose/purge/H2O dose/purge] = [1/30/1/60 sec] and [DEZ/ purge/H2O/purge] = [2/50/2/50 

sec] for Al2O3 and ZnO coatings, respectively. The process temperature was fixed at 60 or 90 

°C. Under these conditions, the growth rate of the Al2O3 and ZnO on a planar silicon wafer 

was measured to be ~1.2 ‒ 1.3 and ~1.5 ‒ 1.7 Å/cycle, respectively, consistent with well-

defined atomic layer deposition.
22,23

 

Some ALD coating experiments were performed a specially designed reactor 

equipped with in-situ Fourier transmission infrared spectroscopy. This reactor, described in 

detail elsewhere,
22,24

 permits analysis of each ALD half cycle on porous fiber substrates, such 

as the woven cotton studied here.  

Static water contact angle was measured at room temperature using a goniometer 

(Rame-Hart, Inc., model 200-F1) with DI water. For each sample, data was collected from 

several different positions on each substrate, and the average value was recorded. X-ray 

photoelectron spectroscopy (XPS) was performed with a Riber LAS-3000 instrument with 

the Mg Kα line as an X-ray source with energy resolution of about 0.1 eV. Fourier transform 

infrared (FTIR) spectra were collected by FTIR spectrometer (Thermo Scientific Nicolet 

670) equipped with MCT-A detector cooled by liquid nitrogen. Each spectrum was acquired 

from a total of 2050 scans with a resolution of 4 cm
-1

. Scanning electron microscopic images 

were taken with field-emission scanning electron microscopy (FESEM, JEOL 6400F) 

operating at 5 kV to examine the surface roughness. 
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3.3 Results and Discussion 

The water contact angle on cotton fiber mats was measured after Al2O3 and ZnO 

ALD at the process temperatures of 60 and 90 °C. Bare cotton fiber mats were highly water 

absorbent with a contact angle of 0° before ALD. However, as shown in Figure 3.1, they 

abruptly changed to a hydrophobic state with a contact angle exceeding 100° after only 2 

cycles of Al2O3 and 5 cycles of ZnO ALD. As shown in the figure, coating with more cycles 

also produced a hydrophobic surface, but with continued coating, contact angles decreased as 

the number of ALD cycles increased with large error bar from the contact angles of 0° as 

well as over 60° even on the same substrate. It indicates that this is a transition region 

passing from hydrophobic state into the next stage. Further coating produced a fully 

hydrophilic state. The ALD cycles at which the surface transitioned back to fully wetting 

(contact angle = 0°) depended on the process temperature and composition of the oxide film. 

Generally, though, the transitions were very similar for Al2O3 and ZnO coatings deposited 

between 60 and 90 °C. The main chemical units on the surface of the starting cellulose are C-

OH groups, and the surface transitions to Al-OH upon coating with Al2O3 layers. Both of 

these surface groups are expected to produce a hydrophilic finish. To demonstrate that the 

cotton wetting was not affected by physical processes such as sample heating, inert gas 

exposure and water vapor desorption that occur during the ALD process sequence, we placed 

cotton fiber samples into the ALD reactor and heated under dry inert gas flow for ~40 min 

(i.e. typical ALD process time), without any TMA or water vapor exposure. After this 

treatment, the samples were highly hydrophilic as they were before heating. The surface 
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wetting transitions in Figure 3.1 therefore result uniquely from the chemical reactions during 

the TMA/water ALD treatment.  

 

 

Figure 3.1 Water contact angle on cotton fiber mats after (a) Al2O3 ALD and (b) ZnO ALD 

at 60 and 90 °C. In both cases, hydrophilic cotton fibers change to hydrophobic after a few 

number of ALD cycles, and come back to hydrophilic again after a certain number of ALD 

cycles with no significant dependence on the deposition temperature and different kinds of 

metal oxide film. 
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Figure 3.2 Pictures of a water drop on (a) cotton ball and (b) cotton fiber mat after changed 

to hydrophobic with 3 cycles of Al2O3 ALD at 60 ºC. (c) The magnified image that shows the 

interface between cotton fiber mat and water drop. (d) To test stability of hydrophobic cotton, 

cotton ball with 3 cycles of Al2O3 ALD was placed in water with bare cotton ball and it has 

been floated on water surface more than a month, which shows that hydrophobicity induced 

by ALD is a stable property. 

 

Figures 3.2(a) and (b) show water drops on a hydrophobic cotton ball and cotton fiber 

mat, respectively, after coating the cotton with 3 cycles of Al2O3 ALD at 60 °C. A more 

magnified optical image of the interface between the woven cotton fiber mat and water drop, 
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displayed in Figure 3.2(c), shows individual fibrils from the cotton mat act to hold up the 

water drop. To test the long-term stability of the hydrophobicity, a cotton ball coated with 3 

cycles of Al2O3 ALD was placed in a vessel of water alongside an uncoated cotton ball 

(shown in Fig. 3.2d). Upon placing the balls in the water, the bare cotton ball immediately 

sank down to the bottom of the vessel, but the coated cotton ball readily floated. After several 

weeks in this condition, the coated cotton ball remained stable on the water surface, 

indicating that the hydrophobicity induced by ALD is a stable property with possibility for 

practical applications. 

In the next experiment, the water contact angle on cotton fiber mats was measured 

after a sequence of 3 metal oxide ALD cycles. Once the wetting was quantified in air, the 

substrate was returned to the reactor for another 3 ALD cycle sequence, after which the 

wetting was measured again. Each time the sample was removed from the reactor, it was 

measured quickly and returned to the reactor. The total air exposure time was ~10 minutes 

between each ALD coating. This procedure was repeated several times for coating samples 

with alumina or zinc oxide, and the results are presented in Figure 3.3. The labels “A” and 

“Z” in Figure 3.3 correspond to one sequence of 3 ALD cycles of Al2O3 (for “A”) or ZnO 

(for “Z”) at 60 °C followed by air exposure and water contact angle measurement. Each “A” 

sequence is 3 Al2O3 ALD cycles + 10 min in air, and each “Z” sequence is 3 ZnO ALD 

cycles + 10 min in air. After the first “A” sequence, cotton fiber mats became hydrophobic 

consistent with results in Figure 1. We therefore expected that repeating the 

coating/measurement sequence would produce a transition to fully wetting. However, as 

displayed in Figure 3.3(a), after 10 “A” coating/measurement steps (i.e. a total of 30 Al2O3 
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ALD cycles) the cotton fiber mats still showed a high contact angle of more than 100°. 

Similarly, when the cotton fiber mats were exposed to alternating “A” and “Z” cycles, the 

substrate remained hydrophobic even after the 10
th

 “A” + “Z” sequence, as shown in Figure 

3.3(b). These results suggest that adventitious carbon adsorbed during air exposure affects 

surface reactions during the first few ALD cycles and therefore influences the detailed 

chemical structure that determines the observed water contact angle. As a control, we 

performed experiments that mimicked the “A” sequence, but did not produce adventitious 

carbon. Specifically, after each set of 3 ALD Al2O3 cycles, the cotton fiber mats were left in 

the reactor where they were exposed to a flow of N2 at 760 Torr for 10 minutes. This is the 

same as “A”, except the air exposure was replaced with N2. After 10 of these “modified A” 

sequences, the contact angle was 0°. In other words, the cotton fiber mats turned back to 

being hydrophilic after the total 30 cycles of Al2O3 without air exposure, but they remained 

hydrophobic with the same number of ALD cycles if exposed to air between each sequence. 

Therefore, as suggested by Hyde et al.,
20

 we conclude that adventitious carbon adsorbed on 

the cotton fiber surface during air exposure influences the reactions during the first few ALD 

cycles. 
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Figure 3.3 Water contact angle (WCA) on cotton fiber mats after (a) a repeated sequence of 

3 Al2O3 ALD cycles 60 ºC followed by air exposure and contact angle measurement 

(sequence labeled “A”); and (b) after a different procedure involving sequence “A” and 

sequence “Z”, where “Z” corresponds to 3 ZnO ALD cycles followed by contact angle 

measurement in air. In both cases, the surface remains hydrophobic even after more than 10 

repetitions (i.e. after more than 30 ALD cycles). Samples prepared using 30 cycles of ALD 

coating without breaks for air exposure produced a hydrophilic finish. 
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Figure 3.4 XPS spectra of bare cotton fiber mat (black line), cotton fiber mats after 3 cycles 

(red line), and 50 cycles (blue line) of Al2O3 ALD at 60 ºC. (a) The predominant peaks at 

286.2 and 287.8 eV from bare cotton fiber mat correspond to O-C-O and C-O bonds, 

respectively, but the intensity of those peaks is decreased with increasing ALD cycles. (b) 

Al-O-C peak is shown on the cotton fiber mat after 3 cycles of ALD, whereas Al-O peak 

becomes dominant with 50 cycles of ALD. (c) Al-O-C peak on cotton fiber mat after 3 cycles 

and Al-O peak after 50 cycles of Al2O3 ALD are consistent with the peaks shown in (b). 

 

 To identify the elements and chemical bonds on the surface of hydrophobic cotton, 

uncoated cotton fiber mats and cotton fiber mats coated with 3 and 50 cycles of Al2O3 ALD 

at 60 °C were analyzed with XPS. The resulting C 1s, O 1s, and Al 2p spectra are shown in 



 

56 

Figure 3.4, which were calibrated to C-C/C-H bonding with 285 eV. In the C 1s spectra of 

uncoated cotton mats in Figure 3.4(a), major peaks at 286.2 and 287.8 eV indicate O-C-O 

and C-O bonds consistent with the cellulose molecules.
25

 The intensity of the peaks decreases 

after 3 cycles of Al2O3 ALD, and the peaks decrease further after 50 ALD cycles. Also, the O 

1s spectra in Figure 3.4(b) show a peak at 534.5 eV for the uncoated cotton fiber mats, 

confirming C-O bonds. The intensity of the C-O peak decreased after 3 cycles of Al2O3 ALD 

while a shoulder at 532.4 eV corresponding to Al-O-C bonds becomes visible. After 50 

cycles, the O 1s shows a large peak at 531.9 indicating Al2O3 coating. This transition is 

consistent with the Al 2p spectra in Figure 3.4(c) that shows no peak for the starting sample, 

a Al-O-C peak at 75.5 eV after 3 ALD cycles, and a predominant Al-O peak at 531.9 eV 

after 50 ALD cycles. Therefore, XPS results show us that Al-O-C bonds were formed on 

hydrophobic cotton after 3 cycles of Al2O3 ALD and that the Al-O bonds became dominant 

on the cotton surface as the number of ALD cycles increased.
26,27

 

The chemical bond changes on cotton fiber mats after each precursor dose was 

studied in more detail using in-situ FTIR spectroscopy during Al2O3 ALD.
22,24

 For this 

experiment, the TMA or H2O, was dosed for 3 sec on the cotton fiber mats and then, the 

chamber was isolated from the pump for 1 min to soak the fiber substrate followed by 2 min 

purge with Ar gas to remove extra precursors and byproducts at 60 °C. After each precursor 

dose/soak cycle, the FTIR spectrum was collected and the previous spectrum was subtracted 

from the spectrum, so that only differential peaks induced by that cycle are shown. Figure 3.5 

presents the absorption spectrum of the uncoated cotton fiber mats, as well as differential 

spectra collected after the first and tenth ALD cycles. Considering the Al2O3 ALD 
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mechanism, TMA reacts with –OH groups on the surface leaving Al-CH3 groups which
 
can 

be confirmed by CH3 deformation peaks in in-situ FTIR spectroscopy.
22,23

 However, there is 

no visible peak corresponding to CH3 deformation in the spectrum after the first TMA 

dose/soak on cotton fiber mats. However, the first TMA exposure produces a decrease in a 

broad peak between 3080 and 3650 cm
-1

 due to OH reacting with the TMA.
28

 Moreover, the 

peak changes assigned to CH3 symmetric and asymmetric deformation
29,30

 at 1210 and 1446 

cm
-1

, are observed after the 10
th

 TMA cycle, where they increase after the 10
th

 TMA dose 

and decrease in the next H2O exposure. 

 

 

Figure 3.5 In-situ FTIR spectra collected after 1
st 

and 10
th

 TMA and H2O dose at 60 ºC on 

cotton fiber mat with the absorption spectrum of the untreated cotton (bottom) and 

differential spectra after TMA and water exposure cycles. Peak changes at 1210 and 1460 

cm
-1

 indicated by dot lines correspond to symmetric and asymmetric CH3 deformations. 

These deformation modes are not visible during the first TMA exposures, but are visible after 

the 10
th

 TMA dose. Furthermore, the broad peak change between 3080 and 3650 cm
-1

 shows 

a sequential decrease and increase in the bonded OH corresponding to TMA and H2O doses, 

respectively. 
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Figure 3.6 FESEM images of bare cotton ball (a ‒ c), cotton ball after 3 cycles of Al2O3 

ALD (d ‒ f), and 50 cycles of Al2O3 ALD at 60 ºC (g ‒ i). (a, d, g) Each cotton fiber consists 

of a lot of fibrils. (b, e, h) The surfaces of cotton fibers look covered by Al2O3 film when 

ALD cycles increases. Some cracks on the surface of cotton fiber ball after 50 cycle of ALD 

are induced by the stiffness of Al2O3 film. (c, f, i) Higher resolution images show rougher 

surface after 3 cycles of Al2O3 ALD compared with other cotton balls.  

 

The XPS and FTIR results on the cellulose fibers show different reaction products 

after the first few TMA doses compared to after several ALD cycles. The experiments with 

air exposure show that adventitious carbon also affects the surface products. A previous 

report by Akhter et al.
31

 shows chemical changes on heavily hydroxylated polyvinyl alcohol 

when the surface is exposed to TMA in ultrahigh vacuum. They showed that the TMA reacts 
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readily and completely with the abundant surface -OH groups, producing stable Al-(O-C-)3 

surface complexes. Our XPS and FTIR results are consistent with a similar reaction 

proceeding on the cellulose cotton, where all three methyl groups on the TMA react with 

available surface hydroxyl groups during the first TMA exposure steps to form Al-(O-C-)3 

surface units. It is reasonable to expect that a TMA molecule impinging on cellulose could 

react with three -OH groups because the polymer provides a nanostructured, non-planar 

surface with a high OH density. Steric effects on a solid planar surface impede reaction with 

three OH units. The Al-(O-C-)3 groups on the cellulose can also explain the 

hydrophilic/hydrophobic transition, where the Al-(O-C-)3 termination presents a more 

hydrophobic structure, with minimal Al-OH groups present on the surface after the first 

TMA cycles. Continued ALD allows aluminum oxide to nucleate and grow on the defective 

surface. After several cycles, the TMA/water ALD sequence becomes established and the 

surface transitions to predominantly hydroxylated alumina, which explains the subsequent 

observed hydrophobic/hydrophilic transition. The results from the air-exposure experiments 

show further that the adventitious carbon added onto the surface will affect the first few ALD 

cycles. In this case, the adventitious carbon also impedes formation of hydrophilic Al-OH, 

either by blocking any -OH sites available to react with TMA, or by fully reacting with TMA 

to form Al-O-C units, allowing the hydrophobic surface structure to be maintained for a few 

ALD cycles. 

In addition to the chemical bonding change on cotton fiber surface, we also used 

FESEM to examine the effect of ALD cycles on surface nanoroughness. Figure 3.6 shows a 

set of FESEM images of fibers extracted from an uncoated cotton ball and from cotton balls 
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coated with 3 and 50 cycles of Al2O3 ALD at 60 °C. Each fiber is shown at three 

magnification scales. As seen on the uncoated fiber image in Figures 3.6(b) and (c) a cotton 

fiber consists of a group of fibrils that induce roughness on the fiber surface with a 

characteristic scale that is less than the fiber diameter. Even so, at the highest magnification, 

the uncoated cotton appears relatively smooth. After 3 ALD cycles, the fibril-scale roughness 

is still visible in panel 3.6(e), but the image in 3.6(f) suggests that the surface at the ~ 200 nm 

scale has become more rough after 3 ALD cycles. The image in Figures 3.6(i) collected after 

50 ALD cycles shows decreased roughness in comparison to that after 3 ALD cycles, as well 

as small cracks within the conformal oxide coating. It is well known that an increase in 

micro- and nano-scale roughness on a hydrophobic or heterogeneous surface can promote the 

hydrophobicity.
32,33

 Therefore, the surface roughness evolution displayed in Figure 3.6 

contributes the hydrophobicity of cotton surface induced by chemical bonding change. 

 

3.4. Summary 

The results presented here provide new insight into the mechanisms associated with 

the observed hydrophilic/hydrophobic/hydrophilic transitions on cotton fibers after coating 

with a few ALD cycles of TMA/water and/or DEZ/water. Infrared transmission and XPS 

results show that during the first TMA doses on the cotton cellulose surface, TMA reacts 

with available –OH groups to form stable Al-(O-C-)3 units that are not active during the 

subsequent H2O dose. These units are proposed to help produce the visible 

hydrophilic/hydrophobic transition. Continued ALD cycles allow deposition of hydroxylated 



 

61 

aluminum oxide, resulting in the subsequent hydrophobic/hydrophilic change. The IR data 

shows that the first TMA dose produces a large decrease in OH groups, consistent with 

consumption by the TMA, but the Al-CH3 groups that are typically observed
22

 during the 

TMA/water ALD are not seen. After several TMA/water cycles, the Al-CH3 deformation 

modes are visible showing good TMA/water ALD. In addition to the evolution in the surface 

chemical composition, an increase in surface nano-roughness may occur during the first few 

ALD cycles, which will also help support the hydrophobic surface structure on the cotton 

fibers. These results allow us to better understand the initial cycles of inorganic ALD films 

on organic surfaces. They also help to explain wetting properties of cotton and other related 

materials during ALD coating, and could help enable researchers to make use of these 

phenomena for practical applications. 
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Abstract 

Two-dimensional nanosheet materials, including graphene, MoS2, perovskites and 

others derived from naturally occurring bulk layered compounds show unique electrical and 

mechanical functionality. Because nanosheets are typically exfoliated from bulk materials, 

structures are generally limited to single-compound systems with limited control over layer 

dimension. Here we present a new strategy for synthesizing 2D nanosheets, including single 

and multi-compound structures, using atomic layer deposition (ALD) on dissolvable 

substrates. The synthetic nanosheets formed by ALD are distinct from exfoliated natural 

nanosheets in that they are ultrathin variants of common 3D materials. We have used this 

ALD method to synthesize TiO2, ZnO, Al2O3 and TiO2/ZnO bi-layered nanosheets that 

function as dispersible photocatalysts in aqueous media. We find a 5× synergistic rate 

enhancement in our bilayer nanosheets which is unprecedented when compared to other bi-

component photocatalysts. Most importantly, we believe that this synthetic approach can be 

universally applied to a wide range of materials systems, revolutionizing nanosheet 

applicability in nanoelectronics, nano-optics, nano-catalysis, and nano-composites.  
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4.1 Introduction 

Nanosheets are typically formed by mechanical or chemical exfoliation from a solid,
1-

7
 or via vapor-phase or hydrothermal growth in morphologically constrained systems

8,9
 

showing unique electrical and mechanical properties.
10-14

 Atomic layer deposition uses a 

binary self-limiting reaction sequence to precisely control thin film nucleation and growth at 

the monolayer level
15,16

 and enable formation of gradual or abrupt material junctions by 

adjusting the precursor exposure sequence in successive ALD cycles. While ALD thin film 

materials and coatings are well-known in electronic device manufacturing, we hypothesize 

that controlled ALD on solution-soluble substrates could expand the known benefits of ALD 

to create free-floating 2D materials without the constraint of a substrate, capable of 

functional performance analogous to natural nanosheets. Readily controlled thickness and 

composition in these synthetic ALD nanosheets would provide key advantages including 

multi-component layering, controlled electronic structuring, and modified optical response. 

 

4.2. Experimental process 

Sacrificial Polymer layer: Polyacrylic acid (PAA, Mw = 1,800 g/mol) and polyvinyl 

alcohol (PVA, Mw = 16,000 g/mol) were purchased from Sigma-Aldrich and Acros Organics, 

respectively and used without further purification. They were dissolved in deionized (DI) 

water with a concentration of 2 wt% followed by spin-coating onto a Si/SiO2 substrate for 30 

s at 3000 rpm. For the results shown in this manuscript, nanosheets were prepared with a 

PVA sacrificial layer.  
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Atomic Layer Deposition (ALD): The precursors for ZnO and Al2O3 films are 

diethylzinc (DEZ, 95%) and trimethylaluminum (TMA, 98%), respectively. For TiO2 films, 

titanium tetrachloride (TiCl4, 99%) was used as a precursor. All precursors were purchased 

from Strem Chemicals, Inc. ALD was performed in a custom hot wall viscous flow tube 

reactor where each precursor was dosed sequentially with DI water as the oxidant. The 

partial pressures for DEZ, TMA, and DI water was 0.1 ‒ 0.2 Torr at the deposition 

temperature of 90 °C while TiO2 ALD was performed with partial pressure 0.03 Torr of 

TiCl4 at deposition temperature of 100 ºC. The operating pressure was 2 Torr for all ALD 

processes. Growth per cycles (GPC) were 1.3, 1.7, and 0.4 Å/cycle for Al2O3, ZnO, and 

TiO2, respectively. 

Film Separation: After coating the PVA sacrificial layer with ALD, the films were 

cut with a razor blade while still on the silicon substrate to facilitate dissolution of the 

sacrificial layer. Next, the wafers were immersed in DI water heated to 60 °C. After several 

minutes, metal oxide nanosheets were separated from the substrate and became dispersed in 

aqueous solution. 

For AFM, SEM, or TEM investigations, the nanosheets were collected on a substrate 

dipped in solution. To collect nanosheets more effectively, carbon tetrachloride was added to 

the nanosheet dispersion followed by shaking. When a substrate such as oxidized silicon was 

introduced vertically in the solution, nanosheets were collected on the substrate densely to 

minimize total interface energy of the system.
17

 For AFM, samples collected on flat SiO2 

were annealed in air at 300 ºC for 1 h to remove any residual polymer. For TEM, annealing 

was also performed at 300 °C to 450 ºC for 1 h to crystallize the material. 
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Characterization: ALD film thickness was measured with ellipsometry (Alpha-SE 

Ellipsometer, JA Woollam Co., Inc.) using a reference Si/SiO2 substrate. Atomic force 

microscopy (AFM, DI 3000) and scanning electron microscopy (SEM, JEOL 6400) with 

energy dispersive X-ray analysis (EDX) was used to image nanosheets, measure thickness 

and analyze composition. Transmission electron microscopy (TEM, Hitachi HF 2000) 

operated at 200 kV was used to characterize crystallinity.  

Photocatalysis Measurement: Methyl orange was purchased from Sigma-Aldrich. 

Nanosheets were prepared on Si/SiO2 substrates (2 × 2 cm
2
/ea) using a PVA sacrificial layer. 

A fixed volume of 10 ml DI water was used to dissolve the sacrificial layers and disperse the 

nanosheets. Following dispersion, 10 ppm of methyl orange was added to the volume. The 

concentration of TiO2 nanosheets was controlled by changing the number of substrates 

dissolved in the DI water. For comparison, 10 ppm aqueous solution of methyl orange 

without nanosheets was also tested. UV-light irradiation was achieved using a shuttered UV-

light flood system (Intelli-Ray 400, Uvitron International). The Pyrex vial was placed under 

the UV-lamp with constant stirring. UV-intensity was varied from 122.5 μW/cm
2
 to 245 

μW/cm
2
. After irradiation, absorbance of the solution was measured by sampling every 30 

min with UV-Vis spectrophotometer (Evolution 300, Thermo Scientific Inc.) at 466 nm, 

which is the major absorbance peak of methyl orange. After sampling, the solution was 

returned to the vial and irradiation was continued. This procedure was repeated for 3 h for 

each sample. Care is taken to maintain uniform and reproducible UV flux conditions during 

all irradiation measurements, to achieve consistent conditions for each sample analyzed. 
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4.3. Results and discussion 

The overall procedure for ALD synthetic nanosheet production is presented in Figure 

4.1. Sacrificial layers of water soluble polymers were spun-cast onto Si substrates with native 

SiO2 (Figure 4.1a). We choose polyvinyl alcohol (PVA) and polyacrylic acid (PAA) for 

sacrificial layers because of their ability to promote ALD metal oxide nucleation
18

 and their 

high water solubility.
19

 Films of controlled thickness and composition were then deposited by 

ALD onto the sacrificial polymer layer (Figure 4.1b). To facilitate dissolution of the 

sacrificial layer, surfaces were pre-cut by hand with a razor (Figure 4.1c). Sacrificial layers 

were dissolved in deionized (DI) water heated to ~60 °C. After several minutes (1 ‒ 5 min), 

nanosheets with lateral sizes up to ~3 mm were released into solution (Figure 4.1d). For 

structural analysis, nanosheets were collected on clean silicon wafers for atomic force 

microscopy (AFM) analysis or on molybdenum grids for transmission electron microscopy 

(TEM) imaging. 

Figure 4.2 summarizes how the ALD process provides high fidelity control over 

nanosheet thickness and morphology. Figure 4.2(a) illustrates that TiO2 nanosheet thickness, 

measured by ellipsometry and AFM, varies linearly with the number of ALD growth cycles. 

AFM profiles of released nanosheet thickness precisely match ellipsometry measurements 

collected from control films grown directly on silicon wafers. Figures 4.2(b) ‒ (d) show AFM 

images collected from TiO2, Al2O3, and ZnO nanosheets respectively. These AFM scans are 

collected at the minimum thickness for each composition formed under the conditions used. 

Below this thickness, the ALD layers tend to break apart into nanosheets with smaller lateral 
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dimension. For this series of ALD precursor chemistries on PAA or PVA sacrificial layers, 

TiO2 exhibits the smallest layer thickness (~1.2 nm), corresponding to a length-to-thickness 

ratio of > 20,000. 

 

 
 

Figure 4.1 Fabrication of synthetic ALD nanosheets. (a) Polymer solution of 2 wt% was 

spin-coated on Si substrate as a sacrificial layer. (b) Metal oxide ALD was performed onto 

the polymer layer with desired thickness and materials. (c) Pre-cuts were made into the 

polymer surface to facilitate dissolution of the polymer. (d) The polymer was removed by 

dipping in a solvent and ALD films were separated as nanosheets randomly dispersed in 

aqueous solution. 
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Figure 4.2 Microstructure of synthetic ALD nanosheets. (a) Graph of TiO2 nanosheet 

thickness collected from AFM height profiles (squares) and from ellipsometry (diamonds) as 

a function of the number of ALD cycles. AFM images and height profiles of TiO2 nanosheets 

from 25 ALD cycles (b), Al2O3 nanosheets from 50 ALD cycles (c), and ZnO nanosheet 

from 100 ALD cycles (d). These micrographs show the minimum nanosheet thickness 

achieved for each material.  

 

To further study the resulting structure, nanosheets collected on molybdenum grids 

were annealed to 450 °C for TiO2 and 300 °C for ZnO. This anneal step crystallized the TiO2. 

TEM micrographs of these crystallized nanosheets are shown in Figure 4.3. In these images 

the thickness of the TiO2 nanosheet is ~7.0 nm and the thickness of the ZnO nanosheet is 

~17.3 nm. In Figure 4.3(a), the TiO2 nanosheet exhibits a lattice spacing of 3.46 Å, which 
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corresponds to the a lattice parameter of the anatase phase of TiO2.
20

 The ZnO nanosheet 

shows a lattice spacing of 3.25 Å which matches the a lattice parameter for the wurtzite 

phase of ZnO (Figure 4.3b).
21

 

 

 

Figure 4.3 TEM images of TiO2 nanosheet annealed at 450 °C for 1 h (e) and ZnO nanosheet 

annealed at 300 °C for 1 h (f). Magnified inset images obtained from the red areas show the 

lattice parameter for each material. 

 

Besides single phase nanosheets, multicomponent and layered nanosheet structures 

can be designed by alternating ALD chemistries. As an example we have prepared bilayer 

nanosheets composed of TiO2 and ZnO. Figure 4.4(a) shows the deposition scheme for these 

ALD nanosheet bilayers. In this experiment, PVA sacrificial layers were initially coated with 

ALD ZnO (150 cycles) followed by ALD TiO2 (500 cycles). The inset in Figure 4.4(b) 

shows a scanning electron microscope (SEM) image of a ZnO/TiO2 bilayer nanosheet 

transferred to a silicon substrate. Energy dispersive X-ray analysis (EDX) indicates the 

presence of Zn, Ti, and O, confirming that these bilayer structures remain intact after being 
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released from the sacrificial polymer. An AFM image of a similar nanosheet is shown in 

Figure 4.4(c), and Figure 4.4(d) shows a set of dispersed nanosheets in water. The AFM 

image shows the thickness is 36.9 nm where some double or triple layers result from 

nanosheet folding when it is collected on the planar substrate. 

 

 
 

Figure 4.4 Bilayer nanosheets synthesized by ALD. (a) Illustration showing deposition order 

and the number of ALD cycles for the ZnO/TiO2 bilayer film. (b) EDX spectrum taken from 

the edge of the bilayer nanosheet shown in the inset SEM image. (c) AFM image and height 

profile of the bilayer nanosheet. (d) Picture of TO2/ZnO bilayer nanosheets dispersed in DI 

water and nanosheets collected in a vial (inset). 
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Many oxide nanomaterials can function as photocatalysts to degrade volatile organic 

pollutants and purify air or water.
22

 Recently, multicomponent nanomaterials including TiO2 

with graphene,
23

 TiO2 nanofibers with ZnO,
24

 and TiO2 nanoparticles with carbon 

nanotubes
25

 have shown improved performance relative to pure nano-TiO2 evaluated under 

the same conditions. Improvements are typically associated with increased adsorption of 

organic species on the compound surface, extended range of photon absorption, and 

improved charge separation and transfer to the reacting species. The unique ability to control 

material thickness and synthesize bi-component compound nanosheets by ALD could 

provide new flexibility in photocatalyst materials design and preparation. Therefore, we have 

explored the photocatalytic performance of our TiO2, ZnO, and TiO2/ZnO bilayer ALD 

nanosheets in aqueous solution, including the scaling of photocatalytic rate processes with 

changing nanosheet thickness, surface area and electronic structure. We compare our 

experimental results to a standard analytical reaction model. 

Here we use methyl orange as a prototypical pollutant. The derivation of the methyl 

orange photo-decomposition rate expression can be found in the section 4.4. The methyl 

orange concentration will scale as a log-linear function of irradiation time:  

  (
[ ]

[ ] 
)                                                                 (1) 

where [ ] [cm
-3

] represents the concentration of methyl orange molecules in solution, t [s] is 

the irradiation time, S [cm
2
] is the total surface area of TiO2 nanosheets in the solution, 

   [Wcm
-2

] is the intensity of UV irradiation impinging on the nanosheets, D [nm] is the 

thickness of TiO2 nanosheets,    is an effective rate constant with units [s
-1

cm
-2
W

-1
nm

-1
], 
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and K [s
-1

] is the apparent rate constant. The analysis assumes that each nanosheet in solution 

receives the same uniform photon flux, which is best achieved for small values for S (i.e. 

solution with a relatively low concentration of nanosheets). The same general rate expression 

is expected to hold for the ZnO and bi-layer nanosheets.  

 

  
 

Figure 4.5 Photocatalytic behavior of synthetic ALD nanosheets. (a) The concentration of 

methyl orange versus UV exposure time onto TiO2 nanosheets of various thickness (1.3, 2.5, 

and 5 nm). Black squares show the control data for methyl orange concentration versus time 

without nanosheets present. (b) Plot of apparent rate constants (K) versus surface area 

extracted from the data shown in (a).  

 

Figure 4.5(a) shows the concentration of methyl orange as a function of UV exposure 

time in the presence of TiO2 nanosheets using thickness values fixed between 1.3 and 5.0 nm. 

The total nanosheet surface area was 160 cm
2
 and the UV flux was set at 245 W/cm

2
. All 

samples show dye absorbance loss upon UV exposure, with an increased rate of loss with 

increasing nanosheet thickness. From equation (1), the slopes of the linear fits in Figure 

4.5(a) are a measure for           , and Figure 4.5(b) is a plot of K (from Figure 4.5a) 
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versus film thickness. K increases linearly with film thickness, as expected from equation (1). 

This result reflects the expected mechanistic trend where thicker nanosheets will absorb more 

photons and thereby boost the number of oxidizing species created. Using known values for 

S and Io the linear fit in Figure 4.5(b) gives k" ≈ 4.2×10
-11

 s
-1

cm
-2
W

-1
nm

-1
. 

Dye decomposition rate data was also collected by irradiating TiO2 nanosheet 

dispersions using various UV intensity values and nanosheet surface areas keeping other 

parameters fixed. Plots of ln (C/Co) vs. time follow equation (1) (Figure 4.6a). Using S = 160 

cm
2
, a plot of K vs. Io is linear with k"

 
≈ 3.8×10

-11
 s

-1
cm

-2
W

-1
nm

-1
, essentially the same k" 

value as from Figure 4.5(b) (Figure 4.6b).  

 

 

Figure 4.6 Dye degradation rate depending on UV intensity. (a) Degradation of methyl 

orange using photocatalytic TiO2 nanosheets under varying UV intensity (122.50, 183.75, 

and 245.00 μW/cm
2
). (b) Values of K obtained from the fits in (a) versus UV intensity. The 

value of k" is 3.8 × 10
-11

 s
-1

cm
-2

μW
-1

nm
-1

. 

 

 



 

80 

 

Figure 4.7 Dye degradation rate depending on concentration of nanosheets. (a) Degradation 

of methyl orange using photocatalytic TiO2 nanosheets under varying surface area of 

nanosheets (20, 40, and 160 cm
2
). (b) k" values versus S for 2.5 nm (black square) and 5 nm 

(red circle) thickness. The k" is expected to decrease with increasing S due to scattering 

effects. The dashed lines are guides for the eye. (c) Illustration that shows how surface area 

of nanosheets affects UV light scattering. 

 

Increasing the surface area (by increasing nanosheet concentration) also affects the 

value of K. However, at high S (i.e., high nanosheet concentrations) we expect light 

scattering to decrease the photon flux on nanosheets deeper in solution. Using different S 

values, dye decomposition rate was measured using fixed D and Io, and values for k" were 

obtained for each condition (Figure 4.7a and b). We find larger values for k" for smaller 
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values of S as expected from the model trend. Larger concentrations of nanosheets scatter 

light more strongly, decreasing the net photon flux on nanosheets deeper in the solution, 

thereby decreasing the effective rate of dye degradation, k" (Figure 4.7c). 

 

 

Figure 4.8 (a) Schematic band energy diagram of TiO2/ZnO bilayer nanosheets. 

Photogenerated holes get trapped in the ZnO layer while photogenerated electrons become 

trapped in the TiO2 layer, limiting recombination and enhancing photocatalytic performance. 

(b) Photodegradation of methyl orange with UV-irradiation time for control solution without 

nanosheets (black squares), TiO2 nanosheets (red circles), ZnO nanosheets (green triangles), 

and ZnO/TiO2 bilayer nanosheets (blue diamonds) of similar nanosheet thickness (5 nm) and 

concentration (160 cm
2
). Each number represents K (× 10

-3
).  

 

A distinctive aspect of ALD nanosheet synthesis is its facile ability to create 

compositional bi-layers with controlled thickness of each layer. Based on the two materials’ 

difference in band energy levels
26

, a TiO2/ZnO bilayer structure will separate photogenerated 

electrons and holes as depicted in Figure 4.8(a). This charge separation should reduce 

recombination and increase the rate of photocatalytic degradation. Unlike other bi-

component photocatalysts, our bi-layer nanosheets consist of two distinct material layers, 
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with the structure of a planar ‘Janus nanosheet’.
27,28

 Figure 4.8(b) plots methyl orange 

photodegradation using TiO2, ZnO, and TiO2/ZnO nanosheets with a thickness of 5 nm and a 

surface area of 160 cm
2
. The K values extracted from these and other related degradation 

measurements are presented in Table 4.1. The ZnO nanosheets lead to modestly (~25%) 

faster organic photodegradation than TiO2. Consistent with equation (1), the value of K 

increases linearly with nanosheet thickness.  

Table 4.1 Rate of dye degradation. Taken from ln(C/Co) vs. time using eq. (1) for various 

nanosheet materials dispersed in aqueous solution. The photo intensity is fixed at    = 245 

μW/cm
2
 and the overall surface area of the nanosheets is fixed at 160 cm

2
. The TiO2/ZnO 

nanosheets show more than a factor of 5 improved degradation rate compared to TiO2 

nanosheets alone. 

Nanosheet Material Thickness (nm) K (×10
-3

min
-1

) 

TiO2 2.5 0.71 

TiO2 5 1.35 

ZnO 5 1.74 

TiO2/ZnO 2.5/2.5 3.96 

 

For the 5 nm thick bi-layer nanosheet (TiO2/ZnO = 2.5/2.5 nm), the rate of dye 

degradation is >2.2× faster than for 5 nm thick TiO2 or ZnO nanosheets and >5.5× faster than 

the 2.5 nm TiO2 nanosheets alone. This result indicates that offsets between conduction band 

and valence band at the ZnO/TiO2 interface are sufficient to separate photogenerated 

electrons and holes into the TiO2 and ZnO layers, respectively. Even though the bi-layer 

structure was not optimized for relative performance, the measured rate enhancement is 

noteworthy when compared to other bi-component photocatalysts. For example, TiO2/ZnO 

nanofibers
24

 and Ag/TiO2/ZnO composite particles
29

 show rate enhancements up to 2× faster 



 

83 

than for TiO2 alone. Also, adding carbon nanotubes
25,30 

or graphene
23

 can enhance the rate, 

but improvements are limited to ~3.1× better that TiO2 alone. Therefore, the >5.5× rate 

enhancement obtained here for the bi-layer ALD nanosheets is notably better than previous 

reports. 

We hypothesize that the physical symmetry of our bilayer structures contributes to the 

enhanced synergistic photodecomposition rates. Synthesis of most bi-component particles 

provides only modest control over size, shape, surface area and net amount of each 

component material. Our synthetic nanosheets have high surface-to-volume ratios, 

compositional symmetry, and individual layer thickness control to ensure that active redox 

species can readily access active surface sites, helping to balance the extent of the 

complementary surface oxidation and reduction reactions. 

 

4.4. Photodegradation mechanism 

A reasonable elementary reaction scheme for photodegradation of methyl orange on a 

photocatalytically active surface such as TiO2 is given by
31,32

:  

 

TiO2 + hv 
  
→ TiO2 + e

‒
 + h

+ 

H2O + Sv 
  
↔ S‒H2O 

OH
‒
 + Sv 

  
↔ S‒OH

-
 

MO + Sv 
  
↔ S‒MO

 

S‒H2O + h
+
 
  
→ S‒OH

• 
+ H

+
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S‒OH
‒
 + h

+
 
  
→ S‒OH

•
 

S‒OH
• 
+ S‒MO 

  
→ degradation products + 2Sv 

S‒OH
•
 
  
→ OH

• 
+ Sv 

 

Here, MO is methyl orange dye and Sv is a vacant adsorption site on the TiO2 

surface. S‒H2O, S‒OH
‒
, S‒MO, and S‒OH

• 
represent adsorbed species on active TiO2 

surface sites. The k’s are rate constants for irreversible reactions, and the K’s represent 

equilibrium constants for reversible reactions. Generally, the UV photons generate electron-

hole pairs in TiO2, and the holes migrate to the surface and react with adsorbed water 

molecules and hydroxyl ions. The resulting hydroxyl radicals oxidize the methyl orange dye. 

An overall rate expression is derived from the elementary reaction steps using the 

overall site balance and the steady-state approximation. The overall site balance is given by: 

[St] = [Sv] + [S‒H2O] + [S‒OH
‒
] + [S‒MO] 

where [St] is total adsorption sites on all TiO2 nanosheets, and [Sv] is vacant adsorption sites 

on all TiO2 nanosheets, and the steady state approximation is given by  

    [ 
 ]

  
   

 [    
 
]

  
    

We also assume: 1) the generation of h
+ 

and e
-
   recombination of h

+ 
and e

‒
; 2) 

photon intensity that reaches each nanosheet surface is equal for all nanosheets in the 

solution; 3) the adsorption sites on the nanosheet are occupied primarily by H2O: [S‒H2O]   

[S‒OH
‒
] or [S‒MO]; and 4) [MO] is very small and [H2O] is constant. 

The rate of methyl orange decomposition is written as 
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 [  ]

  
    [     ][    ]                                     (1) 

From the steady state approximation: 

 [     ]

  
  0 =   [S‒H2O][h

+
] +   [S‒OH

-
][h

+
]     [S‒OH

•
][S‒MO]     [S‒OH

•
] 

[     ]  
  [     ][ 

 
]     [    

 
][ 

 
]

  [    ]     
                     (2) 

 [  ]

  
  0 =   [TiO2][hv]     [S‒H2O][h

+
]     [S‒OH

-
][h

+
] 

[h
+
]  

  [    ][  ]
  [     ]    [    

 
]
                                         (3) 

Substituting equation (3) into equation (2), 

[     ]  
  [     ]     [    

 
]

  [    ]     
 

  [    ][  ]
  [     ]     [    

 
]
  

  [    ][  ]
  [    ]     

 (4) 

And putting (4) into (1),  

 [  ]

  
    [     ][    ] =     [    ]

  [    ][  ]
  [    ]    

 =      [    ][  ]

  
  

  [    ]

 

(5) 

Because the adsorption sites are occupied primarily by H2O, [S‒H2O]   [S‒OH
‒
] or 

[S‒MO] (assumption 3 above): 

[St] = [Sv] + [S‒H2O] + [S‒OH
‒
] + [S‒MO] = [Sv] + [S‒H2O] 

K2  
[     ]
[   ][  ]

  
[     ]

[   ] [  ] [     ] 
 

K2[H2O]([St] – [S‒H2O]) = [S‒H2O] → [S‒H2O] (1 + K2[H2O] ) = K2[H2O][St] 

Therefore: 
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[S‒H2O]  
  [   ][  ]
      [   ]

                                                 (6) 

The equilibrium constant for the elementary reaction (4) is given by:  

   
[    ]
[  ][  ]

 → [S‒MO] = K4[MO][Sv] = K4[MO]([St] – [S‒H2O]) 

We next substitute the value for [S‒H2O] from equation (6) into K4 and obtain: 

[    ]     [  ] [  ]  
  [   ][  ]
      [   ]

) =   [  ][  ](1  
  [   ]

      [   ]
) 

    =  
  [  ][  ]
       [   ]

                                                                                       (7) 

Substituting (7) into (5), we obtain: 

      [  ]
  

 
    [    ][  ]

  
  

  [    ]

  
    [    ][  ]

  
          [   ] 

    [  ][  ]

 

Then, since [MO] is small (assumption 4 above),      

       [  ]
  

      
        [  ][  ][    ][  ]

          [   ] 
     [  ][    ][  ][  ] 

where,    
      

         [   ] 
 

In this expression, [TiO2] is the surface area of nanosheets per unit volume of solution 

[cm
2
/cm

3
] and [h] is the number of incident photons per unit area that create an 

electron/hole pair per unit time. The number of electron/hole pairs created per unit volume of 

solution per unit time is therefore[    ][  ]. Using the Beer-Lambert Law,       
    

where I is the photon intensity per unit area [W/m
2
],  is the absorption coefficient for TiO2 

at a given energy [nm
-1

] and D is the thickness of the nanosheet [nm], the energy absorbed by 

a nanosheet within thickness D per unit area per time is            [        ]. In the 
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energy region where the absorption coefficient is large, the number of charges generated is 

estimated by integrating the absorbed intensity across the film thickness D:  

∫           
 

 
   =    (  

 

 
     

 

 
)      

where for large very  and small D, (
 

 
      

 

 
) →  . The photon flux versus photon 

energy is related to the irradiance of the light source. If a is the fraction of photons in the 

incident light with h > Eg, then when D is small relative to 1/, the number of photons that 

create electron hole pairs in the nanosheets present in solution is given by  

[    ][  ]        ⁄  [W nm] 

where S is the total surface area (front plus back) of all nanosheets in solution, and the factor 

of 2 arises since photons are incident on only one side of the nanosheet. Therefore: 

  
 [  ]

  
 =    [  ][    ][  ][  ]           

 
 

 [  ] 

Since [St] is proportional to S, and we can write k" = ak′/2, we obtain 

 
 [  ]

[  ]
            

where, the final substitution            [s
-1

] gives 

  
 

  
                

 

4.5 Summary 

In summary, we have shown how ALD thin film reactions can produce synthetic 

metal oxide nanosheets with precisely controlled thickness and aspect ratios of > 20,000:1. 
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Single component nanosheets composed of TiO2 and ZnO exhibit photocatalytic activity, and 

the catalytic dye decomposition rate scales as expected with photodecomposition kinetic rate 

equations developed for the nanosheet structures. Photocatalytic decomposition rates are 

significantly boosted using ZnO/TiO2 bilayer nanosheets, and the synergistic rate 

enhancement is larger than previously reported for other bi-component photocatalyst 

materials. The ALD synthesis process is unique in that it yields physically symmetric 

nanosheets, and the symmetry likely helps balance redox rates and thereby assists in 

achieving high performance. ALD also enables multi-component nanosheet junctions which 

modulate the nanosheet electronic band structure and synergistically enhance the rate of 

photocatalytic pollutant degradation. The addition of sensitizing dyes or catalytic sites before 

release could further expand nanosheet functionality and performance. These initial 

demonstrations of functional synthetic nanosheets by ALD suggest that a much broader set of 

materials, including metals, semiconductors, ceramics, organics and organic-inorganic hybrid 

materials could be produced in nanosheet form and evaluated for catalytic or other useful 

functions. 
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Chapter 5 

Effects of Sacrificial Polymers and Materials on Nanosheets 

Synthesis by Atomic Layer Deposition 
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Abstract 

Two dimensional nanosheets with distinctive properties have been fabricated by 

exfoliation, hydrothermal synthesis, or vapor phase reaction, and other synthetic methods. 

While these approaches are generally limited to materials with known chemical composition, 

we recently showed that atomic layer deposition (ALD) can be used to produce synthetic 

metal oxide nanosheets with controlled thickness and chemical composition, including 

capacity for multicomponent nanosheets.
1
 Specifically, we showed that TiO2/ZnO (2.5 

nm/2.5 nm) bi-layer nanosheets could be produced, and photocatalysis experiments led to ~5 

times faster dye degradation compared to single-component TiO2 nanosheets (2.5 nm) 

produced by the same process, which is significant improvement compared to other bi-

component photocatalytic systems. Here, we describe how the sacrificial substrate polymer 

affects subsequent ALD processing and the resulting nanosheet thickness and surface 

structure. In addition, we introduce the concept of organic/inorganic bi-layer sheets and 

discuss their potential application.  
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5.1 Introduction 

Recently, many types of 2D nanosheet materials are being developed and modified 

for applications in nanoelectronics,
2
 biomedicine,

3,4
 energy storage devices,

5
 or biomaterial 

systems.
6
 Since graphene was first isolated from graphite in 2004,

7
 a vast amount of research 

has revealed its unusual electronic and physical properties such as high electron mobility and 

quantum Hall effects.
8,9

 While graphene has a potential application as a conductor, various 

oxides
10

 including perovskite
11

 which have naturally stacked molecular structures also show 

semiconducting or high κ-dielectric properties.
12

  

Table 1 summarizes fabrication methods and thickness range for several natural 

nanosheet materials studied to date. The two primary methods for nanosheet fabrication are 

hydrothermal synthesis and exfoliation from layered compound.
13-17

 Since exfoliation is 

applied for compounds with naturally stacked molecular structure, it normally produces 

thinner nanosheets than other methods. Other functional materials, such as Ag, Au, or Pt 

nanoparticles are often added to nanosheets to enhance performance in biosensor, batteries, 

or solar cell structures.
18-21

 The unique functionality of 2D nanosheets is determined to a 

large extent by the electronic structure associated with full crystallinity, well-defined 

electronic surface termination and occupation, as well as the planar morphology and high 

surface area. The 2D graphene electronic structure rapidly changes with increasing layers, 

reaching its full 3D limit at ~10 graphene multilayers,
8
 a few nanometers thick. Previously, 

we showed that atomic layer deposition (ALD) can be used fabricate free-floating metal 

oxide nanosheets with thickness in the range of 2D electronic materials.
1
 While the ALD 
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materials do not have full crystalline morphology and well-defined regular surface structure 

of graphene or other 2D solids, the ALD process provides several unique advantages for 2D 

structure synthesis: 1) access to a wide material set, beyond known 2D crystal materials; 2) 

direct scalability to large areas with well controlled thickness; and 3) facile fabrication of 

multi-component heterojunctions and other multiple compound layered structures. We 

showed for example, that TiO2 and ZnO nanosheets had photocatalytic functionality, and the 

rates of photocatalytic decomposition followed expected trends in light intensity and 

thickness. More importantly, bi-layer nanosheets composed of TiO2/ZnO (2.5 nm/2.5 nm) 

improve dye degradation rate by ~5 times than TiO2 nanosheets (2.5 nm). More detailed 

analysis of the ALD film nucleation, and how it is affected by precursor and substrate choice, 

will be important to further tune and optimize 2D ALD materials fabrication.  

Here, we report in detail the effects of polymers used as a sacrificial layer and ALD 

materials on nanosheet synthesis. Specific sacrificial polymer substrates include poly 

methylmethacrylate (PMMA), poly vinyl alcohol (PVA), and poly acrylic acid (PAA). We 

observed that poly (vinyl alcohol) is most suitable to separate ALD film with larger size 

among the tested polymers. From PVA sacrificial layers, thicknesses of nanosheets are 

linearly fitted well with ALD film thicknesses. Also, Al2O3 nanosheets from 5 and 100 ALD 

cycles show a rough surface formed during nucleation stage in a comparable range. In 

addition, two sacrificial polymer layers produced organic/inorganic sheets after one polymer 

was dissolved. 
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Table 5.1 Fabrication methods and thickness of nanosheets. 

Methods Materials Thickness Reference 

Exfoliation 

Graphene < 1 nm 
22

 

MoS2 < 1 nm 
23,24

 

MnO2 < 1 nm 
25

 

BN 1 ‒ 7 nm 
26

 

perovskite 

Ca2Nb3O10 ~1 nm 
27

 

K2Ln2Ti3O10 

KLnNb2O7 

RbLnTa2O7 

1 ‒ 3 nm 
28

 

Hydrothermal synthesis 

NiO 30 ‒ 50 nm 
29

 

ZnO 50 nm 
30

 

TiO2 10 ‒ 15 nm 
16,17

 

BiVO4 10 ‒ 40 nm 
31

 

Thermal evaporation 
Ga2O3 20 ‒ 60 nm 

32
 

ZnS tens of nm 
33

 

ALD Al2O3, ZnO, TiO2 1 ‒ 17 nm 
1
 

 

Here, we report in detail the effects of polymers used as a sacrificial layer and ALD 

materials on nanosheet synthesis. Specific sacrificial polymer substrates include poly 

methylmethacrylate (PMMA), poly vinyl alcohol (PVA), and poly acrylic acid (PAA). We 

observed that poly (vinyl alcohol) is most suitable to separate ALD film with larger size 

among the tested polymers. From PVA sacrificial layers, thicknesses of nanosheets are 

linearly fitted well with ALD film thicknesses. Also, Al2O3 nanosheets from 5 and 100 ALD 

cycles show a rough surface formed during nucleation stage in a comparable range. In 
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addition, two sacrificial polymer layers produced organic/inorganic sheets after one polymer 

was dissolved. 

 

5.2 Experimental 

Sacrificial Polymer layer: Poly (acrylic acid) (PAA, Mw = 1,800) and poly (methyl 

methacrylate) (PMMA, Mw = 16,000 and 350,000) were purchased from Sigma-Aldrich. 

Poly (vinyl alcohol) (PVA, Mw = 16,000 with 98% hydrolysis and 95,000 with 95% 

hydrolysis) was purchased from Acros Organics. All polymers were used without further 

purification. The solvent for PVA and PAA was deionized (DI) water. PMMA was dissolved 

in toluene (anhydrous 99.8%) or tetrahydrofuran (THF, anhydrous 99.9%) purchased from 

Sigma-Aldrich. After dissolved in the solvents with 2 wt% concentration, they were spin-

coated onto a Si/SiO2 substrate for 30 s at 3000 rpm. 

Atomic Layer Deposition: Atomic layer deposition was performed in a custom hot 

wall viscous flow tube reactor where each precursor was dosed alternatively at an operating 

pressure of 2 Torr. Nitrogen gas as the carrier and purge gas was purified before introducing 

into the reactor with an inert gas filter (Gatekeeper®, Entegris Inc.). Precursors for Al2O3 and 

ZnO were Trimethylaluminum (TMA, 98%) and diethylzinc (DEZ, 95%) respectively. 

Titanium tetrachloride (TiCl4, 99%) was the precursor for TiO2 ALD. All precursors were 

purchased from Strem Chemicals, Inc. Deionized (DI) water is the co-reactant for all ALD 

processes. ALD sequences are consisted of [TMA/N2/H2O/N2] = [1/30/1/60 s] and 

[DEZ/N2/H2O/N2] = [2/50/2/50 s] for Al2O3 and ZnO films, respectively. Partial pressure for 

TMA and DEZ was 0.1 ‒ 0.2 Torr and deposition temperature was 90 °C. TiO2 film was 
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deposited with the sequence of [TiCl4/N2/H2O/N2] = [1/40/1/40 s]. Partial pressure of TiCl4 

was 0.01 ‒ 0.02 Torr and deposition temperature was 100 °C. For each run, the polymer-

coated silicon substrate with total surface area of 4 cm
2
 was loaded into the ALD reactor. As 

a control, and to provide independent analysis of the deposited film thickness, ALD layers 

were simultaneously deposited on clean oxidized silicon wafer pieces.  

Nanosheet separation: In order to facilitate the dissolution of the polymer, the ALD 

film was cut with a razor blade. Then the substrate with ALD film on the polymer layer was 

dipped in the solvent with the temperature of 70 °C. The solvents used were toluene for 

PMMA and DI water for PVA and PAA. After several minutes, the nanosheets began to 

separate from the substrate and visibly appear in the solvent solution. For further analysis, 

they were collected on a clean Si/SiO2 substrate and annealed at 450 ‒ 500 °C for 1 h in air to 

remove residual polymer. 

Characterization: ALD film thickness was measured with ellipsometry (Alpha-SE 

Ellipsometer, JA Woollam Co., Inc.) using a reference Si/SiO2 substrate. Thickness of 

nanosheets was measured from atomic force microscopy (AFM, DI 3000) image after 

annealed at 450 °C for 1 h to remove residual polymers. Optical microscopic images were 

captured with an Olympus BX60 microscope. 

 

 



 

101 

5.3 Results & Discussion 

PVA, PAA, and PMMA were used as a sacrificial layer. PVA and PAA provide good 

nucleation sites for ALD process with their hydroxyl groups (-OH).
34

 Precursors react with 

hydroxyl groups on the film surface so that where adsorptions at the surface region are 

dominant.
35,36

 Carbonyl groups (C=O) in PMMA also reacts with a precursor to initiate 

nucleation.
37

 In case of PMMA, however, precursors can diffuse more through the polymer 

layers than PVA and PAA. Therefore, ALD films were easily torn when PMMA layer is 

dissolved in toluene as ALD film is thinner. When PAA was used as a sacrificial layer, it 

dissolved so quickly because of its high water solubility and low molecular weight,
38

 so that 

most of ALD films were separated into small pieces less than 1 μm. Among these polymers, 

PVA produced the nanosheets up to ~5 mm as well as good solubility in water. Despite it 

took more time for PVA to dissolve in water than PAA, it helped ALD films to be separated 

stably in larger lateral size. Also, PVA of high molecular weight (95,000) leads to longer 

dissolution time than that of low molecular weight (16,000), which also happens for PMMA 

of low and high molecular weight. As a result, PVA with low molecular weight showed the 

best results of ALD film separation and the results in this paper were obtained using it if not 

specifically indicated.  
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Figure 5.1 Optical microscopic images of Al2O3 nanosheets from (a) 10 cycles and (b) 50 

cycles, TiO2 nanosheets from (c) 25 cycles and (d) 300 cycles, and ZnO nanosheets from (e) 

100 cycles and (f) 150 cycles. 

 

Figure 5.1(a) ‒ (f) are optical microscopic images of nanosheets. Al2O3 nanosheets 

from 10 cycles have round and flexible edges as shown in Figure 5.1(a). The flexibility of the 

nanosheets with ~1.1 nm thickness brings about the wrinkles and overlap in a nanosheet 

when collected on the new substrate. On the other hand, nanosheets from 50 cycles retain the 
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sharper shape generated when the ALD film is separated from the substrate (Figure 5.1b). 

Similarly, the edges of TiO2 nanosheets with ~1.3 nm thickness are curved and rolled up 

(Figure 5.1c) while 15.5 nm-thick nanosheets have angular shape (Figure 5.1d). Difference 

on nanosheet color indicates how much nanosheet is overlapped. Figure 1a and 1c show the 

thinnest nanosheets for Al2O3 and TiO2 confirmed visually with the optical microscope. We 

obtained Al2O3 nanosheets from 5 cycles which correspond to 0.8 nm and examined with 

AFM but it was difficult to get a microscopic image. Unlike Al2O3 and TiO2, the thinnest 

ZnO nanosheets were 17.2 nm from 100 ALD cycles (Figure 5.1e). Below 100 cycles, the 

film was separated into small particles rather than sheets, which is attributed to the 

crystallinity of ZnO film. However, ZnO nanosheets were stably obtained as the film is 

thicker like other materials as shown in Figure 5.1(f).  

Below 100 cycles, ZnO film was separated into small particles rather than sheets, 

which is attributed to the crystallinity of ZnO film. Figure 5.2(a) shows TEM image of ZnO 

nanosheets from ALD 50 cycles. They mostly have the size below 200 nm. Despite of the 

smaller size, crystallinity of ZnO is confirmed by TEM images shown in Figure 5.2(b), 

which shows α lattice spacing of wurtzite ZnO.
39
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Figure 5.2 TEM images of ZnO nanosheets from ALD 50 cycles. (a) ZnO nanosheets show 

the size less than 200 nm and (b) lattice spacing of 3.25 Å confirms ZnO crystallinity. 

 

 

 

Figure 5.3 Graphs comparing the nanosheet thickness measured from AFM to the film 

thickness from ellipsometry depending on ALD cycles for (a) Al2O3, (b) ZnO, and (c) TiO2 
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Thickness of nanosheet was obtained from the depth profile in AFM image. ALD 

film thickness was measured with a Si/SiO2 wafer by ellipsometry for each ALD run. Figure 

5.3 shows plots of thickness measured by AFM and ellipsometry as a function of ALD cycle 

number for Al2O3, ZnO, and TiO2. In all cases, nanosheet thicknesses are fitted well with 

ALD film thicknesses. Even though ZnO ALD films below 100 cycles were separated into 

small particles so that they do not look like sheets, their thicknesses are still matched with 

ALD film thicknesses measured by ellipsometry (Figure 5.3b). These graphs indicate that 

ALD is an effective way for controlling nanosheet thickness regardless of the materials. 

Figure 5.4(a) is an AFM image of Al2O3 nanosheet obtained after 5 ALD cycles with 

depth profile where the thickness of nanosheet is ~1.7 nm. The magnified scan image from 

the white dotted box in Figure 5.4(a) shows RMS roughness of 2.0 nm (Figure 5.4b). The 

Al2O3 nanosheet from ALD 100 cycles has rough surface as shown in an AFM depth profile 

(Figure 5.4c) and similar RMS of 1.8 nm with the nanosheet from ALD 5 cycles (Figure 

5.4d). However, another nanosheet from the same ALD process shows a quite flat surface 

(Figure 5.4e). The RMS roughness measured with inside nanosheet is ~1.1 nm. Figure 5.4(f) 

is the AFM image of sacrificial PVA layer after spin coating with RMS of 0.5 nm. Therefore, 

Al2O3 nanosheets roughness does not resulted from the roughness of polymer layer. They 

may show a different side of Al2O3ALD film. During nucleation that happens for the first 20 

cycles, small Al2O3 clusters form at the surface.
35,36

 After these clusters cover and block the 

surface, a smooth film forms on that. Despite PVA has hydroxyl group reactive with 

precursor on the surface, so that precursor diffusion through PVA film is much less than 

other polymer like polypropylene or polyethylene, the diffusion in several nm could happen 
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on PVA film. Therefore, the nanosheet from 5 cycles which is in a nucleation stage has 

uneven surface in either side but freestanding nanosheets from 100 cycles have even and 

uneven surface from the top and bottom of ALD film. Since there is no preferable side when 

the nanosheets were collected on the new Si/SiO2 substrate, both side can be shown as the 

surface. 

We also explored creation of organic/inorganic bi-layer heterojunction nanosheets. 

The process started with a thin (~100 nm) sacrificial polymer (PVA) dissolved in DI water 

and spin-coated with a second solvent-resistant polymer (PMMA) dissolved in THF. Because 

the PVA and PMMA dissolve in different solvents, they are expected to be immiscible. The 

polymer stack is then exposed to 100 cycles of ALD TiO2 at 100 °C. In this case, organic-

inorganic hybrid film can be obtained during dissolution of one polymer. Figure 5.5(a) is 

TiO2/PMMA bilayer sheets separated from the substrate when PVA layer was dissolved. 

Only with the edge and one cut inside the film, two large bilayer sheets were obtained. Also, 

when the film was cut in small rectangular shape, the bilayer sheets composed of ZnO (30 

cycles) and PMMA layers were separated along the cut lines during PVA dissolution as 

shown in Figure 5.5(b). Many kinds of inorganic materials have been coordinated with 

organic materials to form organic-inorganic hybrid films based on synergetic interaction 

between organic and inorganic materials.
40

 Stoock et al. demonstrated that free-standing 

polymer film with well-defined size and shape as well as controlled thickness.
41

 Also, as 

organic/inorganic thin film, Vendemme et al. showed free-standing ~35 nm nanomembrane 

consisted of 5 nm PVA film and ~30 nm inorganic layers.
42

 Our result first introduced ALD 
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as organic/inorganic hybrid films and they have potential for application in the fields of 

optics or biology.
43,44

 

 

 

Figure 5.4 AFM image of Al2O3 nanosheet obtained from (a) ALD 5 cycles and (c) 100 

cycles. (b) and (d) are the magnified images inside nanosheet marked with the dotted box 

from (a) and (b). (e) Al2O3 nanosheet from ALD 100 cycles with smooth surface. (f) AFM 

image of spin-coated PVA (Mw=16,000) used as a sacrificial layer. 
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Figure 5.5 Pictures of (a) TiO2/PMMA bilayer sheets separated during PAA dissolution and 

(b) ZnO/PMMA bilayer sheets during PVA dissolution.  

 

5.4 Summary 

In summary, we presented the effects of ALD materials, sacrificial polymers, and 

ALD cycles on the nanosheets synthesized by ALD. When PVA with Mw = 16,000 was used 

as a sacrificial polymer, TiO2 nanosheets with high aspect ratio (up to 20,000) were stably 

obtained. Due to various crystallinity of ALD films, the minimum thickness of nanosheets 

that have lateral size of > ~1 μm depends on materials. ZnO ALD film that has high 

crystallinity produced nanosheets with the minimum thickness of ~17 nm, which is thicker 

than ~1 nm of TiO2 or ~1.7 nm of Al2O3. Also, we introduced organic-inorganic sheets using 

double polymer layers before ALD, which can expand the application of ALD nanosheets to 

biomedicine or optics. 
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Chapter 6 

Field Effect Transistor by Nanosheets Fabricated using Atomic 

Layer Deposition 
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6.1 Introduction 

Ultra-thin two dimensional (2D) nanosheets have showed unique mechanical, optical, 

or electrical properties such as high thermal conductivity or high stiffness.
1
 Especially, 

unique electrical properties of nanosheets come from confinement of electrons in 2D plane. 

Field effect transistor (FET) is a transistor using electrical field to flow electron where output 

current is controlled by electrical field. When metal oxide semiconductor is applied in FET 

as a channel, it is called in metal oxide semiconductor FET (MOSFET). Since the 

performance of FET depends on the electrical properties of metal oxide film, transistor has 

been fabricated to demonstrate unique electrical properties of ultra-thin nanosheets. Figure 

6.1 shows one kind of a transistor with lithium vanadate graphene (LiVO-graphene) 

nanosheet using bottom gate.
2
 Zhu et al. demonstrated carrier type of graphene layer could be 

modified by the position of lithium atoms and conductivity of nanosheets could be controlled 

by external electric field. Also, Lee et al. fabricated a phototransistor with a few layers of 

MoS2 nanosheet as transparent gate electrode.
3
 Dogan et al. showed a few nanometer height 

of PbS nanosheets has photoconductivity.
4
  

Here, we fabricated bottom gate transistor with TiO2 nanosheet using atomic layer 

deposition (ALD) and measured the current between source and drain by sweeping gate and 

drain voltage. Unlike we expected, the results did not show the typical properties of n-type 

semiconductor and we attribute it to defects between nanosheet and SiO2 substrate. 
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Figure 6.1 Schematic illustration of LiVO-graphene based transistor.
2
 

 

6.2 Experimental Procedure 

Boron doped p-type Si substrate with resistivity < 0.1 Ω·cm was used as gate 

electrode. SiO2 gate dielectric layer (100 nm) was thermally formed on gate electrode and 

one corner of SiO2/B-doped Si electrode was etched in HF solution (10 %) for 30 sec for gate 

contact. Titania nanosheets with thickness of ~5 nm were fabricated using ALD as the same 

method presented in chapter 4. After released in deionized (DI) water, TiO2 nanosheets were 

placed on SiO2 (100 nm)/B-doped Si electrodes followed by annealing at 450 °C for 1 h in 

air. As source and drain electrodes, Au (100 nm) and Cr (10 nm) were deposited on both side 

of TiO2 nanosheet by thermal evaporation using a mask. The space between electrodes was 

300 μm and height of electrodes was 1 mm. The general structure is similar with the 

transistor with bottom gate and top contact shown in Figure 6.1. 

Semiconductor parameter analyzer (HP 4156A) was used for I-V characterization. 

The gate contact was established through the etched surface with a probe. By sweeping VSD 

or VG, the current between source and drain (ISD) was monitored. 

 



 

118 

6.3  Results and Discussion 

Figure 6.2(a) shows TiO2 nanosheet collected on SiO2/B-doped Si substrate and 

annealed at 450 °C for 1 h. Figure 6.2(b) is an optical microscopic image of the same 

nanosheet after source/drain electrodes deposition by thermal evaporation with the space of 

300 μm. The overall picture of TiO2 nanosheet transistor is shown in figure 6.2(c). One 

corner was etched before TiO2 nanosheet collection for gate contact. 

 

 

Figure 6.2 Optical microscopic images of (a) TiO2 nanosheet place on SiO2/B-doped Si 

wafer after annealed and (b) after Au/Cr thermal evaporation on both sides of nanosheets. (c) 

Picture showing TiO2 nanosheet FET with a total size of ~1.1 cm.  

 

Figure 6.3(a) is IDS-VDS graph under sweeping gate voltage (VG) from -4 to 4 V. As 

n-type semiconductor,
5,6

 IDS should be increased with increased VG with TiO2 channel but 
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they present no dependence on gate voltage. In addition, IDS is decreased as VG is increased 

from -20 V to 20 V under VDS = 1 V as shown in Figure 6.3(b). This is a behavior of p-type 

channel rather than that of n-type channel.
7
  

 

 

Figure 6.3 (a) IDS-VDS graph under various gate voltage (-4 ‒ 4 V). (b) IDS-VG graph under 

VDS = 1 V. 

 

We believed that one main reason why the device did not show n-type field effect 

with TiO2 channel is interface defects between a nanosheet and SiO2/Si electrode brought 

about during nanosheet collection from the solvent. To overcome a drawback of interfacial 

defects, we annealed the device under vacuum or air. In addition, Ti/Au or Ti/Al was used as 

source/drain electrodes instead of Cr/Au. However, no improvement of the devices was 

observed with TiO2 nanosheets. The increase in nanosheet thickness that can provide enough 

carriers or decrease in interfacial defects between electrodes and nanosheet would be 

expected to improve the characteristics of FET with TiO2 nanosheets. 
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6.4  Summary 

In conclusion, we have fabricated bottom gate MOFET with 5 nm thick-TiO2 

nanosheet to demonstrate electrical properties of nanosheet using ALD. Despite of n-type 

channel, it was found that the device did not show I-V characteristics from typical n-type 

field effect, which might be resulted from high density of defects that present between 

SiO2/Si electrode and nanosheet. Also, 5 nm thickness of TiO2 nanosheet would not be 

enough to provide carriers. We expect that the optimization of nanosheet thickness and 

decrease in interfacial defects can improve the TiO2 nanosheet FET to show n-type field 

effect. 
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Chapter 7 

Photoeletrochemical Properties of Electrodeposited Cu2O Film 
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7.1 Introduction 

Cu2O is p-type semiconductor with a direct bandgap of ~2.0 eV.
1
 This narrow 

bandgap allows the film to absorb visible light as well as UV light, which is suitable for solar 

cells, water splitting, or photocatalysts.
2-5

 When Cu2O forms heterostructures with n-type 

semiconductor such as ZnO or TiO2, the possibility of recombination of electron-hole pairs is 

decreased by facilitating separation and transfer of photoinduced charge enhancing the 

efficiency.
6-8

 Cu2O film has been deposited with various techniques such as thermal 

oxidation of copper,
9,10

 sol-gel-like dip methods,
11

 vacuum evaporation,
12

 chemical vapor 

deposition
13

, or hydrothermal synthesis.
14

 Compared to other techniques, electrodeposition is 

very useful to easily and accurately control their morphology or thickness depending on 

applied potential, magnetic field, concentration, and pH of the deposition solution.
15-19

 

Proposed mechanism of Cu2O electrodeposition is,
20

  

2Cu
2+

 + 2e
−
 + H2O → Cu2O + 2H

+ 

Although Cu2O has great potential for use in solar cells and water splitting, the most 

challenge is its chemical and mechanical instability in the solution including water or at high 

temperature. Under those conditions, Cu2O is oxidized to CuO or reduced to Cu.
21,22

 

Therefore, the maximum efficiency of Cu2O solar cells to date is still 2%
4
 even though the 

theoretical efficiency is 14% to 20%.
23

 The reason for degradation in water splitting is that 

the redox potential of Cu2O is placed between its bandgap ranges as shown in Figure 7.1.
24

 

Recently, Paracchino et al. showed that TiO2 film as a protective layer with Al-doped ZnO 

(Al:ZnO) film as a buffer layer deposited by atomic layer deposition (ALD) efficiently 
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protected Cu2O for photoelectrochemical (PEC) water splitting.
2
 They also found that higher 

efficiency could be achieved with the optimal thickness of Al:ZnO and TiO2 ALD layer after 

annealing at 200 °C in air.  

 

 

Figure 7.1 Conduction and valence band edges for Cu2O and TiO2 (vs. SHE) in comparison 

with redox potentials of relevant species.
24

 A solution pH of 6 was assumed. 

 

We present here that morphology and thickness of electrodeposited Cu2O are varied 

with pH of the solution, deposition temperature, and deposition time. Moreover, we 

investigated the electrochemical behavior of Cu2O film with different thickness. As buffer 

layer and protective layer, Al:ZnO and TiO2 ALD films were deposited on the Cu2O film as 
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Paracchino et al. demonstrated.
2
 The results, however, showed no improvement in 

photochemical stability with ALD films in the same thickness. 

 

7.2 Experimental procedure 

The deposition solution is 0.3 M CuSO4 and 3 M lactic acid in DI water. The 

solutions are adjusted to pH 9 ‒ pH 13 with 0.1M KOH aqueous solution. All chemicals were 

purchased from Sigma-Aldrich and used without further purification. Cu2O films were grown 

using Wavenow50 (Pine Instrument) potentiostat with copper wire as a counter electrode and 

an Ag/AgCl reference electrode (Broadley-James). The films were electrodeposited at -0.45 

V vs Ag/AgCl reference electrode (-0.253 V vs NHE) at temperature range between 30 °C 

and 70 °C. The substrate for electrodeposition was fluorine-doped tin oxide (FTO) glass 

substrates (TEC 8, Pilkington) after cleaning with ethanol and deionized (DI) water followed 

by drying out residual solvents with nitrogen stream. Platinum nanoparticles were 

electrodepsosited in dark on Cu2O on FTO glass using 1 mM H2PtCl6 and 0.5 M Na2SO4 

aqueous solution with Pt mesh as a counter electrode. During deposition, current density was 

fixed at 200 μA/cm
2
 for 10 s. 

Cu2O film thickness was measured with surface profilometry (Dektak D150, Veeco) 

and surface morphology was investigated with scanning electron microscopy (PHENOM™, 

FEI). Crystallinity of Cu2O was determined using the Rigaku SmartLab X-ray diffractometer 

with Cu Ka radiation as an X-ray source (40 kV, 44 mA).  
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ALD was performed in a custom hot wall viscous flow tube. The precursors for ZnO, 

Al2O3, TiO2 films are diethylzinc (DEZ, 95%), trimethylaluminum (TMA, 98%), and (TiCl4, 

99%) respectively, with deionized (DI) water as co-reactant. All precursors were purchased 

from Strem Chemicals, Inc. Nitrogen was used as the carrier and purge gas and purified 

before use with an inert gas filter (Gatekeeper
®
, Entegris Inc.). ALD sequence for TiO2 films 

was [TiCl4/N2/H2O/N2] = [1/40/1/40 s] at 100 °C. Al-doped ZnO film (Al:ZnO) was grown 

with the sequences of [TMA/N2/H2O/N2] = [1/30/1/30 s] and [DEZ/N2/H2O/N2] = [2/50/2/50 

s], respectively at process temperature of 60 °C. One cycle for Al:ZnO film was consisted of 

25 cycles of ZnO followed by 1 cycle of Al2O3. Operating pressure was 2 Torr and partial 

pressure of DEZ, TMA, and DI water was 0.1 ‒ 0.2 Torr. The partial pressure of TiCl4 was 

0.02 Torr. 

For photoelectrochemical measurement, electrical connection was made to the sample 

by contacting FTO glass with a copper wire (0.064 in in diameter) with silver paste (Pelco, 

conductive silver 187). Glass tube was put through the Cu wire, so that the surface-normal of 

the substrate was perpendicular to the glass tube. Non-conductive epoxy (Hysol 9462, 

Loctitte) was used for sealing at the end of the glass tube as well as around the sides of the 

FTO glass to prevent the FTO layer being exposed to the electrolyte. After that, they were 

cured under a heating gun at ∼80 °C in ambient environment. The active area of the 

photoelectrode was measured with ImageJ software from the photo images of the electrodes. 

All electrochemical measurements under light were performed in a custom fabricated glass 

cell with quartz window on one side using a three-electrode configuration under front 

illumination AM 1.5. A potentiostat (VersaSTAT 3, Princeton Applied Research) was used 
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for cyclic voltammetry (CV) measurement where the potential was swept from -0.2 to 0.9 V 

vs Ag/AgCl reference electrode (Broadley-James) at a scan rate of 10 mV/s under dark and 

then under light. Also, the stability of photocurrent was measured under chopped light 

illumination (light for 40 s and dark for 20 s). Platinum mesh was served as the counter 

electrode. All electrodes were tested in 1 M Na2SO4 at pH 4.9, which was continuously 

bubbled with ultrahigh purity Ar to remove oxygen and H2 from the solution. 

 

7.3 Results and Discussion 

Figure 7.2 shows electrodeposited Cu2O films on FTO glass for 10 min with various 

deposition temperature and pH of the solutions. When the solutions have pH range from 9 to 

11, Cu2O films show bright yellow color. The color is gradually changed to red as the 

temperature is increased. The Cu2O films from the pH 9 solution have reddish yellow color 

from 60 °C while the similar color appeared from 40 °C in the films electrodeposited from 

pH 10 or pH 11 solution. The film from the pH 12 solution shows red color from 30 °C but 

the uniform film is shown from 50 °C. The pH 13 solution is not suitable for 10 min 

deposition at this temperature range to get uniform Cu2O film. At 30 and 40 °C, no film 

deposition was observed, and Cu2O was deposited partially and non-uniformly even at higher 

temperature. The Cu2O films obtained from pH 11 solution at 60 and 70 °C shows cloudy 

surface, which is resulted from high scattering from larger crystal sizes.
25

 When compared to 

the films deposited from higher pH solution (pH 12 ‒ pH 13), lower pH solutions produce 

more uniform films. 
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Figure 7.2 Pictures of electrodeposited Cu2O film on FTO glass with varying solution pH 

and deposition temperature for 10 min. 

 

Figure 7.3(a) shows dependence of Cu2O film thickness on the deposition 

temperature from pH 9 to pH 12. In general, thickness of Cu2O film is increased with 

increasing pH but the films deposited from pH 10 and pH 11 solutions show similar 

thickness for all temperature range. At pH 9, the film thickness is very slowly increased 

depending on the deposition temperature while the films from higher pH show stronger 

temperature dependency. In particular, thickness increases faster after 50 °C than below 50 

°C for pH 10 ‒ pH 12. Figure 7.3(b) is XRD spectra of the film electrodeposited at 40 °C 

from the solution with pH 10 for 1 h confirming Cu2O.  



 

129 

 

 

Figure 7.3 (a) Graph of Cu2O film thickness electrodeposited for 10 min depending on 

deposition temperature with varying pH of the solution. As temperature or pH of the solution 

is increased, film is thicker. (b) XRD spectrum of Cu2O film on FTO glass grown with the 

solution of pH 10 at 40 °C for 1 h. The peaks from Cu2O film and FTO glass are marked with 

red circles and open black circles, respectively. 

 

Figure 7.4 shows SEM images of Cu2O films on FTO glass deposited at constant 

temperature, 40 °C with different pH and deposition time. All grains have triangular 

pyramidal shapes densely packed. The size of a grain is larger with longer deposition time. 

At pH 11, the film for 1 h deposition shows grains with ~2 um size (Figure 7.4b) which is 

much larger than that for 10 min deposition, less than 1 um (Figure 7.4a). Similarly, Cu2O 

film deposited for 1 h from pH 12 solution has larger grain size with up to 10 μm but 10 min 

deposition produces ~2 μm gains (Figure 7.4c and d). When compare Figure 7.4(a) and 

7.4(c), the solution with high pH grows larger grains than the solution with low pH for 10 

min deposition. Also, Cu2O film deposited for 1h shows an increase in grain size when pH of 
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the solution is increased from pH 11 to pH 12. The Cu2O grain size from the solution with 

pH 11 for 1 h deposition is similar that from the solution with pH 12 for 10 min deposition. 

 

 

Figure 7.4 SEM images of electrodeposited Cu2O film on FTO glass with the solution (pH 

11) at 40 °C (a) for 10 min and (b) for 1 h. The Cu2O grains grow larger (~2 um) for l h 

electrodeposition. (c) and (d) are Cu2O films with the solution (pH 12) at 40 °C for 10 min 

and for 1 h, respectively. The grain size for 1 h electrodeposition is ~5 um which is bigger 

than that for 10 min electrodeposition (~2 um). Also, high pH solution produces bigger Cu2O 

grains. 
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Figure 7.5 SEM images of electrodeposited Cu2O film on FTO glass with the solution (pH 

12) for 10 min at (a) 40 °C, (b) 50 °C, (c) 60 °C, and (d) 70 °C. The grain size is increased as 

the deposition temperature is increased. 

 

To confirm the effect of the deposition temperature clearly, Cu2O films were 

deposited from the solution with pH 12 for 10 min with different temperature. Figure 7.5 is 

SEM images of Cu2O film deposited at the deposition temperature from 40 °C to 70 °C. They 

clearly show temperature dependency of morphology, that is, the grain size becomes larger 

as the deposition temperature is increased. At 40 °C, grain size is 1 μm ‒ 1.5 μm and it is 

increased to ~4 μm at 70 °C, but there is no change observed in the shape of grains. They all 
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show pyramidal triangular shapes and two or more particles aggregate. The deposition 

temperature and the pH of the solution dependency is also observed by Bijani et al.
26

 He 

explored modification of Cu2O morphology on titanium substrate by bath pH, bath 

temperature, and applied potential. There is an increase in grain size of Cu2O when bath pH 

is increased from 9 to 12 which are similar with our results. Also, they obtained large grain 

size when bath temperature goes up from 30 °C to 60 °C at -300 mV without morphological 

change but at the potential -600 mV, there are grain size increases as well as obvious 

morphological change. 

 

 

Figure 7.6 (a) CV measurement and (b) chopped illumination measurement (0 V vs NHE) 

for electrodeposited Cu2O film for 10 min at 40 °C (pH 11). (c) CV measurement and (d) 

chopped measurement (0 V vs NHE) for electrodeposited Cu2O film for 1 h at 40 °C (pH 11). 
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Figure 7.6 is cyclic voltammetry (CV) and photoelectrochemical response of 10 min-

electrodeposited Cu2O film (pH 11, 40 °C). As a bare film, it exhibits photooxidation at 0.4 

V and 0.7 V under light. (Figure 7.6a) Photoreduction of water is shown with -0.75 mA/cm
2
 

vertical offset. (Figure 7.6b) Under chopped light, the photoelectrode shows photocurrent of -

0.3 mA/cm
2
 at initial illumination but no clear response to chopped light. Also, the reduction 

decomposes Cu2O to Cu gradually within ~7 min during photoelectrochemical response, 

which is confirmed by color change of the surface to black. On the other hand, 1 h-

electrodeposited film shows photooxidation at 0.5 V and 0.75 V which are shifted to positive 

potential when compared to 10 min-electrodeposited film (Figure 7.6c and d). But the current 

density of the highest peak (0.5 V) is much lower than that (0.4 V) in Figure 7.5(a). 

Photoreduction of water is observed with -0.6 mA/cm
2
 vertical offset. Regarding 

photocurrent stability, 1 h electrodeposited film also shows reduction of Cu2O to Cu for 20 

min although it clearly responses to chopped light. 

To protect Cu2O film from photooxidation and photoreduction, TiO2 ALD layer and 

Al:ZnO buffer layer were deposited on 10 min-electrodeposited Cu2O film. Total ALD layer 

is composed of 11 nm TiO2 (210 cycles at 100 °C) and 21 nm Al:ZnO film (60 °C) with the 

ratio of ZnO:Al2O3 as 4.2 nm:0.12 nm, which follow the best results from the literature.
2
 

Figure 7.7(a) shows the CV result of the Cu2O photoelectrode with ALD layers. Similar to 

the bare Cu2O, there are two photooxidation peaks at 0.38 V and 0.75 V but the intensities of 

the peaks are much lower than those of bare Cu2O films. Also, the photoreduction of water 

shows a vertical offset of 0.1 mA/cm
2
. The initial photocurrent under chopped illumination is 

-0.06 mA/cm
2
 but it decays quickly with time (Figure 7.7b). Figure 7.7(c) and (d) show the 
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effect of post annealing of ALD layers at 200 °C for 45 min in air. The photooxidation peaks 

appear at the same potential with before annealing. However, Cu2O photoelectrode with 

ALD after annealing retains initial photocurrent value for 20 min although it is decreased to -

0.02 mA/cm
2
.  

 

 

Figure 7.7 (a) CV measurement and (b) chopped measurement for electrodeposited Cu2O 

film for 10 min at 40 °C (pH 11) with ALD film. (c) CV measurement and (d) chopped 

measurement for electrodeposited Cu2O film for 10 min at 40 °C (pH 11) with ALD film 

followed by annealing at 200 °C for 45 min in air. Here, ALD film is composed of total 5 

cycles of Al:ZnO (ZnO 25 cycles and Al2O3 1 cycle) and 210 cycles of TiO2. 
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7.4 Summary 

In summary, we showed that thickness of Cu2O film depends on pH of the solution 

and deposition temperature, and deposition time. High pH and temperature as well as longer 

deposition time make Cu2O film thicker. Also, the grain size of Cu2O showed the same trend 

of dependency on them. The Cu2O film deposited 1 h shows obvious photoresponse to the 

chopped light while the film from 10 min electrodeposition does not respond to that. Both 

films quickly degrade in 7-20 min. As protective and buffer layers, TiO2 and Al:ZnO ALD 

films was expected to prevent photooxidation under light during CV measurement and stably 

respond to the chopped light. However, Cu2O photoelectrodes with ALD layers still shows 

photooxidation peaks regardless of post annealing.  
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Chapter 8 

The Effect of ZnO ALD film on Free-standing Cu2O Sheets by 

Electrodeposition on Dye Photodegradation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter contains preliminary results that can be expanded for publication.  
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8.1 Introduction 

Copper (I) oxide (Cu2O) has attracted considerable attention with great potentials in 

solar cells, water splitting, or photocatalysts.
1-3

 It is p-type semiconductor with a direct band 

of ~2.0 eV, which allows Cu2O to absorb visible light as well as UV light.
4
 Cu2O film 

composes p-n junction with n-type semiconductor such as TiO2 or ZnO to enhance efficiency 

since they increase electron-hole separation as well as absorbing more photons from the light 

source.
5-8

 In addition to n-type semiconductor, Cu2O recently hybridizes with reduced 

graphene oxide (rGO) for hydrogen generation where rGO acts as electron acceptor like p-

type semiconductor
4
 or with carbon nanotubes for Li-ion batteries.

9
 These heterojuction 

structures of Cu2O with other materials enhance the efficiency. For example, phenol is 

degraded ~12 times faster with Cu2O nanoparticles on TiO2 nanosheets than with only TiO2 

nanosheets.
5
 Similarly, Cu2O/ZnO compounds degrade ~70% of methyl orange dye in 3 h 

while ~30% of dye is decomposed with ZnO. Also, no hydrogen production is observed only 

with TiO2 but Cu2O/TiO2 catalysts produce 290 μmol/h hydrogen from water.
7
 In addition, 

hydrogen production is increased by more than 13 times with Cu2O/TiO2 catalysts compared 

to TiO2 catalysts.  

Cu2O can be grown with various techniques such as chemical deposition,
10,11

 

sputtering,
12,13

 electrodeposition,
14,15

 and hydrothermal synthesis.
16,17

 Among these 

techniques, electrodeposition is effective and inexpensive way for Cu2O growth in 

controllable morphology, crystal size, and film thickness depending on pH of the deposition 

solution,
15,18

 addition of ionic liquid,
19

 or concentration of the surfactant.
20

 In particular, there 
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are growing interests on morphology control since Cu2O has high dependence of reactivity 

on the morphology. For example, Ho et al. demonstrated that various Cu2O structures have 

effects on photocatalytic activity depending on dye solutions.
21

 The {1 1 1} faces have active 

photocatalytic effect for negatively charged molecules but not for positively charged modules 

while the {1 0 0} faces are neutral with no interaction for charged molecules. This different 

activity of facets also results in selective Au deposition.
22

 Xu et al. showed that octahedral 

Cu2O particles with exposed {1 1 1} faces have much higher photocatalytic activity than 

cubic Cu2O particles.
23

  

We present here free standing Cu2O sheets grown by electrodeposition and their 

photocatalytic activity with methyl orange (MO) solution under UV and visible light. The 

effect of ZnO ALD layer on Cu2O film is also investigated.  

 

8.2 Experimental procedure 

The deposition solution was prepared by 0.3 M CuSO4 and 3 M lactic acid in DI 

water. The solution was adjusted to pH 12 with 0.1 M KOH aqueous solution. All chemicals 

were purchased from Sigma-Aldrich and used without further purification. Cu2O films were 

grown using Wavenow50 (Pine Instrument) potentiostat with copper wire as a counter 

electrode and an Ag/AgCl reference electrode (Broadley-James). The substrate was indium 

oxide coated polyethylene terephthalate (PET) film (surface resistivity ≤ 10 Ω/sq, Sigma-

Aldrich). The films were electrodeposited at constant potential, -0.45 V vs SCE or at constant 

current density, -0.4 mA/cm
2
 at 40 °C for 1 h. After deposition, the films were washed with 
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fresh DI water and blown with N2. Cu2O film thickness was measured with surface 

profilometry (Dektak D150, Veeco) and surface morphology was investigated with scanning 

electron microscopy (PHENOM™, FEI). 

ALD on eletrodeposited Cu2O film was performed in a custom hot wall viscous flow 

tube. Precursor was diethylzinc (DEZ, 95%, Strem Chemicals, Inc) with deionized (DI) water 

as co-reactant. Nitrogen was used as a carrier and purge gas and purified before use with an 

inert gas filter (Gatekeeper
®
, Entegris Inc.). ALD sequence is consisted of [DEZ/N2/H2O/N2] 

= [2/50/2/50 s] at process temperature of 60 °C. Operating pressure was 2 Torr and partial 

pressure of DEZ and DI water was 0.1 ‒ 0.2 Torr. Under this condition, ZnO growth rate was 

1.7 Å/cy. 

To investigate photocatalytic effect, Cu2O or Cu2O/ZnO sheets were separated from 

indium oxide coated PET film by bending with hand and then collected in Pyrex vial. The 

surface area of sheets was fixed at 160 cm
2 

if not indicated. Methyl orange (MO) solution of 

10 ppm was used as organic dye. Before measurement, MO solution with Cu2O sheets were 

stirred under dark for 30 min. Absorbance of methyl orange solution was measured using 

UV-vis spectrophotometer (Evolution 300, Thermo Scientific Inc.) at 466 nm every 10 or 30 

min after UV irradiation with UV flood system (Intelli-Ray 400, Uvitron International). 

Visible light was irradiated from solar simulator (M-9119, Newport) equipped with a 300 W 

xenon lamp where light intensity was adjusted to AM 1.5 G with a calibrated Si standard 

solar cell (91150V, Newport). 
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8.3 Results and Discussion 

Figure 8.1(a) shows bare ITO-PET film. After electrodeposition for 1 h, uniform 

Cu2O film was formed on the ITO-PET film (Figure 8.1b). The film thickness measured by 

profilometry was ~1 μm. Simple bending with hands isolates Cu2O film from the substrate as 

shown in Figure 8.1(c) into sheets and they were easily rolled up because of bending (inset 

image). After separation, ITO-PET substrates are still conductive, which means only Cu2O 

films were detached from the substrate. The sheets have various size and shape since they are 

separated randomly without control on shape or size. Figure 8.1(d) shows one Cu2O sheet 

that have ~5 mm in lateral size.  

Cu2O sheets can be directly collected in the vial for photocatalysis experiment. The 

photocatalytic effect of Cu2O sheets is examined with MO aqueous solution (10 ppm). 

Separated Cu2O sheets with total surface area of 160 cm
2
 are collected in Pyrex vial with MO 

aqueous solution. Figure 8.2(a) shows dye degradation with Cu2O sheets depending on 

irradiation time under UV-light. The absorbance is measured at 466 nm which is prominent 

peak of MO dye and decrease in the peak intensity means MO decomposition or oxidation. 

The concentration of the solution is decreased for 30 min but after that, it is increased again 

up to 120 min. Once it reaches at the initial value at 120 min, the concentration does not 

change from the initial value at 150 min. On the other hand, when ZnO ALD film (17 nm 

from 100 cycles) is deposited on Cu2O film at 60 °C before isolation, the dye keeps 

degrading for 150 min as shown in Figure 8.2(b). Even though the mechanism about MO 

recovery is not clear now, ZnO as an n-type semiconductor protects Cu2O from reducing. To 
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investigate that increase in absorbance at 466 nm is resulted from any chemical bond change, 

UV-vis spectrum between 250−650 nm was obtained. Figure 8.2(c) and (d) show that there 

are only absorbance decrease for 30 min and increase between 30 and 150 min (30, 40, 50, 

70, 80, 90, 100, and 150 min) without peak shift. Therefore, MO molecules are oxidized by 

Cu2O, but after some time, it is recovered to the initial concentration. Further analysis like 

mass spectrometry is needed to find out what happens in MO solution during UV irradiation. 

 

 

Figure 8.1 Pictures of ITO-PET film (a) before electrodeposition and (b) after 

electrodeposition for 40 °C 1 h. (c) Cu2O film is easily separated from the substrate by 

bending. Inset shows the rolled-up Cu2O sheet. (d) Picture of the isolated Cu2O sheet that has 

a length of ~5 mm. 
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Figure 8.2 Photodegradation of methyl orange under UV-irradiation with (a) Cu2O sheets 

and (b) Cu2O sheets with ZnO ALD film (~17 nm) depending on UV irradiation time. (c) 

Absorbance spectrum of MO solution with Cu2O sheets every 10 min for 30 min. The dotted 

arrow indicates decrease in absorbance at 466 nm. (d) Absorbance spectrum (250–650 nm) of 

MO solution with Cu2O sheets with ZnO ALD film from 30 min to 150 min (30, 40, 50, 70, 

80, 90, 100, and 150 min). The absorbance at 466 nm keeps increasing during measurement 

without peak shift. 

 

To confirm absorbance increase is resulted from Cu2O sheets, the same experiment 

was done with small amount of Cu2O sheets. In this case, however, Cu2O sheets were 

removed from the MO solution after 90 min using filter paper. Since less amount of Cu2O 

sheets was used for this measurement (< 160 cm
2
), photodegradation rate is much slower 
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than Figure 8.2(a), but Figure 8.3 shows the same trend before filtering. Also, there is no 

change in absorbance after filtering of Cu2O sheets. Therefore, absorbance increase during 

UV-irradiation observed with Cu2O sheets is attributed to Cu2O sheets, not to MO solution 

alone. 

 

 

Figure 8.3 Photodegradation of MO solution with Cu2O sheets under UV light. Cu2O sheets 

were filtered after 90 min measurement. After that, there is no change in concentration. 

 

In general, Cu2O/ZnO composites combined as p-n junction accelerates dye 

degradation by effective separation of electron-hole pairs.
24

 The slopes of Figure 8.2(a) and 

(b) means the apparent rate constants and show dye photodegradation rate of Cu2O sheets 

and Cu2O/ZnO sheets, respectively. The apparent rate constant for Cu2O sheets obtained the 

data before increase in concentration is 0.041 min
-1

, while Cu2O/ZnO sheets have ~0.011 

min
-1

 that is much slower than that of only Cu2O sheets (Figure 8.4a and b). Figure 8.4(c) is 

the SEM image of as-deposited Cu2O film where Cu2O crystals in triangular shape are 
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packed densely with ~500 nm as well as with larger size with ~2 um. Exposed facets of the 

crystals are photoactive (1 1 1).
25

 Interestingly, larger Cu2O crystals are removed from the 

film after 100 cycles of ZnO ALD leaving holes on the surface as shown in Figure 8.4(d). 

They might be removed during purge in the ALD reactor and the decreased Cu2O density 

may result in reduced activity after ZnO ALD. 

 

 

Figure 8.4 Linear plots of ln (C/C0) vs UV irradiation time with (a) Cu2O sheets and (b) 

Cu2O sheets with ZnO ALD film (extracted from Figure 8.2a and b). The slopes mean the 

apparent rate constant. SEM images of (a) Cu2O film electrodeposited for 1 h and (b) Cu2O 

film electrodeposited for 1 h followed by ZnO ALD 100 cycles at 60 °C. 
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Figure 8.5 (a) Dye degradation under visible light with Cu2O and Cu2O/ZnO and (b) ln 

(C/C0) vs visible light irradiation time plots calculated from (a). The apparent rate constant 

extracted from the slope is 0.024 min
-1

 or 0.003 min
-1

 for Cu2O and Cu2O/ZnO sheets, 

respectively.  

 

Photocatalytic activity of Cu2O was also examined under visible light. Figure 8.5(a) 

shows that MO solution is gradually degraded with Cu2O or Cu2O/ZnO sheets. Unlike under 

UV light, MO solution continues degradation even with only Cu2O sheets under visible light. 

When compared to Cu2O sheets (apparent rate constant = 0.024 min
-1

), Cu2O/ZnO sheets has 

slower dye degradation with apparent rate constant of 0.003 min
-1

, as happened under UV-

light. The different effect of UV light and Visible light on dye degradation with Cu2O sheets 

would be explained after more analysis. 
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8.4 Summary 

In summary, we presented that free-standing Cu2O sheets from electrodeposition 

using flexible ITO-PET substrates have photocatalytic effect on dye solutions. Under UV 

light, Cu2O sheets degrade dye molecules for 30 min but after that, the concentration of dye 

solution was increased. This dye recovery was not observed for Cu2O sheets with ZnO ALD 

layer. On the other hand, dye solution kept being degraded with Cu2O sheets under visible 

light. When compared Cu2O sheets, Cu2O sheets with ZnO ALD layer showed slower dye 

degradation rate under UV or visible light. It may be resulted from Cu2O damage during 

ALD despite of low process temperature. Also, SEM images of Cu2O films before and after 

ALD shows that some loss of Cu2O grain during ALD could contribute to decrease in dye 

degradation rate. Further analysis is required to figure out the mechanism for concentration 

increase in dye solution with Cu2O sheets under UV light. 
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Chapter 9 

Summary and Outlook 
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9.1 Summary 

ALD has been exploited over 50 years. However, its ability to deposit film uniformly 

and conformally in atomic range even on the surface with high aspect ratio is becoming more 

important with scale-down to nanometer range in electronics. ALD films are employed as 

insulating layer
1
 or high-k dielectrics

2,3
 in nanoelectronics. On the other hand, the limitation 

of ALD which is slow deposition rate is becoming less important.
4
 Low process temperature 

allows ALD on thermally weak substrates such as fibers, bio-materials, and polymer film. In 

particular, a thermal or chemical removal of bio-templates after ALD mimics natural fine 3D 

structures and readily adopted in nanofabrication. In this work, we showed the mechanism of 

wetting transitions of PP and cotton fibers after Al2O3 ALD. Also, we fabricated metal oxide 

nanosheet with ALD and carried out Cu2O electrodeposition with ZnO ALD film as a 

protective layer. 

ALD nucleation and growth on fiber substrates depend on the functional groups on 

fibers and result in surface property change of fibers. We showed that wetting transitions on 

PP and cotton fabrics by Al2O3 ALD are noticeable. PP fibers abruptly become hydrophilic 

after a certain Al2O3 ALD cycles at 60 °C but it is deposition temperature dependent. Wetting 

property change of PP at 60 °C could be explained by an increase in hydrophilic Al2O3 film 

on the surface but at higher temperature, 90 °C, precursors penetrate deeply inside expanded 

fibers. This results in more subsurface growth and exposed surface carbon leaving the PP 

fibers hydrophobic. Cotton fibers changes from complete wetting to hydrophobic only after 3 

Al2O3 ALD cycles and then turns back to complete wetting with more ALD cycles. We 
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found out that hydrophobic transition of cotton fibers may be resulted from Al-(O-C-)3 

bonding remained only for the several initial ALD cycles. Also, surface roughness on the 

hydrophobic cotton surface promotes surface nonwetting properties. 

We first reported 2D metal oxide nanosheets by ALD. ALD films with controlled 

thickness and chemical composition were released from the sacrificial polymer layer in the 

solvent. The nanosheets have up to ~5 mm lateral size but with only a few nm in thickness 

that are matched with the ALD film thickness. The size of nanosheets depends on the 

sacrificial polymers and ALD materials. TiO2 and ZnO nanosheets showed their 

photocatalytic activity with organic dye degradation. Especially, TiO2/ZnO bi-layer 

nanosheets (2.5 nm/2.5 nm) showed 5 times faster dye photodegradation than TiO2 

nanosheets (2.5 nm), which puts emphasis on the advantage of ALD to fabricate multilayer 

nanosheets like p-n junctions.  

Also, we deposited Cu2O films which are p-type semiconductor by electrodeposition 

with various temperatures, pH of the solution, and deposition time. There was no change on 

the Cu2O morphology but grain size was increased with high deposition temperature, high 

pH of the solution, and longer deposition time. To protect Cu2O films from the electrolyte 

during electrochemical measurements, TiO2 ALD films with Al:ZnO buffer layer were 

deposited on Cu2O films. However, we did not observe the similar enhancement that 

Paracchino et al. observed with the same thickness of each layer.
5
 As isolated sheets, 

electrodeposited Cu2O films were separated from flexible ITO-PET substrates by simple 

bending. Cu2O sheets with the thickness of ~1 μm were shown their photocatalytic activity 

under UV and visible light. But under UV, the dye solution showed recovery after some 
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degradation, which was not observed under visible light. Thin ZnO ALD layer on Cu2O film 

before separation prevented dye recovery. However, even performed at low temperature, 60 

°C, ALD damaged Cu2O film resulting in slower dye degradation rate.  

 

9.2 Outlook 

Our work on fibers can be commercially employed as hydrophobic cotton fabrics and 

hydrophilic PP fibers for diapers, bandage, or easy-clean textiles. The mechanism on cotton 

fibers during wetting/nonwetting transitions would help to understand reactions during 

several initial cycles on other fiber substrates.  

Metal oxide nanosheets fabricated by ALD are very promising in various applications 

such as photocatalysts, gate layer, and insulating layer in nanoelectronics. The most 

important merit of ALD is that the multilayer nanosheets including p-n junction layers can be 

easily fabricated with successive ALD. In addition, ALD can provide an effective way to 

understand how the thicknesses and compositions of nanosheets affect their performance and 

find out the optimal conditions for the best performance. The free-standing Cu2O film also 

can be used as photocatalysts like metal oxide nanosheets. Although not presented in this 

work, multilayer nanosheets by ALD or electrodeposited Cu2O film with n-type ALD layer 

can be employed in water splitting. We tried to split water with Cu2O film with Al:ZnO and 

TiO2 ALD layers but did not observe water splitting. We think that Al:ZnO is not conductive 

enough to establish ohmic contact, so we need Pt or Ag thin layer between Cu2O and TiO2 

layer which are very conductive and accommodate ohmic contact layers. We believe that our 
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works on the fabrication of free-standing nanosheets expand ALD application areas to energy 

storage and water splitting. 
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Langmuir 2009 (26) 2550 

Atomic Layer Deposition and Abrupt Wetting Transitions on 

Nonwoven Polypropylene and Woven Cotton Fabrics 

G. Kevin Hyde, Giovanna Scarel, Joseph C. Spagnola, Qing Peng, Kyoungmi Lee, Bo Gong, Kim G. 

Roberts, Kelly M. Roth, Christopher A. Hanson, Christina K. Devine, S. Michael Stewart, Daisuke 

Hojo, Jeong-Seok Na, Jesse S. Jur, and Gregory N. Parsons 

 

ABSTRACT: Atomic layer deposition (ALD) of aluminum oxide on nonwoven 

polypropylene and woven cotton fabric materials can be used to transform and control fiber 

surface wetting properties. Infrared analysis shows that ALD can produce a uniform coating 

throughout the nonwoven polypropylene fiber matrix, and the amount of coating can be 

controlled by the number of ALD cycles. Upon coating by ALD aluminum oxide, nonwetting 

hydrophobic polypropylene fibers transition to either a metastable hydrophobic or a fully 

wetting hydrophilic state, consistent with well-known Cassie-Baxter and Wenzel models of 

surface wetting of roughened surfaces. The observed nonwetting/wetting transition depends 

on ALD process variables such as the number of ALD coating cycles and deposition 

temperature. Cotton fabrics coated with ALD aluminum oxide at moderate temperatures were 

also observed to transition from a natural wetting state to a metastable hydrophobic state and 

back to wetting depending on the number of ALD cycles. The transitions on cotton appear to 

be less sensitive to deposition temperature. The results provide insight into the effect of ALD 
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film growth mechanisms on hydrophobic and hydrophilic polymers and fibrous structures. 

The ability to adjust and control surface energy, surface reactivity, and wettability of polymer 

and natural fiber systems using atomic layer deposition may enable a wide range of new 

applications for functional fiber-based systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

My contribution on this work includes measuring water contact angle on cotton fabrics with 

Al2O3 ALD and taking water drop images.  
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Langmuir 2010 (26) 8239 

Temperature-Dependent Subsurface Growth during Atomic 

Layer Deposition on Polypropylene and Cellulose Fibers 

Jesse S. Jur , Joseph C. Spagnola , Kyoungmi Lee , Bo Gong , Qing Peng and Gregory N. Parsons 

 

ABSTRACT: Nucleation and subsequent growth of aluminum oxide by atomic layer 

deposition (ALD) on polypropylene fiber substrates is strongly dependent on processing 

temperature and polymer backbone structure. Deposition on cellulose cotton, which contains 

ample hydroxyl sites for ALD nucleation and growth on the polymer backbone, readily 

produces a uniform and conformal coating. However, similar ALD processing on 

polypropylene, which contains no readily available active sites for growth initiation, results 

in a graded and intermixed polymer/inorganic interface layer. The structure of the 

polymer/inorganic layer depends strongly on the process temperature, where lower 

temperature (60 °C) produced a more abrupt transition. Cross-sectional transmission electron 

microscopy images of polypropylene fibers coated at higher temperature (90 °C) show that 

non-coalesced particles form in the near-surface region of the polymer, and the particles 

grow in size and coalesce into a film as the number of ALD cycles increases. Quartz crystal 

microbalance analysis on polypropylene films confirms enhanced mass uptake at higher 

processing temperatures, and X-ray photoelectron spectroscopy data also confirm 

heterogeneous mixing between the aluminum oxide and the polypropylene during deposition 
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at higher temperatures. The strong temperature dependence of film nucleation and subsurface 

growth is ascribed to a relatively large increase in bulk species diffusivity that occurs upon 

the temperature-driven free volume expansion of the polypropylene. These results provide 

helpful insight into mechanisms for controlled organic/inorganic thin film and fiber materials 

integration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

My contribution on this work is XPS measurement and analysis for polypropylene fibers 

after Al2O3 ALD 100 cycles at 60 and 90 °C as well as after TMA soaked for 60 min at 80 

°C. 
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Chem. Mater. 2011, (23) 3476 

Sequential Vapor Infiltration of Metal Oxides into Sacrificial 

Polyester Fibers: Shape Replication and Controlled Porosity of 

Microporous/Mesoporous Oxide Monoliths 

Bo Gong, Qing Peng, Jesse S. Jur, Christina K. Devine, Kyoungmi Lee, and Gregory N. Parsons* 

 

ABSTRACT: The preparation of microporous and mesoporous metal oxide materials 

continues to attract considerable attention, because of their possible use in chemical 

separations, catalyst support, chemical sensors, optical and electronic devices, energy 

storage, and solar cells. While many methods are known for the synthesis of porous 

materials, researchers continue to seek new methods to control pore size distribution and 

macroscale morphology. In this work, we show that sequential vapor infiltration (SVI) can 

yield shape controlled micro/mesoporous materials with tunable pore size, using polyesters 

as a sacrificial template. The reaction proceeds by exposing polymer fiber templates to a 

controlled sequence of metal organic and co-reactant vapor exposure cycles in an atomic 

layer deposition (ALD) reactor. The precursors infuse sequentially and thereby distribute and 

react uniformly within the polymer, to yield an organic-inorganic hybrid material that retains 

the physical dimensions of the original polymer template. Subsequent calcination in air 

results in an inorganic microporous/mesoporous material that again retains the macroscopic 

physical shape of the starting polymer matrix. The microporous/mesoporous structure is 
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confirmed by microscopy and nitrogen adsorption/desorption analysis, and the resulting pore 

size is controlled by the size of the starting polymer repeat unit and by the kinetics of the 

infiltration/annealing process steps. In situ infrared transmission and quartz crystal 

microbalance results confirm the chemical reaction mechanisms. The chemical 

transformation that occurs during SVI could be important for a range of applications that 

utilize well-defined porous nanostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

My contribution on this work is XPS measurement and analysis of polybutylene terephthalate 

(PBT) films after TMA/water infiltration.  
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Appl. Phys. Lett. 2011 (99) 112115 

SiNx Charge-Trap Nonvolatile Memory Based on ZnO Thin-Film 

Transistors 

Eunkyeom Kim, Youngill Kim, Do Han Kim, Kyoungmi Lee, Gregory N. Parsons, and Kyoungwan 

Park 

 

ABSTRACT: We have demonstrated the fabrication and application of a nonvolatile thin-

film transistor memory with SiNx charge traps using a ZnO thin film as the active channel 

layer. The thin film of ZnO was deposited using an atomic-layer deposition process and was 

subsequently post-annealed in an O2-filled atmosphere. X-ray diffraction and x-ray 

photoemission results indicated that the O2 annealing process was effective for the 

crystallinity and stoichiometry of the ZnO films. A saturation field-effect mobility of 6 

cm
2
/Vs, on/off ratio of ≈10

5
, subthreshold slope of 0.7 V/decade, and threshold voltage of −5 

V were obtained in transistor operations. Threshold-voltage shift measurements performed 

for various stress voltages and time durations revealed that these devices had a large memory 

window of 5.4 V and a long retention time (>10 years) in nonvolatile memory operations. 

 

 

 

My contribution on this work is atomic layer deposition of ZnO on the substrates. 
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J. Vac. Sci. Technol. A 2012 (30) 01A105 

Wetting Properties Induced in Nano-Composite POSS-MA 

Polymer Films by Atomic Layer Deposited Oxides 

Kyle A. Vasquez, Anita J. Vincent-Johnson, W. Christopher Hughes, Brian H. Augustine, Kyoungmi 

Lee, Gregory N. Parsons, and Giovanna Scarel 

 

ABSTRACT: Due to their unique properties, nano-composite polyhedral oligomeric 

silsequioxane (POSS) copolymer films are attractive for various applications. Here we show 

that their natural hydrophobic character can become hydrophilic when the films are modified 

by a thin oxide layer, up to 8 nm thick, prepared using atomic layer deposition. A proper 

choice of the deposition temperature and thickness of the oxide layer are required to achieve 

this goal. Unlike other polymeric systems, a marked transition to a hydrophilic state is 

observed with oxide layers deposited at increasing temperatures up to the glass transition 

temperature (~110 °C) of the POSS copolymer film. The hydrophilic state is monitored 

through the water contact angle of the POSS film. Infrared absorbance spectra indicate that, 

in hydrophilic samples, the integral of peaks corresponding to surface Al–O (hydrophilic) is 

significantly larger than that of peaks linked to hydrophobic species. 

 

My contribution on this work is SEM measurement of ALD Al2O3-coated POSS-MA films 

on silicon. 
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Nanoscale, 2012, (4) 4731 

Stable Anatase TiO2 Coating on Quartz Fibers by Atomic Layer 

Deposition for Photoactive Light-Scattering in Dye-Sensitized 

Solar Cells 

Do Han Kim, Hyung-Jun Koo, Jesse S. Jur, Mariah Woodroof, Berç Kalanyan, Kyoungmi Lee, 

Christina K. Devine and Gregory N. Parsons 

 

ABSTRACT: Quartz fibers provide a unique high surface-area substrate suitable for 

conformal coating using atomic layer deposition (ALD), and are compatible with high 

temperature annealing. This paper shows that the quartz fiber composition stabilizes ALD 

TiO2 in the anatase phase through TiO2–SiO2 interface formation, even after annealing at 

1050 °C. When integrated into a dye-sensitized solar cell, the TiO2-coated quartz fiber mat 

improves light scattering performance. Results also confirm that annealing at high 

temperature is necessary for better photoactivity of ALD TiO2, which highlights the 

significance of quartz fibers as a substrate. The ALD TiO2 coating on quartz fibers also 

boosts dye adsorption and photocurrent response, pushing the overall efficiency of the dye-

cells from 6.5 to 7.4%. The mechanisms for improved cell performance are confirmed using 

wavelength-dependent incident photon to current efficiency and diffuse light scattering 

results. The combination of ALD and thermal processing on quartz fibers may enable other 

device structures for energy conversion and catalytic reaction applications. 
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My contribution on this work includes assisting TiO2 ALD on quartz fibers and discussion 

about the results. 
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ChemSusChem 2013 (6) 1014 

Atomic Layer Deposition of High Performance Ultrathin TiO2 

Blocking Layers for Dye‐Sensitized Solar Cells 

Do Han Kim, Mariah Woodroof, Kyoungmi Lee, and Gregory N. Parson 

 

ABSTRACT: Dye-sensitized solar cells (DSSCs) often use a thin insulating or 

semiconducting layer (typically TiO2) between the transparent conductive oxide and the 

mesoporous TiO2 to block electron/hole recombination at the conducting oxide/electrolyte 

interface. The blocking layer (BL) is essential to maintain efficient charge generation under 

low light conditions, at which DSSCs perform well compared to common semiconductor-

based photovoltaic devices. In this work, we show that atomic layer deposition (ALD) can 

produce ultrathin (<10 nm) BLs that significantly impede charge recombination in functional 

DSSCs, leading to improved photocurrents, open-circuit photovoltages, and fill factors; this 

results in an increase in the overall efficiency from 7% to 8.4% under AM 1.5G illumination. 

The 5 – 10 nm ALD BLs are the thinnest optimized DSSC BLs reported to date. The BL 

retards the open-circuit voltage decay and extends the electron lifetime from 0.2 s to more 

than 10 s at 0.3 V, confirming that the ALD films significantly impede photogenerated 

charge recombination. By preparing BLs through other deposition techniques, we directly 

demonstrate that ALD results in better performance, even with thinner films, which is 

ascribed to the lower pinhole density of ALD materials. 
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My contribution on this work includes assisting TiO2 ALD on mesoporous TiO2 layer and 

discussion about the results. 
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Coordin. Chem. Rev. 2013 in press 

Mechanisms and Reactions during Atomic Layer Deposition on 

Polymers 

Gregory N. Parsons, Sarah E. Atanasov, Erinn C. Dandley, Christina K. Devine, Bo Gong, Jesse S. 

Jur, Kyoungmi Lee, Christopher J. Oldham, Qing Peng, Joseph C. Spagnola, Philip S. Williams 

 

ABSTRACT: There is significant growing interest in atomic layer deposition onto polymers 

for barrier coatings, nanoscale templates, surface modification layers and other applications. 

The ability to control the reaction between ALD precursors and polymers opens new 

opportunities in ALD materials processing. It is well recognized that ALD on many polymers 

involves subsurface precursor diffusion and reaction which are not encountered during ALD 

on solid surfaces. This article reviews recent insights into chemical reactions that proceed 

during ALD on polymers, with particular focus on the common Al2O3 reaction sequence 

using trimethyl aluminum (TMA) and water. We highlight the role of different polymer 

reactive groups in film growth, and how the balance between precursor diffusion and reaction 

can change as deposition proceeds. As a strong Lewis acid, TMA forms adducts with Lewis 

base sites within the polymer, and the reactions that proceed are determined by the 

neighboring bond structure. Moreover, the Lewis base sites can be saturated by TMA, 

producing a self-limiting half-reaction within a three-dimensional polymer, analogous to a 

self-limiting half-reaction commonly observed during ALD on a solid planar surface. 
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My contribution on this work includes Al2O3 and ZnO ALD on cotton and polypropylene 

fibers, examination their wetting properties, and surface analysis of cotton fiber substrates 

during wetting transition. 

 


