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Thin films are an enabling technology for a wide range of applications, from 

microprocessors to diffusion barriers.   Nanolaminate thin films combine two (or more) 

materials in a layered structure to achieve performance that neither film could provide 

on its own. Atomic layer deposition (ALD) is a chemical vapor deposition technique in 

which film growth occurs through self limiting surface reactions.  The atomic scale 

control of ALD is well suited for producing nanolaminate thin films. In this thesis, ALD of 

two nanolaminate systems will be investigated: Al2O3-Ta2O5 and ZnO-SnO2. 

Al2O3 and Ta2O5 are high κ dielectrics that find application as gate oxides for field 

effect devices such as metal oxide semiconductor field effect transistors and thin film 

transistors. Al2O3-Ta2O5 nanolaminate films of a fixed composition and total thickness, 



 
 

but with varied laminate structures, were produced to explore the influence of layer 

thickness on dielectric behavior.   Layer thickness was found to have little impact on the 

dielectric constant but a strong impact on the leakage current.  Thick layered 

nanolaminates (with 2.5 to 10 nm layers) performed better than either pure material.   

Showing structure provides a means of tailoring nanolaminate properties. 

ZnSnO is an amorphous oxide semiconductor used to make transparent TFTs.  

Although ALD is naturally suited to the production of nanolaminates, the deposition of 

homogenous ternary compounds is still uncommon.   For very thin depositions, 

nucleation behavior can dominate, resulting in ALD growth rates different than for 

thicker films. Initial work on ALD of the ZnO-SnO2 system is presented, focusing on 

nucleation and growth of each material on the other.  It was found that both ZnO and 

SnO2 inhibit the growth of one another and a method was developed to characterize the 

average growth rate for few cycle depositions. 
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Chapter 1: Introduction & Objectives 

A nanolaminate is a thin film composed of multiple layers of two or more 

materials with layer thicknesses of 100nm or less. By combining two or more materials 

in a layered structure, the strengths of each may be capitalized on to achieve a film that 

outperforms its components. [1-11] Nanolaminate films offer the possibility of tailoring 

the properties of a thin film through composition and layer thickness, which can 

influence the stability of crystal phases in the layers.[1-11]  Novel properties may appear 

when the layer thickness is less than the characteristic length associated with a 

phenomenon. For example, nanolaminates may exhibit high hardness when the layer 

thickness is less than the slip plane dislocation length. [9] Additionally, the surface of a 

nanolaminate can be tuned independently of the interior of the film, allowing for 

controlled interfaces.  Other potential applications of nanolaminates include: Bragg 

mirrors for X-ray reflection, low thermal conductivity films, optically and surface-

roughness tuned layers, and gate oxides in thin film transistors (TFTs). [4,7,12] 

  In the deposition of nanolaminates precise thickness control is essential in 

achieving the target thicknesses needed to get the composition and laminate structure 

necessary for the desired properties. [4] A technique that is ideally suited to deposition 

of nanolaminates is atomic layer deposition (ALD).  ALD is a chemical vapor deposition 

(CVD) like method for depositing thin conformal films.  ALD is able to achieve atomic 

level thickness control and good conformality by only exposing the substrate to a single 

reactant at a time, limiting reactions to a thin chemisorbed surface layer.[12-14] This 
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step-wise growth  is well suited to depositing nanolaminates where thin consistent 

layers of material are needed to ensure a uniform structure. [1-11] This thesis focuses 

on two nanolaminate systems: Al2O3-Ta2O5 and ZnO-SnO2. 

1.1 Al2O3-Ta2O5 

Aluminum oxide (Al2O3) and tantalum oxide (Ta2O5) are both high κ 

dielectrics.[1,3,5,14]  Materials with a high κ are better able to propagate an electric 

field.  This means a thicker oxide with a high κ and a thin oxide with a low κ, having 

identical capacitances and conductivities, separating identical gate and channel layers, 

will transmit the same electric field, but the thicker high κ material will allow less 

leakage current and thus makes for a more efficient gate dielectric.  Thermally grown 

silicon dioxide (SiO2) has been the standard in gate dielectrics for many years, it has a κ 

of 3.9 and is a very good insulator but for most TFT technologies it is not possible to use 

thermally grown SiO2.  Al2O3 is also a very good insulator and has a κ of ~8. [1,14]  Ta2O5 

has a much higher κ of ~24 but has a too high a leakage current to make a good 

dielectric on its own. [1-3] 

ALD Al2O3-Ta2O5nanolaminates deposited, using AlCl3/H2O and TaCl5/H2O, have 

previously been shown to exhibit electrical properties that are a function of composition 

with improved κ and leakage behavior. [1,2] Work done on the similar ALD hafnium 

oxide (HfO2)-Ta2O5 system, deposited using HfCl4/H2O and Ta(OC2H5)5/H2O, has shown 

that not only composition, but also layer thickness can have a strong impact on 
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dielectric and leakage behavior through modification of the crystal structure of as 

deposited HfO2 layers. [3]  

The influence of layer thickness, independent of crystallization, has not been well 

studied. In this thesis amorphous ALD Al2O3-Ta2O5 nanolaminates are deposited, using 

Al(CH3)3/H2O and TaCl5/H2O.  By maintaining a constant composition in the 

nanolaminate and varying the layer thickness/number of layers the influence of layer 

thickness and number of interfaces on leakage and dielectric constant can be shown, 

independent of crystallization effects.  

1.2 ZnO-SnO2 

  Zinc tin oxide is used as an amorphous oxide semiconductor channel layer in 

thin film transistors (TFTs). [15] A pristine gate oxide channel layer interface is crucial to 

producing a high quality transistor. [10] ALD is a promising technique for depositing a 

TFT gate oxide and being able to deposit the adjoining channel layer by ALD has the 

potential to preserve the pristine interface and produce a more reliable TFT process and 

TFTs with improved operational stability. [10]   

Zinc tin oxide is most commonly deposited by sputter deposition.[10,15]  

Nanolaminate ZnO-SnO2 sputtered films subjected to a high temperature post 

deposition anneal have been shown to have electrical properties comparable to 

homogenous sputtered ZTO mixtures of the same composition.[15]  Recently a new ALD 

precursor has enabled the deposition of SnO2 at much lower temperatures than 
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previous SnO2 precursors, opening up the possibility of depositing an ALD ZnO-SnO2 

nanolaminate.[16]  The ZnO-SnO2 ALD system offers the potential for deposition of ZTO 

on high aspect ratio substrates and TFTs with gate dielectrics and channel layers 

deposited in one tool.  Additionally, being able to deposit very thin-layered ZnO-SnO2 

nanolaminates, or alloys, by ALD may be able to reduce or eliminate the high 

temperature annealing requirements of the sputtered films.   For nanolaminates with 

very thin layers it is unclear whether distinct layers form in the nanolaminate or if it is 

effectively homogenous, to reflect this, these films are sometimes referred to as 

alloys.[4,6]  Although the layer by layer nature of ALD is ideal for laminates it makes 

deposition of alloys or homogenous multicomponent films challenging.  To date, few 

alloys have been deposited by ALD. [4,6, 17] 

Part of the challenge is that in ALD, when a film is growing on itself, the growth is 

very linear and consistent from cycle to cycle.[12-14]  However during initial ALD 

growth, when the surface is changing from substrate to film, it can have a changing 

growth per cycle.[4,14]  For thick films this substrate influenced growth is negligible and 

depositions are characteristic of the linear growth per cycle.  For nanolaminates, or 

alloys especially, this initial substrate influenced growth can dominate the deposition.[4]  

Thus, in order to reliably deposit a nanolaminate, or alloy, of a target thickness and 

composition, the few cycle growth must be understood. [1-11] 
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    The overall goal of the ALD of ZnO-SnO2 nanolaminates is the deposition of 

alloys of a known thickness and composition for future ALD ZTO development.  In this 

thesis the few cycle growth of SnO2 on ZnO and ZnO on SnO2 is characterized.  

1.3 Thesis Outline 

 This thesis begins with a review of ALD nucleation and growth with a focus on 

their relevance to the deposition of nanolaminates.  This is followed by a review of past 

ALD laminate work that motivated this thesis.  Next the experimental methods used in 

this work to fabricate the samples and characterize them physically and electrically, are 

described.  The experimental results of the work on the Al2O3-Ta2O5 and ZnO-SnO2 

systems are each presented and discussed in separate chapters.  Lastly, the conclusions 

chapter includes a summary of the work with some additional discussion and 

recommendations for future work. 
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Chapter 2: Background 

In this chapter a brief overview of ALD will be given highlighting areas of 

importance to thin film and nanolaminate deposition, substrate influenced growth and 

nucleation in particular.  Select ALD nanolaminates will be discussed which provide 

some motivation for this work.    Finally a brief review of the specific materials used in 

this work will be presented. 

2.1 ALD 

ALD was used to deposit the nanolaminate films investigated in this thesis.   ALD 

was developed independently in the 1960s and 1970s in the Soviet Union and Finland.  

A deposition method was needed that could produce thin films with high dielectric 

strength, low pinhole density, and high uniformity over large area substrates.  ALD is 

also widely known as atomic layer epitaxy (ALE).  However, since around the year 2000, 

the term ALD has been most commonly used since most of the films produced are not 

epitaxial with the substrate.  [12-14] 

Atomic layer deposition (ALD) is a chemical vapor deposition (CVD) technique 

similar to but with some important differences.  In most CVD processes a substrate is 

exposed to two or more gaseous reactants simultaneously and local heating, or a 

plasma, at the substrate helps drive the reaction.[18]  In ALD the substrate is exposed to 

only a single reactant at a time and exploits the energy difference between 

chemisorption and physisorbtion to achieve a saturated surface and self limited growth.  
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Physisorption is due to weak interactions between a molecule and a surface.  

Physisorption involves minimal charge transfer and may form more than one layer.  

Chemisorption is accomplished by the formation of a chemical bond and only one layer 

may be formed by chemisorption. [12-14] 

One ALD cycle consists of four basic steps: i) expose the substrate to the reactant 

A, allowing a self-saturating monolayer to chemisorb to the surface, ii) purge excess and 

physisorbed reactant A and any reaction products, iii) expose substrate to reactant B 

(most often an oxidant like H2O), again allowing a monolayer to chemisorb, iv) purge 

excess and physisorbed reactant B as well as reaction products.  This cycle is repeated to 

produce a film of the desired thickness. [12-14] 

In an ideal ALD process both reactions are self saturating and ends after a monolayer 

covers the surface; growth per cycle is generally ~0.1nm.  A full atomic layer of product 

is not deposited with each cycle; two factors are responsible for this.  First, the reactants 

used to deliver atoms to the surface are larger than the sites occupied by the atoms 

after the reaction.  The bulky ligands cause steric hindrances which block out nearby 

surface sites, so there may be a fully packed reactant chemisorbed layer but this will not 

create a full atomic layer of product.   Secondly, some substrates may not have enough 

active surface sites to create a fully dense chemisorbed reactant film, hydrogen 

terminated silicon being an example. [14] 

 



9 
 

Note that adequate dosing and purging time must be given to allow the surface 

to become fully saturated and the excess cleared away before introducing the second 

reactant.    Too small of a dose will not fully saturate the surface, creating non-uniform 

depositions, pulsing doses larger than the saturating dose, however, should have no 

impact on growth per cycle for ALD.  A purge time that is too short will allow the 

reactants to mix in the vapor phase leading to CVD like deposition with increased 

growth per cycle, possible particle formation and reduced uniformity. [12,14] 

    Layer by layer deposition via alternating self saturating reactions affords ALD 

several advantages over CVD including precise control of thickness, ability to uniformly 

coat high aspect ratio structures, and pinhole free films.  One disadvantage of ALD is the 

slow deposition rate.  [12-14]  

2.1.1 ALD Window 

ALD chemistries only exhibit self limiting growth over a limited temperature 

region.  Outside of this temperature window the growth per cycle will either increase or 

decrease depending on the particular chemistry.  Fig. 1 illustrates a typical growth per 

cycle vs. temperature plot for ALD.  Self limiting growth per cycle is achieved in the ALD 

temperature window.  At lower temperatures reactants may condense on the surface, 

increasing the growth per cycle or, if the thermal energy is too low, the reactions may 

not proceed to completion, reducing the growth per cycle.  At temperatures above the 

ALD window reactants may begin to breakdown, creating CVD like growth conditions 

and increasing the growth per cycle.  Alternately the increased temperature may allow 
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reactants to desorb from the surface, reducing the growth per cycle.  Note that in 

practice, even within the ALD window, growth per cycle is not always constant, as Fig. 1, 

suggests but may have a weak temperature dependence.  To deposit a nanolaminate 

two, or more, ALD chemistries must have overlapping ALD temperature windows.   

[12,14] 

 

Figure 1:  Schematic of growth per cycle vs. temperature plot demonstrating ALD 
window and possible behaviors outside the window.  Adapted from George [5] 

 

2.1.2 ALD Nucleation 

   ALD nucleation is also a strong function of surface chemistry.  Nucleation refers 

to the initiation of film growth on a surface.  Fig. 2 shows the four possible regimes 

observed for ALD nucleation.  Notice that in each of the cases, as the number of 

reaction cycles, n, becomes very large, the growth per cycle becomes constant.  This is 

referred to as the bulk, or linear, growth per cycle value.  During the ALD of a thick 
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(hundreds of nm) single component film most of the deposition cycles occur at the bulk 

growth per cycle because the film is being deposited on itself, which provides a 

consistent surface.  [14] 

 

Figure 2: Plots of growth per cycle vs. number of cycles for the four regimes of 
substrate influenced growth:  a) linear growth, b) substrate enhanced growth, c) type 
1 substrate-inhibited growth, d) type 2 substrate-inhibited growth. Adapted from 
Puurunen [14]   

 

Initially, the first few cycles will be on the substrate, or a mix of the substrate and 

film, and these surfaces may have different concentrations of active surface sites.  This 

variation in surface site concentration will impact the chemisorption of precursors on 

the surface and thus the initial growth per cycle will have a substrate influence.  In Fig. 2 

(a), linear nucleation, there is no change in deposition rate as the new film forms; this 
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occurs when the substrate and film have equivalent surfaces, in that the substrate and 

the growing film have the same number of active surface sites.  In (b), substrate 

enhanced growth, the substrate has more surface sites than the film and the initial 

growth per cycle is increased.  In (c), substrate-inhibited type 1, the substrate has fewer 

nucleation sites than the film so the initial growth per cycle is reduced.  Finally, in d), 

substrate-inhibited type 2, the substrate has fewer surface sites and growth is initially 

reduced but once growth begins it increases rapidly, surpassing the bulk growth per 

cycle before decreasing back to the bulk growth per cycle.  Type 2 substrate inhibited 

nucleation is associated with island-like nucleation.[14]  

 Nucleation is particularly relevant to nanolaminate deposition.  In a nanolaminate, 

nucleation occurs with each change in material.  For thin layers, the nucleation period 

can account for a significant portion of the ALD cycles required to deposit a layer and 

substrate influenced growth can dominate the deposition of the entire nanolaminate.  

In the ZnO-Al2O3 nanolaminate work of Elam et al., discussed below, Al2O3 showed type 

1 substrate-inhibited growth on ZnO and ZnO showed type 2 substrate-inhibited growth 

on Al2O3, which significantly altered the nanolaminate thickness and composition. [4,14]  

Substrate influenced growth is what makes ALD alloy deposition challenging.   

Nucleation effects are expected to occur only in the first few cycles of deposition. 

For amorphous Al2O3 substrate-inhibited nucleation may impact only the first 2 or 3 

layers, or 0.3 nm, of film, enough to establish a full atomic layer. [4] For crystalline as-

deposited ZnO the effect can last up to 20 cycles, or 3 nm, much thicker than a full 
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atomic layer of products.  This is likely due to the crystal structure propagating the 

substrate influenced microstructure. [4] Thicknesses of this magnitude are difficult to 

measure by ellipsometry or other post deposition techniques.  Most nucleation studies 

use a quartz crystal microbalance to measure the mass change with each ALD 

pulse/purge step or in-situ x-ray photoelectron spectroscopy or some other high 

vacuum surface analysis technique between each pulse. [4,14]  One of the objectives of 

this thesis is to characterize the few cycle growth of the ZnO-SnO2 system for the 

deposition of ALD alloy films. 

2.2 ALD Nanolaminate Systems Review 

In this section ALD laminate systems of relevance to this thesis are reviewed. 

2.2.1 Al2O3-Ta2O5  

One of the objectives of this thesis is the investigation of Al2O3-Ta2O5 

nanolaminates deposited via ALD using trimethylaluminium (TMA)/H2O and TaCl5/H2O.   

  ALD was previously used to deposit an Al2O3-Ta2O5 nanolaminate using AlCl3, 

TaCl5 and water as precursors.[1]  In this study fairly thick layers of Al2O3 and Ta2O5 

(~10nm) were used and relative layer thickness was used to modify composition. It was 

found that Al2O3 dominated the behavior of the films. The κ of the nanolaminates was 

dominated by the dielectric constant of Al2O3 (~8), and didn’t approach the Ta2O5 value 

of 24 until the film was nearly completely Ta2O5.  The addition of Al2O3 lowered leakage 

over pure Ta2O5 by several orders of magnitude.  Switching to chlorine free precursors, 
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to eliminate possible Cl contamination, was suggested, to further decrease leakage.  

Indeed, more recent work, using chlorine free organometallic precursors with similar 

bilayer thicknesses, found lower leakage currents and dielectric constants closer to the 

rule of mixtures.[2]  Some deviation from predicted thicknesses was noticed suggesting 

there may some substrate-inhibited growth in the system.[1]   

2.2.2 HfO2-Ta2O5 

In similar work ALD has been used to deposit high-κ HfO2-Ta2O5 nanolaminates 

using HfCl4/H2O and Tantalum ethoxide/H2O precursors.  Although both materials 

individually exhibit high leakage, the nanolaminate is able to achieve leakage values 

substantially lower than either pure material alone.  As-deposited Ta2O5 is amorphous.  

The authors show that these amorphous layers stabilize high-κ phases in the crystalline 

as-deposited HfO2 and may improve leakage by disrupting the regular crystal lattice. [3] 

2.2.3 ZnO-Al2O3  

The optical behavior and conductivity of ZnO-Al2O3 nanolaminates between 0 

and 100% ZnO content has been reported.  ZnO was deposited by diethyl-zinc 

(DEZ)/water and Al2O3 by TMA/water.  Most films were found to be Zn deficient up to 

~40% thinner than predicted.  The results of their in-situ quartz crystal microbalance 

measurements clearly demonstrate not only substrate-inhibited growth, but also 

etching effects. [4]   
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Al2O3 showed type 1 substrate-inhibited growth on ZnO, taking two or three 

cycles to reach its bulk growth per cycle.  For films with 75-85% ZnO cycles, initial TMA 

pulses caused a negative mass change, removing a full cycle of ZnO.  ZnO showed type 2 

substrate-inhibited growth taking 4 to 6 cycles to reach the bulk growth per cycle, 

before undergoing enhanced growth per cycle for up to 20 subsequent cycles. [4]   

2.2.4 ITO   

Of relevance to the ZnO-SnO2 system, indium tin oxide (ITO) is an example of a 

multicomponent alloy that has been successfully deposited by ALD.  ITO is a transparent 

conductor.  SnO2 was deposited by TDMA-Sn/H2O2 and In2O3 by cyclopentdienyl-

indium/ozone. [17] These precursor systems have a shared ALD window between 200 

and 325 °C.  An array of samples was deposited with a fixed number of cycles and a 

composition of 0 to 25% SnO2.  The samples took the crystalline structure of the as-

deposited In2O3 and were found to be Sn rich and thinner than expected.  Quartz crystal 

microbalance (QCM) measurements showed clearly that In2O3 nucleation was inhibited 

after SnO2 pulses taking 5-7 cycles to recover to the bulk growth per cycle.  The 

electrical and optical properties of these films were comparable to those produced by 

sputtering. [17] 

2.2.5 ZTO 

Finally, although no previous attempts of synthesizing ZTO via ALD have been 

reported, nanolaminate ZnO-SnO2 films have been produced via sputtering.  Alternating 

~5 nm layers of pure ZnO and SnO2 were sputtered and then annealed to try and 
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achieve uniform composition. [15] While the nanolaminate film showed slightly more 

SnO2 crystallinity, it had comparable transistor performance to films sputtered from a 

single composition ZTO target showing that ZTO films can be produced by 

nanolaminates with annealing.[15]  

A number of other laminates that have also been deposited via ALD are listed in 

table 1 but will not be discussed here. [5-11] 

Table 1: Highlights of select published ALD nanolaminate systems 

Nanolaminate  Purpose Notable Results References 

Ta2O5 Al2O3 
High κ 

dielectric 
Low κ Al2O3 dominates κ 

[1,2] 

W-Al2O3 

Novel, x-ray 
mirror, thermal 

barrier, wear 
resistant 

Al2O3 inhibits W deposition 

[7,9] 

ZnO-Al2O3 
Conductive 

oxide 

Clear demonstration of substrate-inhibited 
nucleation effects.  Show TMA pulse removing 
a ZnOH layer. 

[4] 

ZrO2-Al2O3 

High κ 
dielectric, gas 

diffusion 
barrier 

Nanolaminate κ between the two pure films. 
Smooth like Al2O3. Low temp. deposition, 80°C 
possible.  Very promising as diffusion barrier.  

[5,8,11) 

Zr-Al-Nb-O 
Alloy 

High κ gate 
dielectric 

 Alloy shows good κ, no hysteresis, and low 
leakage 

[5] 

Ta2O5/Nb2O5 
High κ gate 
dielectric 

Reduced leakage over pure Ta2O5 at cost of 
some κ 

[5] 

Hf-Y-O 
High κ 

dielectric 

Y2O3 deposition inhibited by HfO2 deposition.  
Cl impurities increase notably with Y. Leakage 
is too high  

[6] 

HfO2-Ta2O5 
High κ 

dielectric 

Reduce leakage over either pure film by orders 
of magnitude.  Combines amorphous and 
crystalline as deposited films.   

[3] 

ITO 
Transparent 
conductor 

  Comparable to sputtered ITO.  SnO2 inhibited 
In2O3 deposition. 

[17] 
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Chapter 3: Materials and Methods  

In this chapter, an overview of the experimental techniques used in this thesis is 

presented.  First sample preparation is described, including substrate preparation, 

device structure, ALD of nanolaminates, annealing and Al contact deposition.  Next, X-

ray diffraction and spectroscopic ellipsometry, the methods used to measure the extent 

of crystallinity and thickness of the films are reviewed.  Finally an overview is presented 

of the methods used for electrical characterization, including capacitance-voltage and 

current-voltage electrical testing.  

3.1 Sample Preparation 

3.1.1 Al2O3-Ta2O5 samples 

For the Al2O3-Ta2O5 nanolaminates, a metal insulator semiconductor stack (MIS) 

structure was used to test the dielectric.  150 mm p-type <100> silicon substrates with 

resistivities of 12-16 Ωcm were used.  Immediately prior to deposition, samples were 

etched in a buffered 49% HF solution for 1 minute then rinsed in DI water in order to 

minimize the native oxide present.  Following ALD, the 150 mm diameter wafers were 

diced into 25 mm x 25 mm coupons for annealing, optical characterization and electrical 

testing. 

3.1.2 ZnO-SnO2 samples 

To provide electrical isolation from the substrate, a thick (~100 nm) layer of wet 

thermal oxide was grown on the p-type Si substrates prior to ZnO-SnO2 deposition.  50 
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mm x 25 mm substrates were oxidized in a tube furnace at 1100 °C with a 30 sccm flow 

of O2 bubbled through 95 °C H2O for 15-20 minutes.  After oxidation samples were split 

into 25 mm x 25 mm coupons and the thickness of the SiO2 films grown was measured 

using a Gartner scientific single wavelength ellipsometer (with select films confirmed on 

the J.A. Woollam VASE (variable angle spectroscopic ellipsometer) described below).  

The thermally grown oxide was found to have roughly 10 nm variation over the 25 mm x 

25 mm coupon. Coupons were rinsed in acetone, isopropyl alcohol, and deionized water 

and then baked dry for 10 minutes at 130 °C prior to ALD.   

Each ZnO-SnO2 ALD run also included at least one sample on native oxide (Si with 

the thin native oxide present) in addition to the SiO2 samples.  This allowed for easy 

estimation of the thickness by visual inspection and measurement by single wavelength 

ellipsometer without having to factor in a thick SiO2 layer underneath.  Non-uniformity 

is also easier to spot on native Si samples since the SiO2 samples already have visible 

non-uniformity.  

3.1.3 ALD 

All nanolaminate films in this thesis were deposited via ALD.  There are two 

extremes of ALD reactor design: vacuum purge and flow-through.  Vacuum purge 

reactors pump down to high vacuum between each reactant exposure.  This can be 

valuable for less reactive precursor systems because the substrate can be allowed to 

soak in the reactant.  Vacuum purge systems make very efficient use of their precursors 

and are able to uniformly coat very high aspect ratio substrates.  They are also valuable 
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for research ALD systems with integrated in-situ analytical techniques requiring high 

vacuum conditions since after every purge step the sample is ready for testing.  The 

vacuum purge system, however, has very long cycle times. [14] 

In flow-through ALD, a schematic is pictured in Fig. 3, a steady stream of carrier 

gas (N2, Ar) continuously passes through the reaction chamber and is used both to carry 

reactant gasses into, and flush them out of, the chamber.  Flow-through reactors run at 

a fairly steady pressure, typically around 1 Torr or 100 Pa.  The advantages of flow-

through reactors are faster processing times and moderate vacuum levels.  Two 

disadvantages of the flow-through design are their low dose efficiency and poor 

penetration of high aspect ratio substrates.    The flow of precursors into the chamber is 

often directed through a shower head assembly to distribute the reactants more 

uniformly and improve dose efficiency.  Reactors are generally hot walled, in which the 

substrate, reaction chamber and precursor lines are all heated; rather than cold walled, 

where only the substrate is heated to the reaction temperature. [12,14] 
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Figure 3: Schematic of flow through ALD reactor 

 

For the work in this thesis ALD was performed using a commercial Picosun 

Sunale R-150 hot-wall flow-through ALD reactor.   Depositions were carried out at ~100 

Pa (0.75 Torr) in N2, which served as the carrier and purge gas for all depositions.  

3.1.3.1 Ta2O5  

Amorphous Ta2O5 was deposited at a chamber temperature of 300 °C using TaCl5 

(Sigma Aldritch, 99.999% purity) and deionized H2O.  The TaCl5-H2O system has been 

shown to have an ALD window between 300 and 325 °C.    Because of its low vapor 

pressure TaCl5 was kept at 90 °C in a booster source, which forces carrier gas through 
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the headspace of the material to increase the dose.  All water used in ALD reactions was 

filtered to 18.5 MΩcm resistivity, on site.  Two filtration systems are used; first a 

Millipore Milli DI filtration system to bring the water to 1 MΩcm followed by a Millipore 

Simplicity 185 to bring the water to 18.2 MΩcm, before loading the water into the 

system.  H2O was kept slightly below room temp, at 17-18 °C, by a Peltier cooler.  Water 

has a high enough vapor pressure that an adequate dose was delivered by opening a T-

junction to a line filled with carrier gas flowing to the chamber.  A single ALD cycle for 

Ta2O5 consisted of 0.5 s TaCl5 pulse/2 s N2 purge/0.2 s H2O/2 s N2 purge.  The Ta2O5 

growth per cycle at 300 °C was 0.064 nm. [1,2,5] 

3.1.3.2 Al2O3  

Al2O3 was deposited using trimethylaluminium (TMA, Al(CH3)3) and H2O.  The 

TMA/H2O system has a wide ALD window from 80 °C to 350 °C (above which TMA begins 

to break down thermally).  It may even be deposited as low as room temperature but 

long pulses and extremely long purge times are required.  The growth per cycle varies 

from 0.12 - 0.09 nm depending on the substrate temperature.  The growth per cycle 

tends to be lower at higher temperatures as the surface hydroxyl concentration drops.  

[2,4,5,7,9-11,14] 

In this work Al2O3 (Aldritch, 97% pure) was deposited at 300 °C to match the 

Ta2O5 deposition conditions.  Both the TMA and H2O were kept slightly below room 

temperature by Peltier coolers (17-18 °C).  A single Al2O3 ALD cycle consisted of a 0.1 s 
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TMA pulse, a 2s N2 purge, and a 0.1s H2O pulse followed by a second 2s N2 purge.  The 

growth per cycle of Al2O3 at 300°C was 0.089 nm. 

3.1.3.3 SnO2 

ALD of SnO2 has been performed using SnCl4 or SnI4 and water.  These precursor 

systems have low growth rates and require high deposition temperatures.  SnCl4 in 

particular has HCl as a reaction product, which is hard on equipment and growing 

films.[16,19] 

Recently Elam et al. described a new organometallic Sn precursor, 

tetrakisdimethylamino-tin (TDMA-Sn, Sn(N(CH3)2)4), focusing primarily on deposition 

using H2O2 (50 % with balance water) as an oxidant.[16]  They reported a TDMA-Sn/H2O 

ALD window between 50 and 325 °C with C and N impurities lowest above deposition 

temperatures of 175 °C.  At 350 °C TDMASn breaks down and CVD like deposition 

begins.  The growth per cycle was found to drop slightly as deposition temperature 

increased, consistent with a reduction in surface hydroxyl group concentration.  Optimal 

dosing occurred with 1 s pulses and 5 s purges for both the TDMA-Sn and H2O2.  

TDMASn was typically held at 40 °C (PVAP=5 Pa), but temperature between 30 and 50°C 

had little impact on growth.  At a substrate temperature of 200 °C growth per cycle was 

0.12nm.  For these conditions Elam found that using H2O as the oxidant reduced the 

growth per cycle to 0.06nm. [16] 
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SnO2 was deposited using TDMA-Sn (Gelest Inc., 95%) and water at a deposition 

temperature of 200 °C.  Water was chosen as the oxidizing agent for compatibility with 

ZnO depositions.  A deposition temperature of 200 °C was chosen based on the work of 

Elam et al., for low impurities and bulk like optical properties.  During depositions 

TDMASn was kept heated at 40 °C in a booster source and water at 17-18 °C in a Peltier 

cooler.  One cycle of SnO2 consists of a 1 s pulse of TDMA-Sn followed by a 5 s N2 purge, 

a 1 s pulse of H2O and a 5 s N2 purge.  SnO2 had a bulk growth per cycle of 0.045 nm. 

[16] 

3.1.3.4 ZnO 

ZnO was deposited using diethyl-zinc (DEZ, Zn(CH2CH3)2, Sigma-Aldritch, 98%) 

and H2O, one of the most common precursor sets for ZnO.[4]   As deposited the ZnO is 

polycrystalline and rough.  Growths per cycle of 0.15 to 0.2 nm are reported at 

temperatures of 100 to 200 °C.[4]  A deposition temperature of 200 °C was used to 

match the SnO2 system with both precursors kept at 17-18 °C in Peltier coolers.  One 

cycle of ZnO consisted of a 0.2 s pulse of DEZ, followed by a 5 s N2 purge, a 0.1 s water 

pulse and a second 5 s N2 purge.  The bulk linear growth per cycle of ZnO was ~0.15 nm. 

[4,12,20] 

3.1.4 Annealing 

 Isochronal anneals were performed for 10 min at 400 °C, 700 °C, 800 °C and 

900 °C in an inert Ar atmosphere using an AET Thermal RX rapid thermal anneal system.  

Rapid thermal annealing allows the nanolaminate to be heated over 10 °C/s by using 
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high intensity light, which heats the surface locally, rather than relying on convective 

heating, as in a traditional furnace. 

3.1.5 Aluminum Contact Evaporation 

For electrical testing of the Al2O3-Ta2O5 nanolaminates Al dots of ~70 µm, ~100 

µm and ~160 µm diameter were formed by thermally evaporating Al through a shadow 

mask.  The backsides of these substrates were also coated with Al to help improve 

backside contact.  Substrates were unheated during deposition and no post deposition 

anneal was performed.  Evaporation was done in a bell jar equipped with a shuttered 

substrate holder suspended above a heated tungsten boat.  The chamber was roughed 

by a mechanical pump and brought to high vacuum by a diffusion pump. Deposition 

occurred at a pressure less than 4x10-3 Pa (3x10-5 Torr) to avoid oxidation of the Al.   

Spot checks with the profilometer have shown the Al dots to be ~200 nm thick. 

The area of each tested dot was measured using an optical light microscope equipped 

with a digital camera.  The area in pixel2 of a dot was converted to the area in cm2. 

3.2 Film Characterization 

3.2.1 X-Ray Diffraction 

The extent of long range crystalline order in Al2O3-Ta2O5 the samples was 

assessed via x-ray diffraction (XRD). A schematic of the XRD geometry is shown in Fig. 4 

where A is the source of the x-rays and may include filters or a collimator and B is the x-

ray detector.  [21] 
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Figure 4: Schematic of XRD setup showing A, the x-ray source; B, the detector; and the 
angles θ and 2θ.  Adapted from [21] 

 

X-rays are generated by the impact of high energy electrons on a metal, such as 

Cu.  This forms a broad spectrum of x-rays, known as bremsstrahlung, with strong sharp 

narrow peaks, known as characteristic x-rays.  The bremsstrahlung is created by the 

deceleration of the electrons in the metal and the broad spectrum is due to the 

variation in the stopping distance.  The characteristic x-rays are formed when the 

impinging energetic electrons knock out electrons from the inner shells of the Cu atoms.  

These unoccupied inner shell states are filled by outer shell electrons.  The difference in 

energy is released in the form of an x-ray.  The energy of the x-ray released depends on 
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the energy levels of the atom, and not the random path of the slowing electron, so all 

electrons making the same transition release an x-ray with an identical energy.  This 

creates a sharp well defined signal.  The Cu Kα signal, due to an L shell electron 

transitioning to the K shell, is the strongest of these signals.  The weaker signals caused 

by other transitions can be suppressed using thin metal filters; Ni is a good filter for 

isolating Cu Kα. [21]     

When a collimated beam of x-rays encounter a sample, atoms scatter the x-rays 

in all directions.  Due to the long range order of crystalline systems x-rays scattered in 

some directions will be completely in-phase, reinforce each other through constructive 

interference, and form a high intensity signal. Others, in fact the majority of reflected 

waves, will be out of phase and cancel each other out.  The constructive interference is 

described by Bragg’s law, 

          ,  

where n is an integer known as the order of diffraction,  λ is the x-ray wavelength, θ is 

the angle between the incident beam and the sample surface, and d’ is the spacing of 

the planes.  In crystalline systems multiple solutions exist for Bragg’s law, creating a 

diffraction pattern with a characteristic set of sharp peaks but low signal strength for all 

other directions due to destructive interference.  Amorphous materials, which have no 

long range order, tend to show a broad hump with no strong peaks in XRD since the 

atoms are fairly tightly packed and tend to have a preferred interatomic distance. [21] 
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Crystal size strongly influences diffraction behavior.  In crystalline materials with 

grain sizes approaching the atomic scale diffraction peaks are broadened, or may be 

absent all together, and the material appears amorphous.  This broadening, known as 

small angular divergence is due to incomplete destructive interference of x-rays 

reflected at angles near the solutions of Bragg’s Law. [21] 

Residual stress in the sample can cause the peaks to broaden as well.  The distortion in 

the crystal lattice changes the distance between planes. For a single crystal this will shift 

the peak but in a polycrystalline film (without very strong texture) this sum of many 

small shifts is a broadening of the peak because the grains are all oriented at slightly 

different angles and will be deformed along different axes. [21] 

Due to the penetration depth of the x-rays, 95% of the information gathered in 

XRD is typically from the first 25 µm or so of material.  This is well over the thickness of 

the thickest films in this thesis.  Scans out to larger angles clearly show a large (400) 

peak due to the Si substrate. [21] 

In this thesis a Bruker D8 Discover system was used to collect diffraction 

patterns.  It has a Cu Kα source with a wavelength of 0.154 nm.  XRD Commander 

software was used to collect data and operate the system.  Samples were aligned by a 

laser.  A snout was used to reduce the beam size and background signal due to the 

substrate holder and stage though this reduced signal strength.  The locked coupled 

scan, in which both the detector and source move through θ, didn’t provide a very 
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strong signal for the thin films.  A detector scan was used to increase the signal strength.  

In this scan the x-ray source was fixed at 4° and only the detector moves to scan through 

2θ.  The fixed low angle allows a larger volume of the thin film to be affected by x-rays 

for the entire scan.  Scans were done over the range of 20° ≤ 2θ ≤ 50° to show the 

strongest peaks of the crystalline Ta2O5 system. 

3.2.2 Ellipsometry 

Ellipsometry allows the measurement of film thickness and optical dielectric 

function based on the change in the polarization state of light upon reflection from a 

surface.  Theoretically, ellipsometry can estimate film thickness to less than 1 nm.  

Ideally, ellipsometry requires films that are of uniform thickness in the area the light 

travels.  [22] 

In single wavelength ellipsometry a measurement is taken at a single angle with 

a single wavelength of light.  In spectroscopic ellipsometry (SE), measurements are 

made at a range of incident angles and wavelengths.  This discussion focuses more on 

SE. In both, measurements are expressed in terms of Psi (Ψ) and Delta (Δ): where Ψ is 

related to the change in amplitude of the polarized light and Δ to the change in phase of 

the polarized light, and they are related by, 

  

  
           , 

where RP and RS are the complex Fresnel coefficients for the p and s directions, 

respectively.  A depth profile model of the film is made, consisting of layers with a 
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specified thickness and optical constants that can come from a parameterization or 

tabulated list. Through linear regression analysis the model and experimental data are 

compared and adjustments are made to the model (thicknesses and optical properties) 

to improve the fit.  Once the model is adjusted to satisfactorily replicate the 

experimental data, it is taken to be a good approximation of the physical sample 

measured.  Physical measurements (i.e., TEM or SEM) are typically used to confirm the 

resultant SE derived depth profile. [22] 

3.2.2.1 Optical Properties  

Optical properties describe how a material interacts with electromagnetic field 

excitation and are at the heart of spectroscopic ellipsometry.  For isotropic materials 

one complex parameter is often enough.  This is typically expressed as the complex 

relative dielectric function (at optical frequencies), 

         ,      

where ε1 is the real part of the dielectric function related to how strongly charge in a 

material is polarized by the incident field, ε2 is proportional to the amount of power 

absorbed from an applied field.  Or it can be described as the complex refractive index, 

ñ,  

       ,      

where k is the extinction coefficient, related to the absorption of light, and n is related 

to how much the speed of light is slowed by the material.    All materials have a real 
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portion of the index of refraction (and dielectric function), they change the speed of 

light compared to a vacuum.  Not all materials have an imaginary portion, some are fully 

transparent (k=0), some are absorbing (k>0). But, all materials have optical properties 

that are dependent on processing.  Additionally thin films often have different 

properties than their bulk counterparts.  Optical components also vary as a function of 

wavelength. [22] 

3.2.2.2 Modeling 

Ellipsometry is model dependent method and a linear regression analysis of the 

model and experimental data is used to find a model that best fits.  A flowchart 

outlining the scheme is laid out in Fig. 5 

 

Figure 5: Flowchart describing regression process used in ellipsometry.  Adapted from 
VASE32 handbook [22] 
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In order to fit the data an initial estimate of the structure is needed for a model.  

Data is then generated based on this model and it is compared with the experimental 

data.  Based on the differences between the model data and experimental data the 

model is adjusted, new model data created and the cycle repeated until an adequate fit 

is achieved.  [22] 

3.2.2.3 Mean Square Error 

Mean square error (MSE) is output from the non-linear least squared regression 

routine and is a measure of the discrepancy between model and experimental data.  

The smaller the MSE the closer the model results are to the experimental data.  

Sometimes a model will produce results that are not physically possible to fit the data: 

negative thicknesses, non-physical optical properties.  Fitting must be done with care to 

ensure the results are reasonable. [22] 

Noise is estimated from the revolution to revolution variation and is saved as the 

standard deviation for each point and is weighted into the MSE.  Points that are 

especially noisy are excluded from, or given less weight in, the fit. [22] 

3.2.2.4 Models 

Published values for optical dielectric functions can be used for modeling, 

however in many cases the optical properties of bulk materials are significantly different 

than their thin film counterparts. In this case mathematical representations of optical 

properties can be used. Mathematical models are easier to fit, have no noise and are 
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easily extrapolated and interpolated.  Mathematical models, however, have limited 

ranges over which they are applicable. [22] 

The Cauchy parameterization is one example that is useful for semiconductors 

and dielectrics at energies below the band gap. This type of representation cannot 

describe the behavior of metals or of materials at energies above their band gap.  The 

Cauchy model describes n 

       
 

   
 

  ,      

Where n is the real part of the refractive index, A, B, and C are constants, and λ is the 

wavelength of light.  In some systems the C term can be eliminated since it is often 

highly correlated with the B term.  To describe limited absorption in films, as light 

energies approach the bandgap energy, the Urbach equation, a simple exponential 

model for absorption, is combined with the Cauchy model.  The Urbach equation 

describes the extinction coefficient k, 

                   
 

 

 

 
  ,      

where α is the extinction coefficient amplitude, β the exponential factor and γ the band 

edge.  The band edge, γ and the amplitude, α, are strongly correlated and only one 

needs to be fit.  The Cauchy model with Urbach absorption was used to describe all of 

the films in this work. [22] 
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Other models, which are significantly more complex, include the Lorentz oscillator 

function which can describe metals and semiconductors above their bandgap energy.  It 

is based upon the classic harmonic oscillator.  Further user defined dispersion models 

allow the combination of multiple models for various wavelengths. [22] 

3.2.2.5 Modeling Multilayers 

A superlattice may be used to model repeating structures.  Using this, a number 

of layers may be created and repeated any number of times.  In this way each layer of a 

bilayer need only be defined and adjusted once, and this is reproduced through the 

entire stack.  This also allows the software to model tens or hundreds of layers without 

being overwhelmed. However, this requires that films be consistent in both optical 

properties and thickness throughout the stack.  Layers near the substrate will have 

exactly the same optical properties as layers of the same type near the surface.  

Superlattices were used to model nanolaminate films in this work. [22]  

The software is also able to combine two layers locally using an effective 

medium approximation (EMA).  This is useful for modeling small interfacial mixing, 

surface roughness and voids.  The EMA is unable to model truly homogenous alloys or 

very thick mixed layers.  A special implementation of this is ‘srough’ an EMA model 

which will mix the top layer of a film with the ambient to simulate surface roughness.  

Another common implementation is ‘intermix’, an EMA model which accounts for 

mixing at an interface, between Si and SiO2 for example.  The EMA layers can be graded 

as well, rather than being just a straight 50:50 mix. [22] 
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3.2.2.6 Specific Ellipsometer Tools Used 

3.2.2.6.1 Single Wavelength 

A single wavelength fixed angle Gaertener Scientific dual mode automatic 

ellisometer L116A was used to measure SiO2 substrate thicknesses and check the 

thickness of nanolaminates on native Si.  This ellipsometer uses a 1 mW helium neon 

laser with a 632.8 nm wavelength.  Samples were measured at a 70° angle of incidence.  

Measurements were repeatable to within ~1 nm and agreed well with measurements 

taken on the variable angle spectroscopic ellipsometer, described below. 

  Since Ψ and Δ are functions of thickness they repeat periodically with film 

thickness for a given angle of incidence and wavelength of light.  For ‘perfect’ SiO2 at 70 

degrees with λ= 632.8nm the Ψ and Δ repeat every 281.5 nm.    SiO2 substrates were 

kept below 280 nm and were periodically spot checked on the VASE to avoid this 

problem. [23]  

3.2.2.6.2 Spectroscopic Ellipsometer 

The J.A. Woollam variable angle spectroscopic ellipsometer (VASE) system is a 

rotating analyzer configuration. A mechanical beam chopper reduces noise through the 

use of synchronous detection techniques which allow the rejection of ambient light and 

measurements to be taken in a room with the lights on.  The analyzers rotate at 14 Hz 

and typically make 15 revolutions for a single measurement but with use of a dynamic 

averaging procedure this may be more or less depending on the signal strength. The 
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system uses solid state detectors.  It has stacked Si and InGaAs detectors for the 

wavelength range 185-1100 nm and 800-1700 nm, respectively and a 3rd 

thermoelectrically cooled InGaAs detector to cover the IR regime to 2400 nm. [22] 

Samples were scanned at 65° and 75° angles of incidence with wavelengths 

between 400 and 1200 nm in steps of 10 nm.  The samples were assumed to be 

isotropic.  Dynamic averaging was used to speed the data collection.  The polarizer 

tracker was on to keep the polarizer angle near the measured Ψ angle to reduce noise.  

The autoslit function within the monochromator was also used to adjust beam intensity. 

The measurement has a spot size on the order of 1mm x 5mm though this can be 

reduced to 0.1 mm2 using focusing optics. 

Samples were typically modeled as a single Cauchy layer on Si or SiO2 of a known 

thickness.  For very thin films, below 10nm, a Cauchy model saved from a thicker film 

was loaded, the optical constants fixed to fit for thickness.  Some nanolaminates were 

also modeled as superlattices.  Similar to the very thin films for the superlattices Cauchy 

models for thick films were loaded, their optical properties fixed and they were fit only 

for thickness.  For each model the thicknesses, MSE, correlation value, and for single 

Cauchy layer models, n at 633 nm were recorded (for comparison with Gaertener 

measurements).  Single Cauchy layer models fit quite well and typically had MSE values 

below 30, with single digits not uncommon.   
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3.3 Electrical Characterization 

3.3.1 Capacitance vs. Voltage Measurements 

Capacitance vs. voltage (CV) tests were performed to determine the dielectric 

constant, κ, and hysteresis of the Al2O3-Ta2O5 films.  The relative dielectric constant, κ, 

of a material is a measure of its ability to be polarized in an electric field.  Materials with 

a high dielectric constant are able to respond to and transmit an electric field more 

readily than low dielectric constant materials.  This is useful in making gate oxides for 

TFTs that are thicker, providing lower leakage, but just as effective in allowing the 

charge on the gate to modulate the conductivity of the channel. [23-25] 

In a CV measurement a DC bias with a small AC dither voltage is applied across 

an oxide.  For a metal insulator metal (MIM) structure, a nearly constant capacitance 

equal to the oxide capacitance would be measured regardless of the applied DC bias.  

For a metal insulator semiconductor (MIS) the semiconductor forms an additional 

capacitance in series with the oxide capacitance, the magnitude of which is dependent 

upon gate bias.[23-25] 

In this thesis, dielectrics are deposited on p-type Si substrate and Fig. 6 shows a 

schematic of the expected CV response.  When a negative bias is applied to the top 

contact the majority carrier holes are attracted to the oxide, creating a conductive layer 

of accumulated majority carriers at the interface.  Thus, at a negative applied bias, the 



37 
 

p-type device is said to be in accumulation and behaves as if it were an MIM device, 

with the total capacitance due solely to the contribution of the oxide layer. [23-25] 

 

Figure 6: Schematic of ideal C/COX vs. voltage curves for low frequency (Clf) and high 
frequency (Chf) sweeps on an MIS device on a p-type semiconducting substrate.  
Adapted from Schroder [23]  

 

As the bias on the top contact is swept positive, the majority carrier holes are 

pushed away from the oxide and a depletion region with very few carriers forms at the 

surface of the semiconductor.  This depletion region effectively adds an additional 

insulating region in series with the oxide and thus decreases the measured capacitance. 

[23-25] 

Clf

Chf

C/COX
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With an even larger positive bias, minority carrier electrons begin to build up at 

the oxide semiconductor interface and, depending on the frequency of the AC dither; 

two limiting cases of behavior are possible.  If the AC frequency is high, it will modulate 

the charge too quickly for the thermally generated minority carriers at the interface to 

respond.  Instead the majority carriers at the edge of the depletion region will respond 

and the depletion region and oxide layer will both contribute to the measured 

capacitance maintaining the decreased depletion mode capacitance.  This is known as 

high frequency CV behavior. [24] 

At very low frequencies (≤ 100 Hz) the minority carriers are able to respond to 

the AC dither, the charge is modulated only across the oxide, and the capacitance once 

again rises to the oxide capacitance.  In practice even frequencies as low as 10 Hz are 

often not slow enough to yield low frequency behavior in modern semiconductors, due 

to long minority carrier lifetimes.  Instead, quasistatic methods involving ramping the 

voltage across the oxide and monitoring the displacement current are required to 

measure low frequency responses. [23-25] 

Intermediate between the voltage required to cause accumulation and the onset 

of depletion, is the flatband voltage VFB.  VFB is the voltage at which the concentration of 

the carriers at the oxide surface is equal to the bulk concentration.  At VFB the applied 

bias ‘flattens out’ the conduction and valance band bending at the oxide semiconductor 

interface.  This voltage is typically near zero but varies due to differences in the work 

function of the semiconductor (which depends on its doping), the top contact metal and 
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with charges trapped in the oxide layer and at the oxide/semiconductor interface.  

Trapped charges near the oxide interface have the most impact because the 

semiconductor tends to mirror these charges.  The capacitance at VFB can be estimated 

by the relation, 

          
    

                
,      

where the d is the oxide thickness, εi is the relative dielectric constant of the insulator, εs 

is the semiconductor relative dielectric constant, T is the temperature, q is the charge of 

an electron, and NA is the acceptor concentration of the substrate.  The VFB shift 

between sweeps is used to measure the hysteresis in CV measurements. [23, 25] 

For the Al2O3-Ta2O5 nanolaminates, CV analysis was performed at 100 kHz using 

an Agilent 4980A LCR meter. CV measurements were made by sweeping the DC bias 

from inversion to accumulation and then back again.  The AC dither voltage was 25 mV.  

COX was taken to be equal to the accumulation capacitance and this value was plotted 

against capacitor area (dot size) for 3 different size dots.  The slope of this curve is 

related to dielectric constant by  

  

  
 

   

 
,       

where ΔC/ΔA is the linear fitted slope of the plot of accumulation capacitance vs. area, 

εo is the permittivity of free space, d is the insulator thickness, and κ is the relative 

dielectric constant of the insulator. [23,25] 
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Hysteresis (ΔVHYS) was determined using the VFB shift (ΔVFB(acc->inv) - ΔVFB(inv-

>acc)) between the accumulation to inversion sweep and the inversion to accumulation 

sweep.  

3.3.2 Current Voltage Measurement 

To measure the leakage current density and breakdown field strength of the 

Al2O3-Ta2O5 nanolaminate dielectrics, current voltage (IV) sweeps were taken using an 

Agilent 4155C semiconductor parameter analyzer.  The applied bias was increased from 

0 V to between 70 and 100 V (depending on the film) with a step size of 0.5 V, a 0.25 s 

delay between measurements, a long integration time, and a sweep rate of 2 V/s were 

used.  Leakage current density was extracted at field strengths of 1 MV/cm and 

4 MV/cm.  Breakdown field strength was considered to occur at the first large 

discontinuity in the IV curve.  
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Chapter 4:  Al2O3-Ta2O5 Results/ Discussion  

In this chapter the Al2O3-Ta2O5 nanolaminate structure is explained and the 

series of nanolaminates deposited outlined.  The thickness of the nanolaminates is 

compared with the target thicknesses.  The influence of nanolaminate structure and 

annealing on electrical properties and crystallinity is reviewed.  Finally nanolaminates 

are compared using a figure of merit to rank their performance as a dielectric. 

4.1 Nanolaminate Structure 

A schematic cross section of the nanolaminate stack is shown in Fig. 7, indicating 

a Ta2O5 layer and a bilayer, composed of a pair of Al2O3 and Ta2O5 layers.  The 

nanolaminate is a stack of many bilayers.  In all nanolaminates Al2O3 was deposited first, 

forming the interface with the Si substrate and Ta2O5 was deposited last as the top 

layer.  The total thickness and composition of the nanolaminate depends only on the 

number of cycles of Al2O3 and Ta2O5 in the film, not on the number or thickness of the 

bilayers they are split into, in the absence of any substrate-inhibited growth effects.   

Thus by varying the number of bilayers in the nanolaminate, while the layer thickness 

(and thus bilayer thickness) is adjusted to compensate, the composition and total 

thickness can be kept constant.  This allows the influence of layer thickness to be 

explored without composition interfering and because Al2O3 and Ta2O5 are amorphous 

as deposited, without crystallization affects interfering as well. 
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Figure 7: Cross sectional schematic of nanolaminate with MOS device structure, 
indicating 1 layer of Ta2O5; a bilayer, composed of a layer of Ta2O5 and Al2O3; and the 
overall thickness, made up by the sum of all of the bilayers.  

 

In this work 384 cycles each of Al2O3 and Ta2O5 make up each nanolaminate.  

Based on the growth per cycle of Al2O3(0.086 nm) and Ta2O5(0.064 nm) these films have 

a composition of 57% Al2O3 and 43% Ta2O5 and a total thickness of 58 nm.  For each 

nanolaminate the cycles are split into a different number of bilayers, as described in 

table 2 to show the influence of layer thickness on dielectric performance. The number 

of bilayers was varied between 3 and 192 and the bilayer thickness between 19.2 nm 

and 0.3 nm.  No substrate-inhibited growth was considered in these nanolaminates.  As 

controls, single layer Al2O3 and Ta2O5 films were deposited. 
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Table 2: Summary of Al2O3-Ta2O5 nanolaminate and pure material samples predicted 
and measured thicknesses  

# of 
Bilayers 

Bilayer 
Composition 

Target 
Bilayer 

Thickness 
(nm)* 

Extracted 
Bilayer 

Thickness 
(nm)** 

Measured 
Total 

Thickness 
(nm) 

Deviation 
From Target 

Thickness 
(57.6nm) 

(%) 

ALD 
Cycles 
Al2O3 

ALD 
Cycles 
Ta2O5 

192 2 2 0.3 0.3 58.3 1.2 

48 8 8 1.2 1.2 57.6 0.0 

24 16 16 2.4 2.4 56.5 -1.9 

12 32 32 4.8 4.7 56.0 -2.9 

6 64 64 9.6 9.6 57.5 -0.2 

3 128 128 19.2 19.4 58.3 1.2 

Al2O3 674 - 60 - 60.0 0.0 

Ta2O5 - 835 53.5 - 53.5 0.0 

*Ideal thicknesses calculated from bulk growth rate 
** Estimated bilayer thickness based on measured thickness divided by number of 
bilayers 

Table 2 also displays the VASE measured nanolaminate thicknesses and they are 

very close to the targeted nanolaminate thickness for all bilayer thicknesses.  The 

nanolaminates have less than 3% variation from predicted thicknesses.  Shown in Fig. 8 

is a plot of predicted and measured bilayer thickness, by VASE and x-ray reflectivity 

(XRR), versus the number of cycles per bilayer for the Al2O3-Ta2O5 nanolaminates.[26]  

The close agreement between predicted and measured thickness, down to the thinnest 

bilayers, suggests linear nucleation for both Ta2O5 on Al2O3 and Al2O3 on Ta2O5.  
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Figure 8: A plot of bilayer thickness determined by VASE and XRR measured bilayer 
thicknesses versus the number of cycles per bilayer for Al2O3-Ta2O5 nanolaminates. 
The dashed line is the predicted bilayer thickness versus number of cycles per bilayer. 
[26] 

 

Fig. 9 shows an SEM image of an Al2O3-Ta2O5 nanolaminate deposited by the ALD 

system used in this work with distinct layers visible.  The film is much thicker than those 

in this work (~200 nm) but has ~20 nm bilayers, comparable to the 19.2nm bilayers of 

the thickest nanolaminate used in this work. 
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Figure 9: A cross-sectional SEM image of 200nm Al2O3/Ta2O5 nanolaminate on Si with 
~20nm bilayers.  

 

4.2 Nanolaminate Dielectric Constant 

Shown in Fig. 10 is a plot of measured k vs. bilayer thickness for the Al2O3-Ta2O5 

nanolaminate array, as well as the single layer Al2O3 and Ta2O5 control films.  The 

measured dielectric constant of the Al2O3 and Ta2O5 controls were 8.9 and 23.9, 

respectively.  All of the nanolaminate films were found to have dielectric constants 

between pure Ta2O5 and Al2O3.  The κ of the nanolaminate film is closer to the κ of 

Al2O3, as expected based on composition (57% Al2O3, 43% Ta2O5) and the tendency of 

the low dielectric constant material to dominate.[1-3,8,11] If modeled as a simple series 

of capacitors, for 57% Al2O3 and 43% Ta2O5, using the dielectric constants of the pure 
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materials measured here, the stack should have a dielectric constant of roughly 12.  This 

is consistent with what was measured here and by Kattelus et al. for films of a similar 

composition, deposited using two chloride precursors.[1]  In other work, Kukli et al. 

reported a dielectric constant of 15, closer to that of our thinnest bilayer as deposited 

samples, using two chlorine free precursors.  [2]  

 

Figure 10 : Plot of dielectric constant vs. bilayer thickness for as-deposited 
nanolaminates.  The measured dielectric constants of Al2O3 and Ta2O5 are shown for 
reference.  

 

Shown in Fig. 11 is a plot of κ versus isochronal anneal temperature for the 

Al2O3-Ta2O5 nanolaminate series as well as for the pure Al2O3 and Ta2O5 films.  After a 
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short anneal at 400°C, all films showed roughly equal dielectric constants (12-13).  The 

elevated as-deposited dielectric constant seen in the 0.3 nm and 1.2 nm bilayer films 

may be due to impurities or instabilities at the interfaces which are subsequently 

eliminated by the 400°C anneal.  The post 400 °C anneal dielectric constants are 

consistent with those achieved by Kattelus et al.[1]  Annealing at 700°C and above 

results in an increase in the dielectric constant of the films, which coincides with the 

crystallization of the Ta2O5, discussed below.  The dielectric constant of the pure Ta2O5 

film could not be measured reliably after anneals at 700°C and above because of the 

large amount of leakage current passing through the films. 

 

Figure 11: Plot of dielectric constant vs. isochronal annealing temperature for Al2O3-
Ta2O5 nanolaminates.   
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4.3 Hysteresis  

Shown in Fig. 12 is the median hysteresis (ΔVHYS) for the Al2O3-Ta2O5 

nanolaminate array in the as-deposited state and after various post-deposition 

isochronal anneals.  The as-deposited samples exhibit counter-clockwise ΔVHYS during 

inversion-accumulation-inversion CV sweeps.  ΔVHYS increased after the 400 °C and 700 

°C anneals; while further annealing at 800 °C and 900 °C decreased the ΔVHYS.  The thin 

layered nanolaminates (0.3nm, 1.2 nm and 2.4 nm bilayer samples) had larger ΔVHYS and 

required higher annealing temperatures to reduce ΔVHYS than the thick (19.2 nm bilayer) 

nanolaminate sample.  The added interfaces in the thin layer samples may provide 

locations for defects which increase ΔVHYS.  The decrease in hysteresis of the 19.2nm 

bilayer film coincides with the appearance of crystallinity in the Ta2O5 layer, as discussed 

below.  
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Figure 12: Comparison of ΔVHYS vs. isochronal anneal temperature for various bilayer 
thicknesses. 

 

4.4 Leakage and Breakdown at Elevated Fields 

In order to account for the dependence on film thickness and device area, the IV 

data is typically plotted as current density (J, A/cm2) versus electric field (ε, MV/cm). 

Shown in Fig. 13 are representative J vs. ε curves for the as-deposited films, taken at a 

sweep rate of 0.16 MV/cm/s.  The 0.3 nm, 1.2 nm and 2.4 nm bilayer films exhibit J-ε 

characteristics similar to Ta2O5 while the 19.2 nm and 9.6 nm bilayer films are more 

similar to that of Al2O3 suggesting there may be different conduction mechanisms at 

play.  The 4.8nm bilayer film appears to be intermediate between the two groups.  
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Identification of the specific conduction mechanism would require a heated/cooled 

probe station to compare J-E curves collected a range of temperatures which were not 

available when this work was done.  Note that for a region between 4 and 6 MV/cm, 

three of the nanolaminate films have leakage values lower than that of pure Al2O3. 

 

Figure 13: A semi log plot of representative as-deposited J-ε curves of as-deposited 
films.  The vertical lines at 1 MV/cm and 4 MV/cm indicate where leakage values were 
extracted and the horizontal line indicates the current density cut off at which 
voltages were extracted for the Q factor figure of merit, explained below. 

 

Shown in Fig. 14 and 15 are median leakage current densities at 1MV/cm and 4 

MV/cm for as-deposited and annealed films, respectively.  All nanolaminate films have 

leakage current density values lower than that of pure Ta2O5.  Note that at a field of 1 
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MV/cm, typical of device operation, many of the leakage values were near the noise 

floor of our instrument (roughly 10-8 A/cm2).  The same general trends can be observed 

for the 1 MV/cm and 4 MV/cm leakage values, the thicker few-layered samples have 

lower leakage than the thin many-layered samples.  With respect to post-deposition 

annealing, leakage current density decreases slightly with increasing anneal 

temperature before increasing after the 900 °C anneal.  The leakage current density of 

the pure Ta2O5 films was comparable with the early work of Kattelus et al., using the 

identical precursor system.[1]  In the work of Kukli et al., using the chlorine-free metal-

organic tantalum-ethoxide/water system produced Ta2O5 with a leakage value about an 

order of magnitude smaller than that of the TaCl5 system. [2] 

 

Figure 14: Leakage current density at a field of 1 MV/cm vs. anneal temperature for 
various Al2O3-Ta2O5 nanolaminate films. 
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Figure 15: Leakage current density at a field of 4 MV/cm vs. anneal temperature for 
various Al2O3-Ta2O5 nanolaminate films. 

 

In Fig. 16 the median breakdown fields for annealed Al2O3-Ta2O5 nanolaminates 

are plotted against isochronal anneal temperature.  Breakdown was considered to occur 

at the first major discontinuity in the IV curve.  Because breakdown is a statistical 

process, at least six devices were measured for all samples.  Many bilayered samples 

tend to have higher breakdown strengths.  For a given nanolaminate breakdown 

strength remains roughly constant until decreasing after 900 °C anneals.  Pure Ta2O5 

films did not exhibit clear breakdown behavior, likely due to excessive leakage. 
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Figure 16: Median ramped breakdown voltage vs. isochronal anneal temperature for 
Al2O3-Ta2O5 nanolaminates 

 

4.5 X-ray Diffraction 

Shown in Fig. 17 are x-ray diffraction patterns for as-deposited and annealed 

Ta2O5 films.  The data was collected in a detector scan and the intensity is plotted on a 

logarithmic scale against the angle 2θ. No long range order is detected in Ta2O5 as 

deposited or after the 400 °C anneal.  The peaks in the samples annealed at 700 °C and 

above indicate long range order, consistent with annealed Ta2O5 films of comparable 

thickness in literature. [27-29] The peaks correspond well with those of base centered 
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orthorhombic Ta2O5.[30]  As shown in Fig. 14, the leakage of the Ta2O5 films increased 

once they crystallized.  

  

Figure 17: XRD plot of arbitrary log intensity vs. 2θ for as-deposited annealed ~50nm 
thick Ta2O5 films. [26] 

 

Shown in Fig. 18-20 are plots of the intensity vs. 2θ diffraction patterns for the 

samples annealed at 900, 800 and 700 °C.  The 400 °C patterns showed no long range 

order and are omitted.  In Fig. 18, the 900°C annealed Al2O3 samples show no signs of 

long range order though the 19.2nm bilayer film shows broad peaks lining up with those 

of Ta2O5.  In Fig. 19, the 800 °C annealed 19.2 nm bilayer film shows similar broad Ta2O5 

like peaks.  The 19.2 nm bilayer films contain three 8.2 nm thick Ta2O5 layers, much 
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thicker continuous layers than the other annealed films. In Fig. 11 the κ of the 19.2 nm 

films increases after the 800 °C anneal coinciding with the appearance of crystalline 

Ta2O5.  Though the other films do not show evidence of long range order their electrical 

behavior also changed with annealing. In Fig. 11 the thin-layer nanolaminates show a 

similar increase in κ but only after the 900 °C anneal.  Thin films have been shown to 

require higher temperatures to crystallize than thicker films.  After the 900 °C anneal the 

Ta2O5 in the thin layer films has likely crystallized with grains too fine to generate a 

diffraction pattern.  A transmission electron microscope could be used to investigate the 

crystal structure and local composition of the films with many thin layers. [27] 

 

Figure 18: XRD plot of arbitrary log intensity vs. 2θ for 900 °C annealed films. 
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Figure 19: XRD plot of arbitrary log intensity vs. 2θ for 800 °C annealed films. 

 

Figure 20: XRD plot of arbitrary log intensity vs. 2θ for 700 °C annealed films. 
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4.6 Charge Storage Factor 

To help qualify the different dielectrics and sort out the relative importance of 

leakage and dielectric constant, a figure of merit known as the charge storage factor, Q, 

has been proposed by Kukli et al.[2,3,5] The charge storage factor is defined as the 

charge stored per unit area at a given leakage current density,   

     
 

 
,       

where UCR is the critical voltage to induce 1 µA/cm2 leakage, C is the oxide capacitance, 

and S the electrode area.  

   A cumulative plot of Q for select films is plotted in Fig. 21.  The pure Al2O3 film 

has a Q of 24 nC/mm2, higher than the 15 nC/mm2 reported by Kukli et al.[2,5]  For 

Ta2O5, Kukli et al. reports a Q of 6 nC/mm2, well above the 1 nC/mm2 found here.[2,3,5] 

This may be attributed to the chlorine free Ta2O5 precursor system used in that work.  

Kattelus et al. suggested using chlorine free precursors as a means to reduce leakage 

current density.  [1] 
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Figure 21: Cumulative fraction plots of charge storage factor, Q, for select films. 

 

As shown in Fig. 21, Q varied between ~10 and 60 nC/mm2 for the as-deposited 

nanolaminates, demonstrating that even for an amorphous fixed composition and 

thickness the nanolaminate structure can have a large impact on the performance of a 

dielectric.  The top performing nanolaminate systems were the thick, few layer 

nanolaminates; with the 9.6 nm bilayer film being best, followed by the 19.2 nm and 4.8 

nm films.  The Q of the 19.2 nm nanolaminate after a 900 °C anneal, with crystalline 

Ta2O5 layers, is ~12, comparable to the ~14 of the as deposited 0.3 nm bilayer sample.  

Despite having a slightly lower dielectric constant than the as-deposited thin-many 
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bilayer films, the gains made in the reduced leakage of the few bilayer films push their Q 

above those of the other films.  This mirrors trends observed by Kukli et al. looking at 

mixed crystalline and amorphous HfO2/Ta2O5 and ZrO2/Ta2O5 systems where the highest 

Q factors at a given composition were found for ~10nm bilayers followed by 20nm and 5 

nm bilayers.[3,9] They attribute the good dielectric constant of their 10nm bilayer film 

to the stabilization of a fine grained tetragonal phase in the HfO2 and ZrO2 layers and 

suggest the leakage current density is reduced by the alternate crystalline-HfO2 

amorphous-Al2O3 structure which prevents long continuous leakage paths from forming 

in the material.[3,5]  In the fully amorphous Al2O3/Ta2O5 system presented here, 

perhaps 10nm bilayers allow each layer to develop enough to be distinct from 

neighboring layers but not provide long continuous leakage paths over which charges 

could be accelerated.  Laminates with bilayers thinner than 10 nm may not be thick 

enough to develop distinctly Al2O3 and Ta2O5 like properties in each layer.  Laminates 

with bilayers thicker than 10 nm have these distinct layers but because there are fewer 

layers long continuous defects allow for more conduction at higher applied fields. 

4.7 Future Work 

 VASE thickness measurements should be confirmed by TEM.  To clarify the 

influence of chlorine free precursors on the system the nanolaminate series could be 

redeposited using Ta2O5 by tantalum-ethoxide/water.  The dielectric constant of these 

laminates is expected to be slightly higher and the leakage lower than the ones 

deposited here.[2]   The composition of the films in this work should be verified, 
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perhaps by XPS or SIMS, to confirm that the nanolaminates are in fact all of the same 

composition and that there is no substrate influence on growth in this system. 
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Ch5: ZnO/SnO2 Nanolaminate 

In this chapter the results of experiments to characterize the deposition of ZnO-

SnO2 nanolaminates are presented.  Initial experiments using single layers of ZnO and 

SnO2 to measure growth and nucleation are reviewed.  A pair of nanolaminates, 

deposited to demonstrate the potential of substrate-inhibited growth to change a 

nanolaminate.   A series of nanolaminates with varied bilayer thicknesses (similar to the 

previous Al2O3-Ta2O5 work) was deposited to attempt clarifying the substrate influenced 

growth.  A series of nucleation nanolaminates were deposited, which allowed the 

average few cycle growth to be related to the total thickness of the nanolaminate. 

5.1 Single Layer Nucleation  

To measure bulk growth per cycle and estimate substrate nucleation delay, SnO2 

(ZnO) was deposited on known thicknesses of ZnO (SnO2), thermal SiO2, and native Si.  

SnO2 was amorphous as deposited by TDMA-Sn(Sn(N(CH3)2)4)/H2O.  ZnO was crystalline 

as deposited by DEZ(Zn(CH2CH3)2)/H2O.   SiO2 and native Si were used to allow 

comparisons to literature values and, in the case of the native Si, to provide a simple 

structure for ellipsometry modeling.  The native Si substrates, used for ZnO single layer 

nucleation samples, were subject to an HF etch prior to deposition to minimize the 

native oxide present.  The native Si substrates used for SnO2 were not HF etched and 

had an unknown thickness of initial native SiO2 present that made thickness 

determination less reliable.  The thermal SiO2 substrates have oxides grown in house 

with up to 10nm SiO2 thickness variation across a 25 mm x 25 mm coupon.   The VASE 
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measurements have a spot size of approximately 1mm x 4mm.  Thus the SiO2 thickness 

could vary by over 1 nm in the ellipsometer spot.  This limits the precision of the VASE 

measurements. 

Shown in Fig. 22 is the VASE measured thickness versus number of cycles ALD 

ZnO deposited on HF etched Si, SiO2, and SnO2.  The thicknesses range was chosen to be 

thin enough for a nanolaminate (<30nm) but thick enough to be measured in the VASE 

(>~10nm).  The growth per cycle is extracted from the slope of a linear fit to each series 

and listed in table 3.  The growth per cycle varies between 0.175nm for native Si and 

0.124 nm for SnO2, this is a variation of ~30%, though these are measured over different 

ranges of cycles.  The growth rates on SnO2 and SiO2 are over the same range and much 

closer to one another.  Ideally, an ALD chemistry will have a uniform bulk growth per 

cycle value regardless of the substrate it is deposited on although different substrates 

will have different nucleation behavior, shifting the x-intercept of the linear fit 

slightly.[6]   ZnO is deposited in a crystalline state and ZnO growth per cycle has been 

observed to change as the morphology of the film develops.[4]  The ZnO on Si films 

could have a more fully developed crystal structure either due to the crystallinity of the 

substrate or due to their greater thickness and this could cause a higher growth per 

cycle.  As the ZnO microstructure develops the optical properties of the film may 

change.  For very thin films a model with fixed optical properties based on a thicker film 

are used to measure thickness.  If the true optical properties vary as the thickness, and 

microstructure, develop this will introduce more error into the VASE measurement. 
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Figure 22: VASE measured ZnO thickness vs. number of ALD cycles of ZnO on native Si, 
SnO2 and SiO2 substrates.  

 

Table 3: ZnO growth per cycle and nucleation delay based on single layer nucleation 
measurements 

Substrate 
Growth 

per cycle 
(nm) 

Nucleation 
delay 

(cycles) 

Native Si 0.175 23 

SiO2 0.143 -18 

SnO2 0.124 2 

 

The x-intercept of the linear fit can be thought of as the number of cycles 

necessary for nucleation or to obtain bulk linear growth and are listed in table 3 as the 

nucleation delay.  For ideal nucleation the nucleation delay would be zero.  If the 
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nucleation delay is negative it is a sign there may be substrate enhanced growth.  ZnO 

appears to have nearly ideal nucleation on SnO2. 

Shown in Fig 23 is an analogous plot of VASE measured SnO2 film thickness 

versus number of cycles ALD SnO2 deposited on SiO2, ZnO and native Si substrates.  The 

growth per cycle and nucleation delay are calculated from the linear fits and listed in 

table 4. For a similar range of ALD cycles as for ZnO work, the SnO2 films are thinner 

indicating lower growth per cycle, 0.046 to 0.034 nm.  The SnO2 growth per cycle shows 

about 30% variation, similar to the ZnO values.  Once again the native Si samples have 

the greatest thicknesses likely due to the unaccounted contribution of native oxide 

thickness.  Most of the films measured thicknesses are below 10nm and the VASE is less 

reliable at these thicknesses.  On all substrates the x-intercept, or nucleation delay, is 

consistently positive suggesting substrate-inhibited nucleation.  
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Figure 23: VASE measured SnO2 thickness vs. number of ALD cycles of SnO2 on native 
Si, SiO2 and ZnO substrates.  

Table 4: SnO2 growth per cycle and nucleation delay based on single layer nucleation 
measurements 

Substrate 
Growth 

per cycle 
(nm) 

Nucleation 
delay 

(cycles) 

Native Si 0.046 24 

SiO2 0.039 40 

ZnO 0.034 32 

 

From the single layer nucleation data above, a model for the deposition of ZnO-

SnO2 nanolaminates was made.  For SnO2 on ZnO a growth per cycle of 0.034nm and a 

nucleation delay of 32 cycles was used.  For ZnO on SnO2 the growth per cycle was 
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0.124nm and nucleation delay 2 cycles.  This will be referred to as the single layer 

nucleation model.  

5.2 Extremes Nanolaminate Samples 

Two nanolaminate samples were deposited to test the extremes of the ZnO-SnO2 

nanolaminate growth.  A schematic of a ZnO-SnO2 nanolaminate deposited on SiO2 is 

shown in Fig. 24, indentifying a layer and a bilayer, consisting of 2 layers.  The first 

nanolaminate was deposited with thick layers of ZnO and SnO2, 91 ZnO cycles followed 

by 91 SnO2 cycles, repeated 10 times, to produce a nanolaminate with bulk-like layers.  

A second nanolaminate was deposited by alternating the material system with every 

cycle, 1 ZnO cycle followed by 1 SnO2 cycle repeated 909 times, to see what effect 

constantly switching nanolaminate systems has on deposition.  Films were deposited on 

SiO2 and native Si substrates with ZnO deposited first.  Visually, the films had different 

colors suggesting different thicknesses.  VASE measurements shown in Table 5 confirm 

that the 1:1 cycle sample was about 1/3rd the thickness of the 91:91 sample clearly 

demonstrating the substrate-inhibited growth occurring in this system. 
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Figure 24: Schematic cross section of ZnO-SnO2 nanolaminate deposited on SiO2. 

 

 Table 5: Extremes nanolaminates measured and predicted thicknesses, and structure 

 
1:1 91:91 

Total cycles 1818 1820 

Number of bilayers 909 10 

Total  measured thickness (nm) 54 149 

Single layer nucleation model  
predicted total thickness (nm) 

0.0 143 

 

The predicted thickness of the 91:91 nanolaminate using the single layer 

nucleation model is 143 nm.  This is quite close to the measured 149nm and indicates 

that our single layer nucleation model is a good predictor of the growth of thick layer 

nanolaminates. On the other hand, the 1:1 sample had a measured thickness of 54 nm.  

The single layer nucleation models uses a nucleation delay period during which no 

growth is assumed to occur, so according to this model a nanolaminate deposited with 
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single alternate cycles, no matter how many of them, would not deposit anything of 

appreciable thickness.  Clearly the single layer nucleation model, with its nucleation 

delay, does not predict few-cycle growth well.  In order to deposit nanolaminates of a 

target thickness and composition a better method to measure the few-cycle growth is 

needed. 

5.3 Varied Bilayer Nanolaminate Series 

To clarify the few cycle growth, a ZnO-SnO2 nanolaminate series was deposited 

based on the design of the Al2O3-Ta2O5 nanolaminate series.  The nanolaminate series, 

with target values based on the single layer nucleation model thicknesses and the VASE 

measured thicknesses, is presented in table 6.  A constant total thickness of roughly 

50nm was targeted with a fixed composition of approximately 60% ZnO.  The bilayer 

thickness was varied and the number of bilayers adjusted to maintain the total 

thickness.  The number of cycles per layer was increased to account for the 2 and 32 

cycle nucleation delays of ZnO and SnO2 on one another, as measured in the single layer 

nucleation work above.  For the 3 cycle ZnO: 2 cycle SnO2 sample a different target 

fraction Zn and a different target thickness were used.   Due to the added nucleation 

cycles, depositing 140 layers of SnO2 thick enough to bring the fraction of Zn down to 

0.6 would make for an impractically long run.  This series of nanolaminates is referred to 

as the varied bilayer nanolaminates. 
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Table 6: Varied bilayer nanolaminate series sample description and VASE data. 

Target  Values Spectroscopic Ellipsometer Results 

ALD 
cycles 
ZnO 

ALD 
cycles 
SnO2 

Frac. Zn 
Bilayer 
thick. 
(nm) 

Number 
of 

bilayers 

Total 
thick. 
(nm) 

Single layer model Superlattice model 

Bilayer 
thick. (nm) 

Thick. 
(nm) 

Frac.  
Zn 

Total thick. 
(nm) 

3 2 1.00 0.12 140 17.3 0.08 10.8 0.91 11.8 

5 44 0.48 0.77 56 43.3 1.60 89.6 0.93 89.2 

10 55 0.56 1.76 28 49.3 2.09 58.5 0.97 57.5 

20 78 0.59 3.77 14 52.8 3.27 45.8 0.86 45.1 

40 123 0.61 7.75 7 54.3 7.36 51.5 0.75 50.4 

 

The thickness of all films was measured using the VASE.  Films were modeled 

both as a single Cauchy layer and as a superlattice of Cauchy layers.  The single layer 

Cauchy model approximates the entire nanolaminate as one continuous uniform film.  

Optical properties and thickness were both fit from the data.  In a superlattice model a 

bilayer, consisting of one optically fixed ZnO Cauchy model and one optically fixed SnO2 

Cauchy model, is repeated a fixed number of times to form a model of the film, fitting 

for thickness.  The ZnO and SnO2 layers in the superlattice were modeled using optical 

constants taken from measurements of thick, single layer SnO2 and ZnO films.  The total 

thicknesses measured by the Cauchy models and superlattice models are listed in table 

6 and are in agreement with one another.   

In Fig. 25 the measured bilayer thickness (calculated by dividing the VASE 

measured single layer model thickness by the known number of bilayers) is plotted 

against the number of cycles per bilayer for the varied bilayer nanolaminate series.  For 

thick bilayer films the prediction is reasonably close.  For the thin bilayer films the 
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predictions are well under the actual thickness.  The thinnest bilayer film is thinner than 

predicted as can be seen in from the values in table 6.  This data suggests that there is 

some growth occurring during the nucleation period, which caused the thin 

nanolaminate to be over thickness, and that our simple nucleation delay model is 

inadequate. 

 

Figure 25: Predicted (dashed line) and measured (dots) bilayer thickness for the varied 
bilayer nanolaminate vs. number of ALD cycles per bilayer. 

 

The ZnO and SnO2 layer thicknesses, extracted from the VASE superlattice 

models, are plotted in Fig. 26 along with the target layer thicknesses vs. the number of 

cycles in each layer.  From this data it appears that the SnO2 has an even longer 
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nucleation delay than expected and that ZnO experiences type 2 substrate-inhibited 

growth, a period of enhanced growth following a brief period of inhibited growth before 

settling down to the bulk rate, much as Elam et al. observed for ALD of ZnO on Al2O3 

using DEZ-H2O. [4] 

 

Figure 26: Varied bilayer nanolaminate series superlattice model extracted thicknesses 
(points) and predicted (broken lines) layer thicknesses for ZnO (dots and dotted line) 
and SnO2 (squares and dashed line) vs. the number of cycles per layer. 

 

The 56 bilayer nanolaminate was adjusted to deposit a sample with a higher 

SnO2 content to test the superlattice model extracted ZnO and SnO2 layer thicknesses.  

The original and modified recipes are listed in table 7 along with the predicted 
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thicknesses and VASE superlattice extracted layer thicknesses.  The number of SnO2 

cycles was increased to 78 from 44, but otherwise the recipe was kept the same.  The 

high SnO2 content nanolaminate was expected to have a 1.36 nm SnO2 layer and 

0.37nm ZnO layer based on the single layer nucleation model, over 3x the original 56 

bilayer target SnO2 thickness of 0.41 nm and no change in the ZnO thickness.  If the SnO2 

growth actually was as the VASE superlattice model data in Fig. 26 shows the thickness 

of the SnO2 layer should have roughly doubled and the ZnO thickness should have 

remained the same.  In either case since the number of ZnO cycles was not changed the 

thickness of the ZnO layer should not have changed.    The extracted layer thicknesses 

from the VASE superlattice model of the new high SnO2 content nanolaminate showed a 

much thicker ZnO layer, where there should have been no change, and only minimally 

increased SnO2 layer thickness.  It appears the VASE superlattice model cannot 

differentiate between ZnO and SnO2 since it was unable to correctly attribute the 

increase in bilayer thickness to the increase in the SnO2 layer thickness.  ZnO and SnO2 

have very similar optical properties, (n at 633 nm is 1.9 for ZnO and 2.1 for SnO2), and 

this is likely why the model has trouble with the two.  In order to gain more information 

about the few-cycle growth of the ZnO-SnO2 nanolaminate system another approach is 

needed.  
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Table 7: Nanolaminate recipes, single layer nucleation model predicted thicknesses 
and VASE superlattice extracted thicknesses for the original and high SnO2 content 56 
bilayer varied bilayer nanolaminate samples. 

56 bilayer Sn content adjust comparison Original 
High SnO2 
content 

# of cycles /bilayer 
ZnO 5 5 

SnO2 44 78 

Predicted layer thickness (nm) by single layer 
nucleation model 

ZnO 0.37 0.37 

SnO2 0.41 1.36 

Extracted Layer thicknesses (nm) from VASE 
superlattice model 

ZnO 1.48 2.19 

SnO2 0.12 0.14 

 

5.4 Nucleation Nanolaminates 

From the varied bilayer nanolaminates it was apparent that due to limitations of 

the VASE superlattice model, the approach of fixing the total thickness and composition 

while simultaneously varying the layer thickness of both materials in the bilayer could 

not produce the information about the few cycle growth needed to reliably deposit 

nanolaminates of a target thickness and composition. 

In order to assess the few cycle growth a new array was designed which linked 

total film thickness to the variation of a single layer in the bilayer.  Instead of a fixed 

thickness, this array has a fixed number of bilayers.  The thickness of one component of 

the bilayer is held constant, while the thickness of the other component is varied.  In 

this way the total thickness can be related to the average growth per cycle in the varied 

layer.  It is essentially a stacked version of the single layer nucleation nanolaminates.    
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Fig. 27 illustrates the expected results for an array in which the number of ZnO 

cycles in each bilayer is fixed while the number of cycles of SnO2 is varied between 

samples in the series.  The slope of the bilayer thickness vs. number of SnO2 cycles per 

bilayer line is related to the average growth per cycle of SnO2 on ZnO. 

 

Figure 27 : Schematic of potential nucleation nanolaminate results.  Measured bilayer 
thickness (from VASE measured total film thickness divided by known number of 
bilayers) vs. number of SnO2 cycles per bilayer for a fixed ZnO layer in the bilayer. 

 

Fig. 27 shows two possible results. In (i), the ideal case, bilayer thickness will 

increase linearly with increasing SnO2 cycles intercepting the y-axis at the expected 

thickness for a film consisting only of ZnO cycles.  This ideal case however is unlikely 

because the ZnO layer must also nucleate on the SnO2 layer.  If ZnO experiences 

substrate-inhibited growth on SnO2, the introduction of the SnO2 layers will decrease 
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the thickness of the ZnO layers relative to a pure ZnO film.  This will confound the y 

intercept of the data and lead to case (ii), though it should not affect the slope. 

For the SnO2 nucleation nanolaminate the number of bilayers was fixed at 56, 

the number of ZnO ALD cycles was fixed at 5, and the number of SnO2 ALD cycles was 

varied from 0 to 64.    Fig. 28 shows the measured bilayer thickness (the total measured 

thickness divided by the number of bilayers) vs. SnO2 cycles per bilayer.  The results are 

summarized in table 8.  It was found that at more than 4 SnO2 cycles per bilayer, the 

bilayer thickness increased linearly with increasing SnO2 cycles per bilayer.   A linear fit 

yields a slope of 0.043 nm SnO2/cycle.  This represents the average SnO2 growth per 

cycle during the first 64 ALD SnO2 cycles.  This fits very well with the bulk growth per 

cycle of 0.05 nm but is higher than the 0.034 nm growth per cycle measured in the 

single layer nucleation work on ZnO.  The true growth at very low numbers of cycles is 

likely not linear.  The fit is very good, suggesting this is an accurate approximation for 

the growth per cycle over this region.  The few-layer SnO2 growth per cycle is only 

slightly inhibited by the ZnO substrate.   
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Figure 28: Plot of VASE measured bilayer thickness vs. ALD cycles SnO2 per bilayer for 
the SnO2 nucleation nanolaminate.  The slope represents average growth per cycle of 
SnO2 in the first 64 cycles of growth.  The zero cycle thickness is the thickness of the 
fixed 5 ZnO cycle layer with no SnO2 cycles. 

 

Table 8: Nucleation nanolaminate arrays for measuring SnO2 few-cycle growth per 
cycle and VASE measured thicknesses. 

Target values VASE measured 

ZnO cycles 
per bilayer 

SnO2 cycles 
per bilayer 

# of 
Bilayers 

Thickness 
(nm) 

Bilayer 
Thickness (nm) 

5 

0 

56 

48.5 0.87 

4 15.2 0.27 

24 53.2 0.95 

44 109.4 1.95 

64 157.8 2.82 
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The pure ZnO sample, with zero SnO2 cycles per bilayer is thicker than the 

thinnest nanolaminate, which has an additional 4 cycles of SnO2 per bilayer. This shows 

that ZnO experiences substrate-inhibited growth on SnO2.  The complimentary ZnO 

nucleation nanolaminate discussed next will clarify, somewhat, the full extent of this. 

Shown in Fig. 29 is a plot of VASE measured bilayer thickness (again total 

measured thickness divided by known number of bilayers) vs. ZnO ALD cycles per bilayer 

for the ZnO nucleation nanolaminate, analogous to Fig. 28 for the SnO2 nucleation 

nanolaminate.  The results are listed in table 9.  The linear fitted slope is 0.030 nm/cycle 

ZnO, much less than 0.14 nm, the bulk linear growth per cycle of ZnO, and 0.124 nm, the 

single layer nucleation model growth per cycle on SnO2.  The films were much thinner 

than expected and a larger range of thicknesses would have given a clearer trend. The 

pure SnO2 film, with zero cycles of ZnO, has a 9.3 nm thick bilayer, 1.3 nm thicker than 

the thinnest nanolaminate film in the series which has an additional 5 cycles of ZnO 

added, demonstrating that SnO2 growth is inhibited on a ZnO substrate.   

 



78 
 

 

Figure 29: Plot of VASE measured bilayer thickness vs. ALD cycles ZnO per bilayer for 
the ZnO nucleation nanolaminate.  The slope represents the average growth per cycle 
of ZnO in the first 20 cycles of growth.  The zero cycle thickness is the thickness of the 
fixed 20 cycle SnO2 layer with no ZnO cycles. 

 

 Table 9: Nucleation nanolaminate arrays for measuring ZnO few-cycle growth per 
cycle and VASE measured thicknesses. 

Target values VASE measured 

ZnO cycles 
per bilayer 

SnO2 cycles 
per bilayer 

# of 
Bilayers 

Thickness 
(nm) 

Bilayer 
Thickness (nm) 

0 

20 56 

52.2 9.3 

5 44.9 8.0 

10 52.6 9.4 

15 55.3 9.9 

20 71.9 12.8 
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Using the SnO2 growth per cycle extracted from the SnO2 nucleation 

nanolaminate, Fig. 28, the thickness of the 20 cycle SnO2 layer in the ZnO nucleation 

nanolaminates is predicted to be about 0.86 nm.  This is thicker than the thinnest ZnO 

nucleation nanolaminate.  This could be because the first 20 cycles of SnO2 might have 

an average growth per cycle lower than the first 64 cycles.  There also could be some 

etching effects in the system similar to what Elam et al. observed for the Al2O3-ZnO 

system, which also used DEZ and H2O for ZnO.[8]  Shifting the linear fit in Fig. 29 down 

by 0.86 nm, to remove the predicted SnO2 layer thickness and consider just the 

thickness of ZnO, puts the x intercept at 8 cycles.  This could mean that until 8 cycles of 

ZnO on SnO2 there is a net loss in film thickness due to etching. If this is true then the 

ZnO layer in the SnO2 nucleation nanolaminates may have no ZnO in it at all.  The 8 cycle 

nucleation delay suggested here is larger than the 2 cycles extracted from the single 

layer nucleation work.  This could also be an indicator of noise in our measurements and 

depositions.  This could be verified by using a quartz crystal microbalance, to measure 

the mass change with each pulse during deposition; by measuring the composition and 

comparing it with the target composition; or by using cross sectional TEM to inspect the 

nanolaminates.  

If the ZnO nucleation nanolaminate measured growth per cycle, 0.03nm, with 

any etching effects disregarded, the 5 cycle ZnO layer thickness in the SnO2 nucleation 

nanolaminates is predicted to be 0.15 nm.  Shifting the linear fit line in Fig. 28 down by 

0.15 nm gives an x intercept of 3 cycles.  This may represent that it takes 3 cycles for any 
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SnO2 to appear on ZnO or it could indicate that the growth per cycle in the first 3 or so 

cycles is lower and it takes about 3 cycles for the average growth per cycle to reach 

0.043nm but it could also be an indication of noise in the measurements and 

inconsistency in the deposited films.  This value is much less than the estimated 30 cycle 

nucleation delay found in the single layer nucleation work. 

The fact that the 1:1 cycle nanolaminate discussed earlier had a measureable 

thickness, of 54 nm, shows that at least one of the materials is depositing something on 

the first cycle and casts doubt on the nucleation delay being a physical phenomenon.  

Rather it is an approximation to simplify the effect of substrate-inhibited nucleation on 

the growth of thick films.  The reliability and meaning of the x-intercepts/nucleation 

delays of this work are unclear, further experimental work will be needed to observe 

possible etching effects or the precise mass change with each pulse.   

   Using the measured average growth per cycle of ZnO and SnO2 from the 

nucleation nanolaminates, Fig. 28 and 29, and assuming growth begins at these rates 

right from the first cycle, the thickness of the extremes nanolaminates and the varied 

bilayer nanolaminates are modeled.  This is referred to as the nucleation nanolaminate 

model. 

  Table 10 displays the measured thicknesses and modeled thicknesses for the 

extremes nanolaminate samples using both the single layer nucleation model and the 

nucleation nanolaminate model.  Because the nucleation delay is included in the single 
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layer nucleation model, it predicts no deposition occurring for the 1:1 cycle sample but 

is quite close in estimating the bulk-like 91:91 cycle sample, with 143 nm predicted vs. 

149 nm measured.  The nucleation nanolaminate model more closely predicts the 

values of each nanolaminate.  For the 1:1 cycle sample the nucleation nanolaminate 

model predicts a thickness of 65 nm, slightly over the 54 nm measured value.  This 

model predicts a thickness of 152 nm for the 91:91 cycle sample, very close to the 

measured 149 nm.   

Table 10: Extremes nanolaminates measured and predicted thicknesses, and structure 

 
1:1 91:91 

Total cycles 1818 1820 

Number of bilayers 909 10 

Measured total thickness (nm) 54 149 

Single layer nucleation  predicted 
total thickness (nm) 

0.0 143 

Nucleation nanolaminate predicted 
total thickness (nm) 

65 152 

 

  Shown in Fig. 30 is a plot of the measured bilayer thickness of the varied bilayer 

nanolaminate samples vs. the number of cycles per bilayer.  Also shown in this figure are 

the single layer nucleation model prediction and the nucleation nanolaminate 

predictions for this series.  For thick, many cycle, bilayer samples the measured bilayer 

thickness is predicted quite well by the single layer nucleation model.  On the other 

hand, for thin, few cycle, bilayer nanolaminates, the measured bilayer thickness is more 

accurately predicted by the nucleation nanolaminate model. 
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Figure 30: Measured thicknesses of the varied bilayer nanolaminate samples plotted 
against number of cycles per bilayer with predicted thicknesses based on single layer 
nucleation model and nucleation nanolaminate model.  

 

For thick bilayers the linear bulk growth per cycle dominates and using a bulk 

deposition rate with a nucleation delay, to account for the effects of substrate-inhibited 

growth, is the best predictor of film thickness.  For thin bilayers, the impact of the 

substrate-inhibited growth becomes non-negligible and a nucleation delay is no longer 

an appropriate model.  The average growth per cycle, measured by the nucleation 

nanolaminate model, accurately predicts the thickness of thin bilayer nanolaminates 

with nucleation dominated growth.    
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5.5 Future Work 

Ellipsometry provides an indirect method of measuring the film thickness.  To 

confirm VASE measured thickness select films should be verified by transmission 

electron microscope (TEM).  TEM would also give insight into the distribution of Sn and 

Zn in the nanolaminate by using a dark-field image or electron energy loss spectroscopy 

(EELS).  This would indicate the abruptness of the interfaces which could change due 

crystallinity in the ZnO or incomplete layer formation at very few cycles.  This would 

show whether nanolaminates with very thin layers are still nanolaminates or alloys.  

Local crystallinity of ZnO and SnO2 layers could be assessed in bright-field images and in 

diffraction patterns.  This could be used to investigate the extent to which SnO2 

suppresses crystallinity in the ZnO layer. 

Performing ALD in a tool equipped with a quartz crystal microbalance (QCM) 

microbalance would provide cycle by cycle information about mass gain in the sample.  

By assuming a density or calibrating to a thickness with ellipsometry, TEM or x-ray 

reflectivity measurements (XRR) the mass gain could be converted to a growth per cycle.  

QCM measurements could quickly confirm the average measured growth per cycle in 

the nucleation nanolaminates and clarify any etching effects during nucleation.  A QCM 

has been acquired that will make such experiments possible here at OSU.  

 Having composition information would also help verify the relative thicknesses 

of SnO2 and ZnO predicted.  Work has begun to use secondary ion mass spectrometry 

(SIMS) to look at the composition and distribution of atoms in these nanolaminate films. 
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Hall Effect measurements could be used to characterize the carrier 

concentration and carrier mobility of the ZnO-SnO2.  These films can be directly 

compared with device quality sputtered ZTO also produced at OSU.  Sputtered ZTO 

requires a post deposition anneal to adjust the carrier concentration and mobility which 

are thought to be dependent upon oxygen vacancies.  It is hoped that ALD ZnO-SnO2 will 

be able to achieve comparable properties with shorter, lower temperature anneals since 

ALD films are deposited at a higher oxygen partial pressures.   

The impact of nanolaminate structure on annealing requirements, carrier 

concentration and carrier mobility will also be explored.  Ideally a thin nanolaminate will 

have lower annealing requirements to produce device quality ZTO. 
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Chapter 6: Conclusions 

In this chapter the major conclusions of the experimental work with Al2O3-Ta2O5 

and ZnO-SnO2 nanolaminates are reviewed and an outline of the direction future work 

with these systems will take presented. 

6.1 Al2O3-Ta2O5 

Amorphous Ta2O5–Al2O3 nanolaminates were deposited via ALD using Al(CH3)3 

and TaCl5 as metal precursors with water as an oxidant. By fixing total thickness and 

composition and varying only the numbers of Al2O3-Ta2O5 bilayers, the impact of the 

bilayer thickness and the total number of interfaces on dielectric properties was 

investigated without interference from changes in overall composition or crystal 

structure.  

 These material systems seem to have little nucleation trouble on one another 

with bilayer thicknesses, down to 0.3 nm, matching bulk growth rate predictions.  It was 

found that despite the fixed overall target composition, varying the number/thickness of 

the bilayers had an impact on electrical properties. 

While almost all samples exhibited breakdown, leakage intermediate, and 

dielectric constant between single layer Al2O3 or Ta2O5 films the few (thick) bilayer 

nanolaminates show improved leakage over many (thin) bilayer nanolaminates.  The 

many (thin) bilayer samples leaked similar to Ta2O5 while the thick, few layer samples 

had leakage curves resembling those of Al2O3.  Several of the samples with thicker 



86 
 

bilayers exhibited leakage current density even lower than that of Al2O3 over the range 

of 3.5–4.5 MV/cm. 

Layering does not seem to have as large of an impact on the dielectric constant 

as it does on leakage.  As-deposited the dielectric constant is slightly higher for the 

many (thin) layered nanolaminates.  However a 400 °C anneal brings them to nearly the 

same κ as the few (thick) bilayer samples suggesting that the higher as-deposited κ may 

be due to defects or instabilities in the films and not due to mixing from the very thin 

layers.  More work is needed to verify this 

To explore the influence of crystallization on the nanolaminates, select samples 

were annealed in an inert atmosphere.  Annealing nanolaminates at low temperatures 

improved leakage and breakdown while higher temperature anneals degraded both 

leakage and breakdown but improved the effective dielectric constant.  Changes in 

properties after high temperature anneals coincided with the appearance of long range 

order in the Ta2O5 layers. 

Based on a figure of merit, Q, which takes into account film capacitance and 

leakage, the as-deposited few (thick) bilayer nanolaminates outperformed Al2O3 due to 

comparable or superior leakage performance and increased dielectric constant.[2,3,5]   

The highest Q films aligned with work of Kukli et al., who reported that nanolaminates 

of crystalline HfO2, or ZrO2, and amorphous Ta2O5 with 5 nm layers were best followed 

by 10 nm and 2.5 nm layers. [3,5] 



87 
 

These results indicate that for a fixed overall composition, varying the number of 

bilayers may be used as a way to tailor the electrical properties of a nanolaminate 

dielectric.  The thickness of the films studied (58 nm) is relevant to gate dielectric 

applications in amorphous oxide semiconductor TFTs in which an SiO2 equivalent 

thickness of 100 nm is typical.[27,28]  This could also allow independent tuning of the 

interface and the “bulk” of the dielectric layer.[14]  

6.2 ZnO-SnO2 

ZnO-SnO2 nanolaminates were deposited via ALD using DEZ and TDMA-Sn as 

precursors with water as an oxidant.  TDMA-Sn is a newly reported precursor for SnO2; 

although the TDMA-Sn/H2O2 system has been well characterized little has been 

reported on the TDMA-Sn/H2O system.   Significant substrate-inhibited growth was 

found to occur in this nanolaminate system and bulk growth rates, even with an 

approximated nucleation delay, were unable to predict laminate thicknesses.     

The goal of this work is to produce a ZnO-SnO2 nanolaminate with a uniform 

composition, an alloy; this will require very thin layers.  Few-layer growth can be very 

different than bulk growth due to substrate influenced nucleation. In this work it was 

therefore critical to understand few-layer growth. 

In order to measure the average growth per cycle during the first few cycles 

using VASE a series of nucleation nanolaminates were deposited with a fixed number of 

bilayers.  By fixing the thickness of one component of the bilayer and varying the 
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thickness of the second component, the average growth per cycle of the varied layer 

can be related to the total thickness of the nanolaminate.  This allows the average 

growth per cycle to be measured at thicknesses that, as a single layer, are far too thin to 

reliably measure with an ellipsometer.  Growth per cycles extracted by this method 

were able to accurately predict the thicknesses of ZnO-SnO2 nanolaminates in which 

substrate influenced nucleation dominates.  It appears that ZnO has type 1 substrate-

inhibited growth on SnO2 and SnO2 has minimal type 1 inhibited growth on ZnO. 

With this model for few-cycle growth nanolaminates of a target thickness and 

approximate composition can be deposited to continue development of an ALD ZTO 

channel layer for TFTs.  This method has potential applications in other ALD systems for 

establishing the average few cycle growth, even when substrate influenced nucleation 

effects are significant. 

6.3 Future Plans 

 The thickness of the Al2O3-Ta2O5 laminates should be confirmed by TEM or XRR.  

XPS or SIMS could confirm that nanolaminates are of a single composition and verify 

that no substrate-inhibited growth effects are present.  The increased dielectric of as-

deposited many (thin) bilayer samples could be better investigated and laminates made 

of Ta2O5 by the Cl-free tantalumethoxide/water system could confirm the reduction in 

leakage reported by other groups. [2]  
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Although the ZnO-SnO2 nucleation nanolaminates worked, in hindsight, the 5 

cycle ZnO layer used was very thin, making modeling measurements difficult.  To 

improve this experiment a new set of nucleation nanolaminates, will be deposited with 

slightly thicker fixed layers.  Any initial cycle weight loss or small periods of substrate 

enhanced growth could easily be washed out by considering an average value as we 

have here.  Future work will include deposition of ZnO/SnO2 nanolaminates in an ALD 

system equipped with a QCM.  The QCM will allow for the mass change with each pulse 

to be measured.  X-ray reflectivity would help confirm ellipsometer measured 

thicknesses and measure density to convert the QCM mass measurements to a 

thickness. 

We also do not have any information about the intermixing at very low 

thicknesses.  It is unclear whether there are discrete layers of SnO2 and ZnO or whether 

the material is more homogenous.  TEM images, XPS, or SIMS composition data are 

needed to clarify the interior microstructure. Recently work has begun using secondary 

Ion mass spectroscopy (SIMS) to examine ALD films.  Hopefully this will allow 

measurement the bulk composition of nanolaminates and give an idea of the 

distribution of Sn and Zn in the film. 

Annealing work will also be done with ZnO-SnO2 nanolaminates with the goal of 

improving uniformity and modifying carrier concentration by changing the oxygen 

vacancy concentration.  The focus will be on trying to attain properties equivalent to 

sputtered ZTO, using a lower anneal temperature. 
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The ultimate goal is to use the ZnO-SnO2 nanolaminates as the channel layer in a 

TFT, for which the carrier concentration and mobility are important.  Hall Effect 

measurements and TFTs will be used to evaluate the electrical performance of the ZnO-

SnO2 nanolaminates. 
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