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In the first part of this work, thin films of Al2O3 deposited via atomic layer 

deposition (ALD) are demonstrated to improve the thermal stability of cellulose 

nanocrystal (CNC) aerogels. ALD is a chemical vapor deposition (CVD) like method in 

which sequential precursor exposures and self-limited surface reactions produce a 

conformal thin film with precise thickness control. The conformal nature of ALD is well 

suited to coating the porous microstructure of aerogels. SEM micrographs of coating 

thickness depth profiles are shown to agree with trends predicted by precursor penetration 

models. Thermogravimetric analysis shows samples coated with ALD Al2O3 have 

increased decomposition temperatures. 



   

 

In the second part of this work, ALD zinc tin oxide (ZTO) is used to demonstrate 

a technique for measuring the substrate inhibited growth in multicomponent and laminate 

ALD systems. The thickness control of ALD makes it attractive for multicomponent and 

laminate systems. However, the surface reactions of ALD mean that the first few cycles, 

while the film nucleates, may have a different growth per cycle (GPC) than when the film 

is growing on itself in a bulk growth regime. A model for the substrate inhibited ALD of 

ZTO is derived from two complementary sets of laminates. The thickness and 

composition predictions of our model are tested against the bulk GPC of ZnO and SnO2.  

In the final part of this work, prompt inorganic condensation (PIC) is explored as 

a potentially more environmentally friendly alternative to ALD for planar thin film 

applications. Whereas ALD requires expensive vacuum systems and has low precursor 

utilization, solution based methods, such as PIC, allow atmospheric processing and 

precursor recycling.  The water based PIC solutions use nitrate counter ions which 

evaporate at low temperatures. Combined with the low energy required to convert the 

hydroxide precursor clusters into an oxide film makes PIC a promising low temperature 

route to dense solution processed thin films. The dielectric performance of PIC Al2O3 is 

shown to be comparable to ALD Al2O3 films on Si though a large interfacial SiO2 layer is 

found to be dominating the behavior of the PIC films.  This interfacial layer is shown to 

form very quickly (≤ 2 min) at low temperatures (≤ 50°C). This low temperature 

interfacial oxide growth could be a benefit in passivating solar cells.  
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Thin films allow surface properties to be varied independently of the bulk of a 

structure allowing for improved surface passivation.1 Thin films have also been key to the 

miniaturization of microelectronics and the increased integration of components and 

devices into computer chips.2   There are many different methods for depositing thin 

films and the choice of method can involve a range of factors from the technical details 

such as substrate geometry and interfacial layer formation to the broader impact of the 

processes energy and chemical requirements on the environment. In this dissertation the 

strengths and limitations of two thin film deposition methods are investigated. In chapter 

2, because of it is highly conformal nature, atomic layer deposition (ALD) was used to 

coat high aspect ratio nanocrystalline cellulose aerogels with thin films of Al2O3 to 

protect them from thermal degradation. In chapter 3, the precise thickness control of 

ALD was used to deposit ZnO-SnO2 laminates that show the impact of the substrate on 

the nucleation of ALD films.  In chapter 4 solution processing is demonstrated as a more 

environmentally sustainable alternative for thin film deposition. Prompt inorganic 

condensation (PIC) solution processed Al2O3 films on Si are compared to ALD Al2O3. In 

chapter 5 interfacial SiO2 layer growth during PIC Al2O3 deposition on silicon was 

investigated and preliminary results showed these films could form effective passivation 

layers on silicon solar cells.  In chapter 6 PIC Al2O3 films were deposited on TaN to 

avoid the high band gap SiO2 interfacial layer. The impact of forming gas annealing 

temperature on thin film properties was measured. 

In chapter 2 Cellulose nanocrystal (CNC) aerogels were coated with Al2O3 thin 

films by ALD to improve their thermal stability.  Cellulose is an abundant renewable 

organic polymer found in plants and produced by some bacteria.3 CNCs are isolated 
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crystalline domains of cellulose.4 They are non-toxic, biocompatible and have 

exceptional mechanical properties making them an attractive candidate for a reinforcing 

fiber in polymers.  Unfortunately the thermal decomposition of CNCs limits them to 

polymers with melt temperatures < 200°C.5 CNCs are typically produced in aqueous 

solutions and agglomerate on drying making applying conformal coatings difficult.  

Fortunately CNC fibers can also be used to form aerogels, a unique microstructure with 

low density and high porosity.  In the aerogel structure CNC fibers can be coated with 

high aspect ratio compatible methods such as ALD. Thermogravimetric analysis showed 

the Al2O3 coatings were effective in increasing the decomposition onset temperature. The 

best coating was able to increase the decomposition temperature from 175°C for uncoated 

CNC aerogels to 295°C. Al2O3 coatings were thinner inside the aerogel than near the 

surface. Thickness profiles matched trends in precusor penetration models suggesting the 

ALD film penetration depth decreased ALD film growth.  

 The precise thickness control and variety of compatible materials of ALD make it 

an attractive option for producing laminates and multicomponent films.6 However, the 

linear growth per cycle (GPC) ALD films are known for requires a consistent surface. 

During nucleation the GPC of the film can vary as the surface transitions from substrate 

to film. 7  In a thick single component film the nucleation-inhibited growth is accounted 

for by a nucleation delay (cycles during which no growth is assumed to occur) and linear 

growth at the bulk GPC after this. For laminates with a layer thickness on the order of the 

nucleation delay and a more accurate model of the GPC during the first few layers is 

needed.  In chapter 3 a method for measuring substrate inhibited growth in ALD using 2 

complimentary arrays of laminates, so called nucleation laminate arrays, was 
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demonstrated for the ZnO-SnO2 system. The model was able to take into account 

substrate inhibited growth on thick films as well as partially inhibited growth on thin 

films/mixed surfaces.  

ALD produces high quality thin films with good thickness control and 

conformality however this comes at the cost of low precursor utilization, long deposition 

times, and the need for a costly vacuum system.8  For planar films, solution based 

methods are attractive since they allow for precursor recycling, shorter deposition times, 

and atmospheric processing. Traditional solution based methods often required high 

temperature anneals to remove bulky organic ligands and densify the film.9 Prompt 

inorganic condensation (PIC) is an alternative solution processing approach that uses 

hydroxide clusters suspended in water with nitrate counter ions.10  Because the water and 

nitrate evaporate at low temperatures and the hydroxide to oxide transition is low energy 

PIC is a promising low temperature route to high quality solution processed oxide thin 

films. In chapter 4 PIC and ALD Al2O3 films on Si were compared and PIC Al2O3 was 

found to form a significant SiO2 interlayer.  

 In chapter 5 the SiO2 interfacial layer growth during PIC Al2O3 deposition on Si 

was investigated. Control experiments isolated the impact of pretreatment and annealing 

steps on bare silicon substrate. Nitric acid was used to approximate the PIC precursor 

solution without hydroxide clusters. Cross sectional TEM images of the PIC film-Si 

interface showed the evolution of the interfacial layer with annealing temperature. One 

potential application for PIC Al2O3 films on Si where the interfacial SiO2 layer would be 

a benefit is as a passivation layer on silicon solar cells. Initial measurements showed PIC 
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films have defect densities similar to films grown by other competing techniques but with 

a fraction of the processing time.11   

In chapter 6 PIC Al2O3 films were deposited on TaN to avoid the high bandgap 

SiO2 interfacial layer that forms on Si. The PIC Al2O3 thin film performance was 

correlated to changes in chemistry during forming gas annealing. Temperature 

programmed desorption showed residual water and nitrate in the film decreased as the 

annealing temperature increased. This correlated to a decrease in leakage current and the 

temperature dependence of the current, indicating decreased bulk dominated conduction. 

Suggesting the residual water/hydroxides and nitrate in the films act as defect sites that 

increase conductivity.  
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2.1 Introduction 

Cellulose nanocrystals (CNCs) are high aspect ratio nanoparticles that can be 

derived from a variety of materials such as plants, algae, and sea animals. Their size 

varies from 3 to 20 nm in cross section and 50 to 2000 nm in length.  CNCs are 

biocompatible and essentially non-toxic with a strength rivaling aluminum and a modulus 

surpassing that of carbon steel. Because of these unique properties, CNCs have recently 

been the subject of a great deal of research exploring a variety of applications ranging 

from biomedical devices to optical components. They have also been widely proposed as 

reinforcing fillers in polymers.12 However, the well-known sensitivity of CNCs to 

oxidation at low temperatures has limited their ability to be incorporated into polymers, 

which typically require high temperature processing (>200 °C) in oxygen containing 

environments.13 Although application of a thin surface coating might provide oxidation 

resistance to CNCs, CNCs are typically produced in aqueous solutions and agglomerate 

or form films upon drying, making coating difficult.  

Recent work, however, has shown that CNCs can be readily formed into aerogels, 

which possess a unique microstructure of loosely spaced particles with very high 

porosity, low density, and high surface area.12,14 The aerogel morphology allows not only 

for unique architectures, but also makes available the CNC surface to interaction with 

process gases, opening the possibility of coating aerogel CNCs with protective thin films. 

Although coating of such high surface area porous substrates is not possible with 

standard deposition techniques such as sputtering, evaporation, or traditional chemical 

vapor deposition (CVD), atomic layer deposition (ALD) is well-suited for the 

task.15,16,17,18,19 ALD is a chemical vapor deposition technique in which precursors and 
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reactants are introduced sequentially to the reaction chamber. Deposition takes place via 

self-limiting surface reactions so that the film builds up one layer at a time, allowing for 

highly uniform and conformal coating of thin film inorganic oxides over high aspect ratio 

porous and large surface area structures.20 ALD coatings have been applied to woven 

cotton fibers to control wettability21 and conductivity,22 and applied to CNC aerogels for 

a variety of purposes such as to increase biocompatibility,23 to form a high surface area 

TiO2 substrate for dye sensitized solar cells,24 to create inorganic nanotube aerogels using 

sacrificial CNC aerogel templates,25 to form reusable floating oil absorbents,26,27 and to 

demonstrate photoselective super-absorbency of water.28 It has recently been shown that 

ALD films of Al2O3 as thin as 25 nm make excellent moisture permeation barriers.29 

ALD Al2O3 films have also been shown to protect other carbon-based structures from 

oxidation, in one case increasing the oxidation temperature of carbon fibers by 60°C.30  

In this work, ALD is used to deposit conformal Al2O3 coatings on CNC aerogels 

to improve oxidation resistance for incorporation as reinforcing fillers in polymers. 

Electron probe microanalysis (EPMA) is used to measure the penetration of Al into the 

aerogel. Scanning and transmission electron microscopy (SEM and TEM) are used to 

monitor coating conformality and thickness as a function of depth in to the aerogel. To 

assist interpretation of EPMA, SEM, and TEM data, the penetration depth of the ALD 

Al2O3 film into the CNC aerogel is modeled based on the work of Yanguas-Gil and 

Elam.31 Finally, thermogravimetric analysis (TGA) is used to assess the effectiveness of 

the coatings in preventing oxidation related weight loss. 



10 

 

 

2.2 Experimental 

CNCs are prepared from pure cotton cellulose by hydrochloric acid hydrolysis 

using a previously described method.32,33 In the first step of this two-step process, 

comminuted cellulose is subjected to hydrolysis by immersing in 2.5 M HCl at 100 °C 

for ~30 min. The resulting aqueous CNC-containing mixture is then subjected to 

oxidation, converting the surface C6 primary hydroxyls to carboxylic acids via (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO) mediated carboxylation.34,35,36,37 Briefly, 200 

mL of 1% CNC suspension is slowly stirred with 140 mg of TEMPO (70 mg/g CNC) and 

360 mg of NaBr (180 mg/g CNC). The reaction is initiated by adding an initial aliquot of 

6% hypochlorite (NaClO) to the reaction mixture. A pH of 10.2 to 10.5 is maintained by 

adding dilute NaOH via a pH controller for 4 to 8 hrs. The reaction is quenched with 30 

to 40 mL of ethanol and then purified by dialysis. Carboxylate content on the CNC 

surface is determined via conductometric titration against 0.05 N NaOH. Typical values 

of carboxylate content are ~1 mmol/g CNC. The surface charge imparted by the 

carboxylate groups sets up repulsive forces between the colloidal particles that result in a 

spontaneous and stable dispersion of CNC particles in an aqueous suspension. The 

prepared CNCs are further processed by carefully layering an organic solvent (acetone) 

over the aqueous CNC dispersion containing 1.0-1.5% carboxylated CNCs (solvent: CNC 

dispersion = 5:1). The solvent is decanted and replaced 3-4 times over the course of 5 

days forming a CNC organogel (gel in organic solvent). After a dry organogel (all 

residual water replaced with acetone) is obtained, the solvent is removed by soaking the 

organogel in liquid CO2 at 1200 PSI and 25 ºC for 18-24 hours. The vessel is then slowly 

vented and refilled every 30 minutes (ΔP = ± 200 PSI, 3x), followed by soaking in 
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supercritical CO2 (1500 PSI, 35ºC) for one hour, after which the vessel is depressurized 

at less than 100 PSI/min. A highly porous, white solid is obtained, as shown in figure 

1(a). Typical densities of the aerogels are between 0.05 g/cm3
 and 0.1 g/cm3. 

Al2O3 films are deposited on approximately 10 x 5 x 5 mm pieces of CNC aerogel 

via ALD in an Arradiance GemstarTM flow-through hot wall reactor at either 80°C or 

150°C using trimethylaluminium (TMA, Al(CH3)3) and water as reactants. To reduce 

residual absorbed water, all aerogels are baked out in the deposition chamber at 150°C 

under approximately 1 Torr N2 for 24 hours prior to ALD. Samples baked out at 80°C are 

found to be fractured and blackened during ALD, presumably from TMA reacting with 

residual water.  

A typical ALD cycle for coating a planar surface consists of four basic steps:  (i) a 

pulse of the first reactant is introduced which reacts with functional groups on the 

substrate surface; (ii) reaction products as well as excess and physisorbed reactants are 

purged away with an inert gas (typically N2); (iii) a pulse of the second reactant is 

introduced which reacts with the chemisorbed layer of the first reactant; (iv) excess 

reactant and reaction products are again purged away with inert gas.20 These steps are 

repeated to deposit a film with the desired thickness. In order to coat a high aspect ratio 

structure such as an aerogel, the four step sequence described above must be modified. 

After steps (i) and (iii), additional exposure steps are added during which the substrate is 

allowed to "soak" in the reactant gas for a period of time prior to the purge step to allow 

the reactant sufficient time to diffuse into and out of the porous substrate. To enable this, 

a stop valve to the vacuum pump is closed prior to reactants being pulsed into the 

chamber. Similarly, the purge steps are extended to give the excess reactants and reaction 
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products enough time to diffuse out again. Finally, compared to planar substrates, a larger 

dose of reactants must be used to account for the high surface area of the aerogel.15-18,25-28 

This is accomplished by increasing the reactant pulse times. ALD Al2O3 coatings are 

investigated with respect to ALD pulse time, and exposure and purge time. Depositions 

of 15, 50, and 272 ALD cycles are used with a range of reactant pulse times (20, 60, 180, 

500, 1000, and 2000 ms), and exposure and purge times (30, 120, 600 s). Note that for all 

ALD coatings discussed in this work, the exposure and purge times are set equal, and 

thus are given as one value. A typical coated aerogel is shown in Fig. 2.1(b).  

 

Figure 2.1: Photographs of (a) uncoated and (b) ALD coated CNC aerogels. 

 

Al2O3 film thickness is measured on planar silicon witness samples via 

ellipsometry, accounting for a thin native oxide. To investigate Al2O3 penetration, the 

penetration of Al atoms into aerogel samples is measured by EPMA using a Cameca SX-

100 Electron Microprobe. Al2O3 coated aerogel samples are embedded in epoxy 

(SPURRS, Ted Pella, Inc.), cross sectioned, and then polished prior to EPMA 

measurements. To examine the microstructure as well as Al2O3 penetration, other coated 

aerogels are cleaved and the fracture surface is examined using either an FEI QUANTA 

600F SEM or an FEI NOVA NanoSEM 230 high resolution SEM. To examine coating 

conformality, TEM images of select coated samples are collected on a FEI Titan 200kV 

TEM/STEM. 
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Weight loss curves of coated and uncoated aerogels are collected in a TA 

Instruments TGA Q500 thermogravimetric analyzer (TGA). TGA is performed on small 

whole (unbroken) pieces of coated aerogel with masses of 5 to 10 mg (Fig. 1 (b)). All 

TGA measurements are conducted in air with a heater ramp rate of 10°C/min. Data is 

plotted both as weight percent vs. temperature and log differential weight % vs. 

temperature. Differential weight % data is averaged over 7 data points to reduce noise 

(for the sample and sweep rates used, there is less than a 1°C change in temperature over 

7 data points).  

The TMA penetration depth in the CNC aerogels is modeled in Matlab based on 

the work of Yanguas-Gil and Elam,31 which is based on the model developed by Gordon 

et al.38 generalized to fit an arbitrary geometry. The CNC fiber structure is approximated 

as a cubic network of cylinders.39 The spacing of the cylinders is adjusted to fit SEM 

observations, either 100 nm or 160 nm center to center. The critical time tc to coat a 

feature of length L is given by 

𝑡𝑐 = 𝐴
𝐿2

𝐷

1

𝛾
(1 −

log(1−𝑐)

𝛼
)                                                                 (1) 

where D is the precursor diffusivity, γ is the precursor excess number, α is the 

Damkohler number, c is the coverage fraction (0.9999 for this model), and A is a 

correction factor that we have added to account for reaction chamber dependent transport 

time and assumptions in the model as discussed below. The precursor excess number, γ, 

represents the ratio of available precursor molecules, NV, to the number of available 

reaction sites, NS, and is given by 

 𝛾 =
𝑁𝑉

𝑁𝑆
=

𝑉

𝑆
𝑛0𝑠0                                                                        (2) 
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where V is unfilled volume of our aerogel model, S is the surface area, n0 is the 

precursor concentration at the aerogel surface, and s0 is the surface area of one adsorbed 

precursor molecule. Finally, α represents the ratio of the diffusion time, tdiff, to the 

reaction time, treac, and is given by 

 𝛼 =
𝑡𝑑𝑖𝑓𝑓

𝑡𝑟𝑒𝑎𝑐
=

1

4
𝐿2�̅�

𝑣𝑡ℎ

𝐷
𝛽0                                                                    (3) 

where �̅� is the surface area per unit volume, vth is the root mean square thermal 

velocity of a precursor molecule, and β0 is the reaction probability. β0 is assumed to be 1 

for ALD by TMA and H2O.38 

In our model, tc is set equal to the exposure time and equations 1-3 are used to 

solve for L, giving the expected penetration depth of each pulse. As seen in equation (1), 

tc includes the planar saturation time plus an aspect ratio dependent term. Note that the 

model does not include the time required to transport the TMA from the ALD valve to 

the sample surface, which may be significant and varies with reactor design.31 In 

addition, a constant pressure during deposition is assumed, but the actual reactor pressure 

increases gradually during the exposure step as the pump line is closed and nitrogen still 

flows into the chamber. To account for variations in transport time and reactor pressure, a 

correction factor of A = 30 is applied to fit the modeled profile to SEM measured 

profiles. 

Equations (1)-(3) are used to generate the relationship between the aerogel 

penetration distance, L, and the coated fiber radius, rcyl, at depth L for a given set of pulse 

and exposure times. The ratio V/S is calculated from rcyl, and the value n0 is dependent 

upon pulse time. The L vs. rcyl relationship is used to model the ALD penetration profile 
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as a function of ALD cycles for a given average growth per cycle (GPC) and initial CNC 

fiber radius. The GPC used for modeling is based on the planar silicon witness coupons 

included in each aerogel run, and the initial CNC fiber radius is determined from TEM. 

Changing the deposition temperature from 150°C to 80°C is found to have little impact 

on the modeled profiles. 

 A sharp boundry is assumed to exist between the coated and uncoated regions for 

each ALD pulse.  For all areas of the aerogel less than distance L from the surface, the 

GPC is added to the thickness of the coating during each cycle.  For depths beyond L, no 

thickness is added.  As the CNC fibers (cylinders in the model) are coated, they increase 

in radius and reduce the porosity, decreasing the V/S ratio of the cylinder network and 

increasing tc, reflecting the reduced ability of TMA to penetrate the network.  Assuming 

that the buildup of film thickness throughout a deposition is sufficient to cause a 

reduction in L, the final oxide thickness profile consists of three regions: (i) Near the 

surface, defined by the minimum penetration depth, Lmin, the coating thickness is 

determined by the number of cycles times the GPC. We refer to this region as cycle-

limited.  (ii) Between Lmin and the initial penetration depth, Lmax, ALD penetration is 

limited by the decreasing porosity of the film, so that the coating thickness transistions 

from the maximum thickness in the surface region to zero. We refer to this region as 

penetration limited.  (iii)  No ALD pulses reaches beyond Lmax, so deeper portions of the 

aerogel remain uncoated. 
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2.3 Results and Discussion 

2.3.1 Imaging and Deposition Modeling 

A TEM cross section of coated aerogel taken near the aerogel surface is shown in 

Fig. 2.2. This sample is coated with 50 cycles of Al2O3 at 80°C with 500 ms pulses and 

120 s exposure and purge times. The dark, hollow looking tubes in the image show a 

conformal ALD Al2O3 coating surrounding the CNC fibers. In this portion of the sample, 

the ALD coating is 11 nm thick and the CNC fibers have an average radius of 4 nm. 

 

Figure 2.2: Cross sectional TEM image of a CNC aerogel coated with 50 cycles of 

ALD Al2O3 using 500 ms pulses and 120 s exposures and purges. This lift-out was 

taken near the aerogel surface. 

 

Shown in Fig. 2.3 are cross-sectional EPMA images of CNC aerogels coated at 

150°C with 50 cycles of ALD Al2O3. In Fig. 2.3(a), each ALD cycle consisted of 180 ms 

pulses with 600 s exposures and purges. There are three distinct regions of Al intensity 

evident in Fig. 2.3(a): an outer layer approximately 350 µm deep with high Al counts, an 

inner layer beyond 350 µm where the Al signal decreases with depth, and an uncoated 

interior region. Al penetration of at least 550 µm is evident. In preparation for EPMA, the 
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aerogel was broken at a depth of approximately 550 µm and thus penetration may have 

exceeded 550 µm in this sample. 

 

Figure 2.3: Cross-sectional EPMA images of CNC aerogels coated with 50 cycles of 

ALD Al2O3 at 150°C using either (a)180 ms pulses with 600 s exposures and N2 

purges or (b, c) 20 ms pulses with 30s exposures and N2 purges.  Image in (c) is a 

zoomed in view of (b). Shown in (d) is a plot of simulated fiber radius vs. depth for 

both of these conditions. The plateau (cycle limited) regions in (d) correspond to the 

high Al regions and the decreasing (penetration limited) regions correspond to the 

low Al regions in the EPMA images. 

 

In Fig. 2.3(b) and the higher magnification inset 2.3(c), each ALD cycle consisted 

of shorter 20 ms pulses and only 30 s exposures and purges. For these conditions, the Al 

penetrated just 50 µm into the aerogel. Three regions of Al intensity are again apparent: a 

20 µm thick outer region with high Al counts, an inner region at a depth of 20 µm to 50 

µm with decreasing Al counts, and an uncoated interior region.  Comparing the two 

deposition conditions in 2.3(a) and 2.3(b), it is seen that  increasing the pulse time from 

20 ms to 180 ms and the purge and exposure times from 30 s to 600 s  resulted in 

approximately a 10x greater penetration of the ALD coating into the aerogel.  
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The three distinct regions in each of the EPMA images are in agreement with 

simulation results.  Shown in Fig. 2.3(d) are simulated plots of fiber radius vs. penetration 

depth for aerogels coated with 50 cycles of ALD Al2O3 at 150°C using either 180 ms 

pulses and 600 s exposures and purges (same as Fig. 2.3(a)) and 20 ms pulses and 30 s 

exposures and purges (same as Fig. 2.3(b)).  The fiber radius is modeled as the intial 

uncoated fiber radius plus 0.17 nm GPC within the simulated precursor penetration depth. 

(The aerogel fiber-centre  to fiber-centre spacing used in the precursor penetration model 

is 100 nm, based on the experimental profiles for 272 cycles with the same conditions 

shown in Fig. 2.5.)  As the fiber radius increases with each ALD cycle, porosity is 

reduced and diffusion inhibited, decreasing the simulated precursor penetration depth, L, 

and leading to three distinct regions in the fiber radius vs. penetration depth profile, as 

described above. The near-surface cycle-limited region, where fiber radius is only a 

function of the number of ALD cycles, corresponds to the high Al count region in Fig. 

2.3(a), 2.3(b), and 2.3(c). The transition or penetration-limited region, in which fiber 

radius decreases with depth corresponds to the low Al count region in Fig. 2.3(a, b, c). 

Finally, the uncoated region corresponds to the no Al count region deep in the interior.  

As seen in Fig. 2.3(d), the depth of both the cycle and penetration limited regions is 

predicted to increase for the longer pulse and exposure/purge times as there is a larger 

number of molecules available to coat the surface and more time for the molecules to 

travel into the aerogel.  This is also in agreement with the EMPA data. 

Shown in Fig. 2.4 are cross-sectional SEM images of CNC aerogels coated with 

272 cycles of Al2O3 using (a) 20 ms pulses and 30 s exposures and purges at 150°C, (b) 

180 ms pulses and 600 s exposures and purges at 150°C, and (c) 1000 ms pulses and 600 
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s exposures and purges at 80°C. 272 cycle coatings are used to produce larger fiber radii 

for easier SEM imaging. Insets in each low magnification image are higher magnification 

images taken at various depths from the surface of the aerogel. For 2.4(a) the insets are at 

(i) 10 µm, (ii) 45 µm, and (iii) 70 µm. For 2.4(b) the insets are at (i) 50 µm, (ii) 120 µm, 

and (iii) 300 µm. For 4(c) the insets are at (i) the surface, (ii) 390 µm, and (iii) 1220 µm. 

These images show that the coated aerogels have larger diameter fibers and lower 

porosity near the surface than deeper inside, confirming that the ALD coating is thicker 

near the surface than deeper inside. The transition to a more open morphology (smaller 

fiber diameters) occurs deeper into the aerogel with increased pulse times (compare Fig. 

2.4(b) to Fig. 2.4(a)) and with increased exposure and purge time (compare Fig. 2.4(c) to 

Fig. 2.4(b)).  
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Figure 2.4: SEM images of fracture cross sectioned CNC aerogels coated with 272 

cycles of Al2O3 using either (a) 20 ms pulses and 30 s exposures and purges at 150°C, 

(b) 180 ms pulses and 600 exposures and purges at 150°C, or (c) 1000 ms pulses and 

600 s exposures and purges at 80°C. Insets show morphology for (a) at (i) 10 µm, (ii) 

45 µm, and (iii) 70 µm; for (b) at (i) 50 µm, (ii) 120 µm, and (iii) 300 µm; and for (c) 

at (i) 10 µm, (ii) 390 µm, and (iii) 1220 µm from the surface. 

 

Shown in Fig. 2.5 is a plot of SEM measurements (symbols) and simulations 

(dashed lines) of fiber radius vs. depth into the aerogel for the samples from Fig. 2.4: 

CNC aerogels coated with 272 cycles of Al2O3 using either 20 ms / 30 s, 180 ms / 600 s, 

or 1000 ms / 600 s pulse/exposure times, respectively. The measured profiles of the 180 

ms / 600 s and 20 ms / 30 s samples appear to be fully penetration limited whereas the 
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1000 ms / 600 s sample appears to be cycle-limited to a depth of 500 µm and penetration-

limited beyond that. 

 

Figure 2.5: Measured (symbols) and simulated (lines) plots of fiber radius vs. depth 

from the surface for aerogels coated with 272 cycles of Al2O3 using 20 ms pulses and 

30s exposures/purges at 150°C, 180ms pulses and 600s exposures/purges at 150°C, 

and 1000 ms pulses and 600s exposures/purges at 80°C. 

 

To model the 180 ms / 600 s and 20 ms / 30 s profiles, a fiber spacing of 100 µm, 

a GPC of 0.17 nm, and an uncoated fiber radius of 4 nm (from Fig. 2.2) are used. These 

same parameters are used to model the 50 cycle profiles in Fig. 2.3. The CNC fibers in 

the 1000 ms / 600 s sample are more openly spaced than in the other samples and reached 

a radius of up to 70 or 80 nm, well above the 40 or 50 nm radius which appeared to fully 

close off the porosity in the other samples. To model the 1000 ms / 600 s profile, a fiber 

spacing of 160 nm, a GPC of 0.22 nm, and the same uncoated fiber radius of 4 nm are 

used. Note that the GPC values for all three conditions, determined from Si witness 

wafers, are well above the 0.1 nm GPC typically observed for planar ALD Al2O3, 

suggesting that there is some CVD component.  One possible explanation is that the 

purge times used are inadequate and the porous aerogel acted as a virtual leak of reactants 
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into the chamber leading to CVD and increased GPC.  It is observed that a TMA only 

deposition run with no water intentionally introduced into the chamber resulted in a thin, 

approximately 6 nm thick coating on the aerogels. Examining Fig. 2.5, it is apparent that 

the simulations capture well the trends in the measured thickness profiles.  For the 1000 

ms / 600 s data, the diameter of the aerogel sample is only about 3 mm and it is coated all 

the way through the interior so that the fiber radius in the middle is about 40 nm, well 

above the uncoated fiber radius.  

Comparing figures 2.3 and 2.5, it is seen that using 272 ALD cycles instead of 50 

cycles resulted in a greater reduction in L, causing the penetration limited region to 

dominate the final thickness profile.   

2.3.2 Decomposition Testing 

To evaluate the effectiveness of ALD Al2O3 coatings in preventing weight loss at 

elevated temperatures in oxidizing environments, TGA weight loss measurements are 

performed in air on whole (unbroken after ALD coating) pieces of CNC aerogel. Shown 

in Fig. 2.6(a) is a plot of the remaining weight fraction vs. temperature for an uncoated 

CNC aerogel and several CNC aerogels coated with ALD Al2O3 under various deposition 

conditions. In general, it is seen that total weight loss at 450°C is reduced as the pulse 

time (dose) and exposure/purge times (diffusion time) are increased. This reduction is 

largely because as the pulse and exposure/purge times are increased, the CNC aerogels 

become more fully coated with Al2O3, increasing the fraction of the total mass composed 

of noncombustible Al2O3. The "knee" or initial slope change in each curve corresponds to 

the decomposition onset temperature (Tonset) at which significant breakdown of the 

aerogel begins. The shift of the Tonset knee to higher temperatures with longer pulses and 
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purge/exposures indicates that, rather than just adding noncombustible mass, the more 

complete Al2O3 coatings better protect the aerogel from oxidation. To better assess Tonset, 

a plot of the log differential weight % vs. temperature for the same data is shown in Fig. 

2.6(b). Tonset is taken as the crossing point between the downward sloping baseline and a 

linear extrapolation of the initial upward slope. As seen in 2.6(b), Tonset increases with 

increasing pulse time. This trend may be observed more clearly in Fig. 2.7.  

 

Figure 2.6: (a) TGA weight fraction vs. temperature curves for CNC aerogels coated 

with ALD Al2O3 with various numbers of cycles and pulse times and 120 s exposure 

and purge times along with an uncoated reference CNC aerogel sample. (b) Log 

linear plot of differential weight % vs. temperature for the same data.  

 

Shown in Fig. 2.7 are multiple plots of the average Tonset vs. (a) pulse time for 

various exposure and purge times, (b) exposure and purge time for various pulse times, 

and (c) number of ALD cycles.  Fig. 2.7(d) shows Tonset vs. wt% Al2O3 (the weight gain 

during ALD divided by post ALD weight). In general the Tonset improves roughly with 

pulse time, exposure/purge time, ALD cycles, and ash content. Overall, Tonset may be 

increased from ~175°C for uncoated aerogels up to ~280°C for aerogels coated with 
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ALD Al2O3. Note that the 150°C vacuum bake out (uncoated, baked) prior to deposition 

caused no significant change in Tonset. 

 

Figure 2.7: Plot of Tonset vs. (a) pulse time for various purge and exposure times; (b) 

exposure and purge time for various pulse times, where the dotted and dashed lines 

follow the long and short pulse time samples, respectively; (c) number of ALD cycles 

for various conditions, where the dotted and dashed lines follow the samples 

deposited with and without H2O pulses, respectively; and (d) wt% Al2O3. Note that 

the lines serve only to guide the eye. 

 

Looking more closely first at Fig. 2.7 (a), it is seen that Tonset increases with pulse 

time (dose) appearing to saturate above 1000 ms.  In Fig. 2.7(b) it is seen that for large 

doses (pulse times above 500 ms, as roughly indicated by the dotted line), even 
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exposure/purges as short as 30 s may lead to a large increase in Tonset.  For smaller doses 

(roughly indicated by the dashed line), the improvement in Tonset is not as great and Tonset 

exhibits a greater dependence on exposure/purge time. Overall, depositions with large 

doses (pulse times), even with modest purge and exposure times, offer the best 

improvement in Tonset, likely because they effectively coat the largest portion of the 

aerogel. 

The data in Fig. 2.7(c) suggest that the thicker 272 cycle coatings do not result in 

substantial improvement in Tonset over the thinner 50 cycle coatings. It also can be seen 

that TMA only depositions (without intentionally introduced water vapor) also provide a 

slight increase in Tonset as might be expected from a thin layer of Al2O3. As discussed 

above, the deposition of ~6 nm Al2O3 during the nominally TMA-only deposition may be 

due to residual water vapor trapped in the aerogel. 

Fig. 2.7(d) shows that Tonset increases roughly with the weight percent Al2O3 

(wt%, ALD mass/total mass).  However, it is seen that the depositions that add the most 

Al2O3 do not necessarily provide the greatest improvement in Tonset. For example, many 

of the 272 cycle coatings (blue diamonds) show reduced improvement in Tonset as 

compared to the 50 cycle depositions (red squares) with comparable wt% Al2O3.  This is 

likely because the thickness deposited by the 50 cycle coatings is already sufficient to 

protect the aerogel, whereas the additional cycles in the 272 cycle coatings preferentially 

add more mass near the surface as the porosity of the aerogel is closed off for the thicker 

coatings. This extra mass increases wt% Al2O3 without improving Tonset. The best 

improvements in Tonset are provided by the 50 cycle films with optimum dose and 

purge/exposure conditions so as to minimize excess Al2O3 deposition. 
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2.4 Conclusions 

Cellulose nanocrystals (CNCs) are renewable fibers with promising mechanical 

properties, but the low temperature at which degradation occurs due to oxidation limits 

their use as reinforcing fillers in polymers with melt temperatures above roughly 175°C. 

In this work, we formed an organic/inorganic nanocomposite by conformally coating 

CNC aerogel scaffolds with thin layers of Al2O3 via ALD. SEM results showed Al2O3 

penetration of greater than 1500 µm for appropriate ALD dose, exposure, and purge 

conditions. SEM images showed that Al2O3 coatings are conformal throughout the 

aerogel but decrease in thickness as a function of depth from the aerogel surface, 

suggesting that the penetration depth of successive ALD cycles decreases as the film is 

grown. A reduction in penetration depth with successive cycles is in agreement with 

trends predicted by simulation models indicating that the decrease in penetration depth is 

due to the reduction of CNC aerogel porosity caused by the ALD coating increasing the 

radius of the CNC fibers. TGA showed that the Al2O3 coatings are effective in increasing 

the decomposition onset temperature, Tonset, of CNC aerogels, and that more completely 

coated aerogels are better protected against oxidation. For the best coatings, we found 

that Tonset is increased by 120°C, from 175°C to 295°C. Based on our results, it is 

anticipated that the hard, wear-resistant Al2O3 coating and increased allowable processing 

temperature should allow coated aerogels to be incorporated into a wide variety of 

polymers, resulting in polymer/Al2O3 coated CNC aerogel composites with improved 

mechanical properties. Combined with the renewable nature of CNCs, these improved 

properties may make ALD coated CNC aerogel composites an attractive alternative as a 
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reinforcing filler in polymers. Future work will focus on the addition of coated CNC 

aerogels into polymers to form composites.  Finally, CNC aerogels are electron beam 

sensitive and thus difficult to image.  We have found that even a thin ALD Al2O3 coating 

greatly improves the stability of the aerogel structure when exposed to an electron beam 

and we anticipate that thin ALD Al2O3 coatings will enable improved fundamental 

studies of the process-microstructure relationships in these aerogels. 
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3.1 Introduction 

The precise thickness control of atomic layer deposition (ALD) makes it well 

suited for creating laminate bi-layer and multi-layer thin films such as Al2O3-Ta2O5,
 

40,41,42,43, HfO2-Ta2O5,
44 Ta2O5-Nb2O5,

45 ZrO2-Ta2O5,
 41 Al2O3-ZrO2,

 45,46,47,48 Al2O3-

ZnO,49 and Al2O3-W.50 Al2O3-TiO2.
51 Considerably less work, however, has been done 

on ALD of homogenous ternary compounds.40,45,47,49,52,53  The reason for this is that ALD 

of ternary compounds is not straightforward. 

  ALD proceeds by exposing the substrate to one precursor at a time, allowing 

surface reactions to proceed to saturation, and then purging away excess precursor and 

reaction products prior to introducing the next reactant. 52,54,55,56 This leads to a 

characteristic linear growth rate (when the film is growing on itself) which allows the 

thickness to be tuned with Angstrom scale resolution simply by changing the number of 

cycles. This layer by layer growth is ideal for the formation of laminates where a precise 

layer thicknesses are needed. 1-12 

The controlled linear growth of ALD only occurs once the growing film provides 

a consistent surface for the ALD half reactions because ALD depends on surface 

reactions. In thicker films this initial nucleation period can be accounted for with a 

nucleation delay, an approximation that assumes no deposition occurs in the initial cycles 

then picks up immediately after that at the characteristic bulk growth per cycle (GPC). 

This is an idealization and deposition is occurring during these nucleation cycles and for 

laminates with very thin layers, this initial substrate influenced growth can dominate the 

deposition.   
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Fig. 3.1 shows GPC vs. cycle plots for four possible regimes for ALD nucleation: 

(a) constant GPC, where the substrate is just as active as the growing film; (b) enhanced 

nucleation, where the substrate has more reaction sites than the growing film; (c) 

inhibited nucleation type 1, where the substrate has fewer nucleation sites; and (d) 

inhibited nucleation type 2 or island like nucleation, where isolated portions of films 

form, often around defects before coalescing into a coherent film as they grow together.56 

In each regime as the number of ALD cycles becomes very large the GPC becomes 

constant at the bulk GPC, but during initial ALD growth, when the surface is changing 

from substrate to film, the GPC may differ from the bulk.49,52,56 Additionally homogenous 

multicomponent films with mixed surfaces may only be partially inhibited.49 Thus, in 

order to reliably deposit a thin layered nanolaminate or homogeneous multicomponent 

film, of a target thickness and composition, the few cycle growth must be understood. 
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Figure 3.1: Plots of growth per cycle (GPC) vs. number of ALD cycles for four 

regimes of substrate influenced growth:  a) linear growth, b) substrate enhanced 

growth, c) type 1 substrate-inhibited growth, d) type 2 substrate-inhibited (island) 

growth. Adapted from Puurunen56 

 

ZTO was used as an example material in this paper building upon our initial work 

measuring and building a thickness model for substrate inhibited growth in laminates. 57,58 

ZnO (by diethyl-zinc and water) is a material known to exhibit inhibited nucleation in 

laminates49 and SnO2 deposited by tetrakisdimethylamino-tin (TDMA-Sn) and water has 

been suggested to leave dimethylamino ligands on the surface,59 which are likely to 

inhibit ZnO nucleation. ZTO is a transparent amorphous oxide semiconductor most 

commonly deposited by sputter deposition.60 In order to better approximate homogenous 

sputtered films it is desirable to deposit ZnO SnO2 ALD laminates with very thin layers, 

only a few cycles each. Recently ZTO has been deposited by ALD: as a buffer layer in 

CIGS solar cells61, and to be characterized more generally as a transparent semiconductor 

where ZnO deficient films62 and the mechanism of the reduced ZnO GPC on SnO2
63 were 

investigated. 
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There are a number of ways to assess few cycle growth including use of a quartz 

crystal microbalance (QCM),49  TEM, and in-situ XPS.64,65 but TEM can be time 

consuming and very expensive, and not every tool is equipped with QCM or in-situ XPS 

capabilities.  

 In this work spectroscopic ellipsometry was used to measure substrate inhibited 

growth by using two arrays of ALD zinc tin oxide (ZTO) laminates and a model to 

predict laminate thickness built based on the results.  Thickness and composition 

predictions based on these relationships were more accurate than the bulk GPC 

predictions for thin layered and submonolayer laminates of a third test array of laminates 

in which both layers were varied. 

3.2 Experimental 

ZnO-SnO2 films were deposited via ALD in a Picosun R-150B SUNALE hot-wall 

flow-through reactor.  Si substrates with a thin native SiO2 layer were used for all 

depositions.  Prior to deposition, substrates were cleaned with an acetone / isopropyl 

alcohol / DI water sequence and then dried at 130 °C for 5 minutes. SnO2 was deposited 

using alternating cycles of tetrakisdimethylamino-tin (TDMA-Sn, Sn(N(CH3)2)4, Gelest 

Inc., 95%) and H2O.59 One ALD cycle of SnO2 consisted of a 2 s pulse of TDMA-Sn, 5 s 

N2 purge, 1 s pulse of H2O, and 5 s N2 purge.  ZnO was deposited using diethyl-zinc 

(DEZ, Zn(CH2CH3)2, Sigma-Aldrich, 98%) and H2O.  One cycle of ZnO consisted of a 

0.2 s pulse of DEZ, a 5 s N2 purge, a 0.1 s pulse of H2O, and a 5 s N2 purge.  The TDMA-

Sn source was heated to 40 °C while both DEZ and H2O were held at 17-18 °C using 

Peltier coolers.  A chamber temperature of 200 °C was used for all depositions.   
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To measure the bulk GPC of SnO2 on ZnO (ZnO on SnO2) 30 nm thick films of 

ZnO (SnO2) were deposited on Si coupons with a native oxide before SnO2 films of 50, 

100, 200, and 300 cycles (ZnO films of 25, 50, 100, and 150 cycles) were deposited on 

the premeasured substrate and measured again post deposition. Vacuum was broken to 

measure film thickness between the bottom and top ALD oxide. 

To investigate ZnO and SnO2 nucleation, two arrays of "nucleation 

nanolaminates" were fabricated without breaking vacuum. As schematically illustrated in 

Fig. 3.2, a nucleation nanolaminate array comprised a series of samples, each consisted of 

a stack of 28 identical bilayers (pairs of SnO2 and ZnO layers). For the entire series of 

samples, the thickness of one of the layers remained the same (fixed layer) while the 

thickness of the other layer was different for each sample (varied layer).  Referring to the 

illustration in Fig. 3.2, the thickness of the fixed layer was the same for all three cross 

sections, while the thickness of the varied layer was thin in sample (i), medium in (ii), 

and thick in (iii).  

   

Figure 3.2: Cross sectional schematic showing representative samples from a 

nucleation nanolaminate array for (i) thin, (ii) medium, and (iii) thick varied layers. 

Indicated are the total thickness, 1 bilayer (a pair of a varied and fixed layer), a 

fixed layer (same number of cycles per bilayer for every sample in the array), and a 

… …

Si

1 bilayer
Total 
Thickness

Varied

Fixed

Varied

Fixed

Varied

Fixed

(i)

(ii)

(iii)



36 

 

 

 

varied layer (the number of cycles per bilayer is different for each sample in the 

array).   

 

The ZnO nucleation nanolaminate array, designed to investigate ZnO nucleation, 

comprised 6 samples of 28 bilayers, in which the SnO2 layer of the bilayer is fixed at 60 

cycles, while the thickness of the ZnO layer is different for each sample (having either 0, 

1, 15, 30, 45, or 60 cycles of ZnO) in the array.  

The analogous SnO2 nucleation laminate array consists of 7 samples of 28 

bilayers, in which the ZnO layer is fixed at 30 cycles and the SnO2 layers is varied across 

the array (having either 0, 1, 4, 24, 44, 60, and 64 cycles).  

Thickness as a function of cycle models are developed from analysis of the 

nucleation nanolaminate arrays.  To test these models, a "test array" was deposited in 

which the bilayers in each sample comprise an equal number of cycles each of ZnO and 

SnO2, with the number of cycles per bilayer varied across the array.  The total number of 

bilayers in each sample was targeted to give a total film thicknesses that could be easily 

measured and deposited in a reasonable amount of time.  The test array consisted of 7 

samples: 909 bilayers of 1 cycle each SnO2 and ZnO, 28 bilayers of 5 cycles each, 28 

bilayers of 10 cycles each, 28 bilayers of 22 cycles each, 28 bilayers of 60 cycles each, 10 

bilayers of 91 cycles each, and 5 bilayers of 182 cycles each.  
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Figure 3.3: Schematic cross sections of the test array.  Each bilayer is composed of 

an equal number of cycles each of ZnO and SnO2.  The number of cycles of ZnO 

and SnO2 in each bilayer is varied across the array from 1 to 182.   

  

 Film thickness was measured using a J. A. Woollam variable angle 

spectroscopic ellipsometer (VASE).  Transmission electron microscopy (TEM) cross 

sections, using a FEI Titan 80-200 TEM, were taken of select films to confirm film 

thickness, investigate microstructure, layering, and composition.  The composition of 

select films was also measured by x-ray photoelectron spectroscopy (XPS) using a PHI 

Quantera with a monochromatic aluminum x-ray source.  

3.3 Results and Discussion  

3.3.1 Individual Layer Bulk Growth per Cycle 

Plotted in Fig. 3.4 is the thickness vs. number of ALD cycles for single layer ZnO 

and SnO2 films deposited on SnO2 and ZnO respectively at 200°C. Samples were 

exposed to atmosphere for ellipsometry measurements following the initial SnO2 and 

ZnO layer depositions. From the slope of a linear fit, the bulk GPC of ZnO was 0.124 

nm, similar to previous reports49 and a nucleation delay of -2 cycles suggesting growth 

begins promptly or is slightly enhanced by the SnO2 substrate. The bulk GPC of SnO2 

… …

Si

ZnO

SnO2

ZnO

SnO2
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was 0.035 nm, near what others have observed at 200°C with water as a reactant.66 SnO2 

has a 33 cycle nucleation delay on ZnO. These GPC values will be referred to as the bulk 

model.  

  

Figure 3.4:  Plot of thickness vs. number of ALD cycles for single layer films of ZnO 

and SnO2 deposited on Si substrates.  The slope of the linear fit is referred to as the 

bulk GPC. 

 

3.3.2 Nucleation Nanolaminate Arrays 

Fig. 3.5 is a plot of the average bilayer thickness vs. number of ZnO cycles per 

bilayer for the ZnO nucleation nanolaminate array. The average bilayer thickness was 

calculated by dividing the measured total film thickness by the number of bilayers in the 

film. To calculate the ZnO growth the SnO2 layer contribution was estimated. For the 0 

cycle ZnO sample (pure SnO2), the average bilayer thickness of the fixed 60 cycle SnO2 

layer was 2.06 nm (a SnO2 GPC of 0.0343 nm) however the 1 cycle ZnO sample bilayer 

was thinner, at 1.92 nm, showing the SnO2 layer was slightly inhibited by the ZnO.  A 

linear fit of the 1, 15, and 30 cycle ZnO points was projected back to the y axis to give an 

estimate of the inhibited SnO2 fixed layer thickness.  This thickness was subtracted from 
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the bilayer thickness to find the ZnO layer thickness.  A 2nd order polynomial fit of the 

ZnO thickness vs cycles ZnO (omitting the 0 cycle sample) gave the equation shown in 

Figure 3.5 that described the first 60 cycles of ZnO growth on SnO2. This formed our few 

cycle model for ZnO on SnO2 up to 60 cycles. 

  The slope of this plot represents the GPC of ZnO on SnO2 and it increases 

linearly. Extrapolating this fit, the ZnO GPC didn’t reach the bulk GPC until 70 cycles. 

The linear increase matched the island growth nucleation outlined in Figure 3.1(d) and 

based on this would be expected to exceed the bulk GPC before decreasing to the bulk 

GPC if the array was extended beyond 60 cycles. We made a conservative estimate for 

beyond 60 cycles by following the same trend in GPC in Fig. 3.5 out to 70 cycles when 

the bulk GPC was reached then assuming all further cycles were at the bulk GPC. This 

formed the few cycle model beyond 60 cycles ZnO.  

These results indicate that nucleation of ZnO was strongly inhibited by the SnO2, 

consistent with observations and simulations in literature.62,63 ZnO growth was likely 

inhibited by residual dimethylamino (DMA) ligands on the SnO2 surface. Similar 

TDMA-Hf and TDMA-Ti precursors have been shown to leave residual DMA on the 

surface as well.59 As the ZnO deposition progresses residual DMA may have desorbed 

and/or been covered by the growing ZnO film resulting in an increased number of 

reaction sites increased the GPC. Since the bulk samples were exposed to atmosphere 

between the SnO2 bottom layer and ZnO top layer the residual DMA all would have 

desorbed or reacted to form a fully hydroxylated surface and they would not show the 

same inhibition.  
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Figure 3.5: Average bilayer thickness (nm) vs. the number of ZnO cycles per bilayer 

for the ZnO nucleation laminate array. 

 

Fig 3.6. is an analogous plot of the average bilayer thickness vs. the SnO2 cycles 

per bilayer for the SnO2 nucleation nanolaminate array. For few SnO2 cycles the average 

bilayer thickness decreased with additional SnO2 cycles due to decreased thickness of the 

fixed ZnO layer. The fixed cycle ZnO layer became increasingly inhibited as the SnO2 

became thicker. The reduction in ZnO thickness was greater than the increase in SnO2 

thickness.  Beyond 24 cycles of SnO2 the bilayer thickness increased with the number of 

SnO2 cycles with a GPC of 0.0333 nm, the bulk GPC of SnO2. For the few cycle model 

the SnO2 was assumed to have a GPC of 0.0333 nm from the first cycle.  

The initial drop in average bilayer thickness seen in the 0 to 4 cycle region of the 

SnO2 nucleation nanolaminate in Fig. 3.6 suggested thin layers of SnO2 didn’t fully 

inhibit ZnO. The 0 cycle SnO2 sample (30 cycle ZnO bilayer) has an average bilayer 

thickness of 4.5 nm indicating ZnO was deposited at the bulk GPC. As more cycles of 

SnO2 were added the thickness decreased until the 24 cycles (0.8 nm) SnO2 were 
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deposited. There was likely some threshold thickness, perhaps on the order of a 

monolayer, below which ZnO growth on SnO2 was less inhibited due to a mixed surface. 

This explains the discrepancy in ZnO nucleation delay with results reported by Mullings 

et al [23] who based their model on an array of samples with a bilayer of 6 cycles.  

 

Figure 3.6: Bilayer thickness (nm) vs. number of cycles of SnO2 per bilayer for the 

SnO2 nucleation nanolaminates with 30 cycles of ZnO per bilayer. 

 

The thickness trends extracted from Fig. 3.5 and 3.6 made up the few cycle 

model. In the few cycle model the GPC of SnO2 was constant at 0.0333 nm based on the 

projection of the trend in Fig. 3.6 back to 0 cycles.  ZnO thickness was calculated 

according to the formula in Fig. 3.5, 9.60x10-4(cycles ZnO)2 – 0.012(cycles ZnO) + 0.047 

nm, up to 70 cycles. Beyond 70 cycles the bulk GPC of 0.124 nm was used. 

3.3.3 Test Array 

A special array in which the number of ZnO cycles and the number of SnO2 

cycles in each bilayer were equal (Fig. 3.3) was used to test the "bulk" and "few cycle" 

models developed above.  Shown in Fig. 3.7 are plots of the average bilayer thickness vs. 
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the number of cycles of ZnO and SnO2 in each bilayer for (a) the entire test array and (b) 

the <60 cycle layer samples.  Also shown are the bilayer thicknesses predicted by the 

bulk and few cycle models. As seen in Fig. 3.7(a), the bulk model provided a better fit for 

films with layers composed of many cycles (91 and 185 cycles), whereas the few cycle 

model fits better the films with layers of ≤60 cycles.   

        

Figure 3.7: Bilayer thickness (nm) vs. cycles ZnO and SnO2 per bilayer for (a) the 

entire test array and (b) the ≤60 cycle samples of the array.  In each bilayer the 

number of cycles of ZnO and SnO2 were equal. 

 

Shown in Fig. 3.8 is the test array data from Fig. 3.7 replotted to show the average 

GPC vs. the number of cycles ZnO and SnO2 per bilayer, along with the bulk and few 

cycle model predictions.  Once again, the 91 and 185 cycle samples showed good 

agreement with the bulk model.  For the 60 cycle sample and below the few cycle model 

produces a better fit. Because the 1 and 5 cycle per bilayer ZnO and SnO2 samples were 

only partially inhibited by incomplete layers of the other material, a greater average GPC 

is seen for these samples than for the 10 and 22 cycle samples which are fully inhibited. 

Similar trends have been reported for quartz crystal microbalance measurements of ALD 
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ZnO on Al2O3.
49 By capturing the trends of the partially and fully inhibited growth, the 

few cycle model produces a better fit for the ≤60 cycle layer depositions. Because the 

ZnO nucleation nanolaminate did not capture the transition to the bulk GPC of ZnO on 

SnO2 it underestimated the AVG GPC of the samples with 91 and 182 cycle layers.  In 

order to match the trend of the measured samples in Fig. 3.8 the ZnO GPC would have 

needed to exceed the bulk GPC between 60 and 90 cycles and would produce a GPC 

trend similar to that shown in Fig. 1(d) for island like growth. 

 

Figure 3.8: Measured average GPC (blue diamonds) vs. ALD cycles of ZnO and 

SnO2 per bilayer along with the predictions of the bulk (red dotted line) and few 

cycle (green dashed line) models. 

 

Fig. 3.9 shows high angle annular dark field scanning transmission electron 

microscope (HAADF STEM) cross-sections for samples from the test array with (a) 10 

bilayers of 91 cycle layers, (b) 28 bilayers of 60 cycle layers, (c) 28 bilayers of 22 cycle 

layers and (d) 909 bilayers of 1 cycle layers.  For the 91 cycle sample in Fig. 3.9(a), 

distinct layers were visible with a bilayer thickness of approximately 15 nm, in agreement 

with the 14.9 nm calculated from the ellipsometry measurements.  The roughness of the 
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layers increased with each successive bilayer, likely due to the cumulative effects of the 

crystallinity of ZnO. For the 60 cycle sample image in Fig. 3.9(b) a thick layer of ZnO is 

visible on the Si surface. The growth of this initial ZnO layer was less inhibited by the 

native SiO2 surface than subsequent ZnO layers deposited on SnO2 layers. Beyond this 

first ZnO layer no layers were visible, even though 4.5 nm thick bilayers were expected 

from ellipsometry estimates. The lack of visible layers could be due to roughness or 

limitations of the TEM sample preparation and imaging. From Fig. 3.9(b), the total 

thickness of the 60 cycle sample was approximately 112 nm, close to the 122 nm 

measured via ellipsometry. The 28 bilayer 22 cycle sample in Fig. 3.9(c) appeared to be 

one homogenous layer with a total thickness of 19.9 nm, in good agreement with the 19.2 

nm measured by ellipsometry. Since 22 cycles was near 24 cycles, for which fully 

inhibited ZnO was observed in the SnO2 nucleation nanolaminate array, distinct 0.7 nm 

thick ZnO/SnO2 bilayers were expected to be present in this sample. The 909 bilayer 1 

cycle sample in Fig. 3.9(d) also appeared to be one homogenous layer, as expected since 

the bilayers would be less than a monolayer thick. The overall thickness of 45 nm is less 

than the 54 nm measured via ellipsometry.    
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Figure 3.9: HAADF (high angle annular dark field) STEM cross-sections the (a) 10 

bilayers of 91 cycles, (b) 28 bilayers of 60 cycles, (c) 28 bilayers of 22 cycles, and (d) 

909 bilayers of 1 cycles samples from the test array. Grey layers are ZnO, SnO2 is 

white. 

 

EDS linescans taken from TEM cross sections in Fig. 3.9 are shown in Fig. 3.10 

for the samples with (a) 10 bilayers of 91 cycle layers, (b) 28 bilayers of 60 cycle layers, 

(c) 28 bilayers of 22 cycle layers and (d) 909 bilayers of 1 cycle layers.  Results were 

consistent with the TEM cross sections in Fig. 3.9.  Oscillations due to individual ZnO 

and SnO2 layers of the 91 cycle sample were visible in Fig. 3.10(a). For the 60 cycle 

sample in Fig. 3.10(b), although small variations in the O, Zn and Sn signals suggested a 

~2 nm period which is near the expected layer thickness, only the initial ZnO layer of the 
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60 cycle sample was distinct. Both the Fig. 3.10(c) 22 cycle and Fig. 3.10(d) 1 cycle 

samples appear to be homogenous. Average Zn/(Zn+Sn) fractions were extracted from 

these linescans and compared below with model predictions. 

 

 

Figure 3.10: EDS linescans of the depth profile for select test array samples from 

TEM cross sections in Fig. 3.9. Totals may not be 100% due to omission of carbon 

and copper background signals. 

 

XPS sputtered depth profiles of the atomic % calculated from the O 1s, Si 2p, Zn 

2p3/2 and Sn 3d5/2 peaks are plotted vs. sputter time in Fig. 3.11 for the (a) 10 bilayers of 
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91 cycles, (b) 28 bilayers of 60 cycles, (c) 28 bilayers of 22 cycles and (d) 909 bilayers of 

1 cycle samples from the test array.  Consistent with the TEM image in Fig. 3.9(a) and 

the EDS linescan in Fig. 3.10(a), the concentration profile in the 91 cycle sample in Fig. 

3.11(a) oscillated with sputter time due to the ~ 15 nm bilayers of ZnO and SnO2. No 

XPS profile oscillations are apparent in either the (b) 60, (c) 22, or (d) 1 cycle samples.  

This could be because the 60, 22, and 1 cycle samples had average bilayer thicknesses of 

4.35 nm, 0.69 nm and 0.06 nm respectively, all less than the 7 nm sample depth of XPS 

which caused the XPS to sample multiple bilayers and give a more average composition. 

However, similar to the EDS depth profiles in Fig. 3.10(b), the thick initial layer of ZnO 

is apparent in both the 60 and 22 cycle samples.  Average Zn/(Zn+Sn) fractions were 

extracted from the data and compared below with model predictions. 
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Figure 3.11: XPS depth profiles of atomic % oxygen, silicon, zinc, and tin are 

plotted vs. sputter time for the samples with (a) 10 bilayers of 91 cycles ZnO and 

SnO2, (b) 28 bilayers of 60 cycles, (c) 28 bilayers of 22 cycles, and (d) 909 bilayers of 

1 cycle.  

 

Fig. 3.12 shows the atomic fraction of Zn (atomic % Zn/(atomic % Zn + atomic % 

Sn)) vs. the number of cycles per layer for select samples from the test array as measured 

by EDS and XPS, as well as the predictions of the bulk and few cycle models. Modeled 

Zn fractions assumed both films were at their bulk density. Previous reports have 

observed a mismatch between quartz crystal microbalance and ellipsometer 

measurements for SnO2 suggesting the film density was less than bulk which would 

cause the model to underestimate the Zn fraction.64 Additionally densities likely changed 

as the films increased in thickness. The Zn fraction values measured by EDS and XPS 
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were in close agreement and showed that the Zn fraction initially decreased with 

increasing cycles before increasing at large numbers of cycles   XPS values were 

expected to be Zn rich due to preferential sputtering of Sn by the argon ion source.   

The bulk model, predicted a pure ZnO film until the films have 33 cycle layers 

and SnO2 nucleated. Above 33 cycles the bulk model approaches a Zn fraction of 0.85. 

The bulk model is close to the 91 cycle sample Zn fraction but it did not predict inhibited 

ZnO nucleation and therefore over-predicts the Zn fraction for the few cycle layer 

samples.  

The few cycle model, on the other hand, predicted the qualitative trends in the Zn 

fraction. As the number of cycles increased from one, the Zn fraction is predicted to drop 

as the growing SnO2 layers increasingly inhibited ZnO growth.  Once the SnO2 layer was 

thick enough, the ZnO is fully inhibited and the Zn fraction reached a minimum. Further 

increases in cycles per layer increased the Zn fraction and it approached the bulk Zn 

fraction of 0.85. The discrepancy between the few cycle model and measured Zn fraction 

in the 1 and 22 cycle samples indicated the low Zn fraction estimate of the few cycle 

model is likely due to the few cycle model not including inhibited SnO2 growth on ZnO 
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Figure 3.12: Zn/(Zn+Sn) atomic fraction vs. cycles per layer for select samples from 

the test array as measured by XPS (yellow squares), and TEM-EDS  (purple circles) 

and as predicted by the bulk (red dotted line) and few cycle (green dashed line) 

models.  

 

3.4 Conclusions 

Nucleation nanolaminates were demonstrated as a means to measure and model 

substrate inhibited nucleation in nanolaminate ZnO SnO2 ALD films. Two 

complementary arrays of laminates were deposited with a range of layer thicknesses to 

build a model, the few cycle model, which took into account substrate inhibited growth. 

ZnO growth on SnO2 was found to be strongly inhibited, demonstrating island like 

growth and taking over 60 cycles to reach the bulk GPC on thick (60 cycle) SnO2 films. 

On thin SnO2 films however, the ZnO was not fully inhibited and the GPC was closer to 

the bulk value. The SnO2 growth was less affected by a ZnO substrate and reached the 

bulk GPC by 24 cycles. 

A third array of samples was deposited to test the few cycle model and bulk 

model. The bulk model better predicted the thickness of laminates with >60 cycle layers 
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but the few cycle model was a better fit for the laminates with ≤60 cycle layers, the range 

of cycles the nucleation nanolaminate array encompassed. TEM cross sections of select 

samples showed good agreement with the ellipsometer measurements.  EDS linescans 

and XPS depth profiles of select samples showed that the Zn content of the films varied 

with layer thickness even though the ZnO to SnO2 cycle ratio remained constant. The few 

cycle model better fit the trend of Zn poor films at intermediate numbers of cycles per 

layer, than the bulk model. The nucleation nanolaminate technique is a simple way to 

characterize the impact of substrate inhibited nucleation effects on the thickness and 

composition of multicomponent ALD systems and develop a model to predict film 

thicknesses and approximate compositions. 
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4.1 Introduction 

In this work, we compare the physical and electrical properties of Al2O3 films 

deposited on Si via atomic layer deposition (ALD) with those deposited via the solution 

route of prompt inorganic condensation (PIC), focusing on how process parameters affect 

properties. Since the study involves a mature technique (ALD) and an emerging method 

(PIC), it provides a unique baseline study for guiding future studies and development of 

the PIC method as well as other solution processing approaches.   

Atomic layer deposition (ALD) has become widely used for the synthesis of 

dense, planar thin films and highly conformal coatings on high topography substrates.67,68   

In terms of sustainable manufacturing, however, ALD suffers from slow deposition rates, 

low precursor utilization, and the requirement of a vacuum system.  Solution based 

methods are an attractive alternative for planar applications, because they enable 

deposition at atmospheric pressure and with shorter processing times. Traditional solution 

based approaches, however, are often predicated on the use of metal-organic precursors.  

Efficient and complete conversion of these precursors to high-quality films is rarely 

achieved, as pyrolysis and high-temperature annealing are generally used to remove 

bulky organic ligands and densify the films.69,70 The large volume change associated with 

ligand loss leads to high surface roughness and porosity.71 In the alternative approach of 

prompt inorganic condensation (PIC),   precursor solutions containing nanosized 

inorganic clusters enable the deposition of dense, smooth, high-quality films with modest 

annealing temperatures.72,73,74  
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In this study, we focus primarily on the effects of varying post-deposition anneal 

temperatures on Al2O3 thin film properties and performance.  Ellipsometry was used to 

measure the film thickness and optical properties.  X-ray reflectivity (XRR) was used to 

measure film thickness, film density, and film roughness.  Al/Al2O3/Si MOS capacitors 

were used for current vs. voltage (I-V) measurements to evaluate the leakage current and 

dominant charge transport mechanisms and capacitance vs. voltage (C-V) measurements 

were used to assess the relative dielectric constant and estimate bulk and interfacial trap 

densities.  Finally, X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray 

spectroscopy (EDS), and transmission electron microscopy (TEM) were used to examine 

the Al2O3/Si interface. Collectively, these results provide an initial snapshot of the film 

and interface characteristics that govern the electrical performance of solution-processed 

Al2O3 films.  

4.2 Experimental 

All films were deposited on <100> Si coupons covered with 2 nm of native oxide.  

Lightly doped (1015/cm3 B) p-type Si was used for capacitance voltage testing while 

degenerately doped (1019/cm3 As) n-type Si was used for current voltage testing. The 

aqueous Al-based precursor used for PIC (described in [72-74]) was prepared with Al 

concentrations between 0.1 and 0.3 M. To produce the hydrophilic surface required for 

successful deposition of the aqueous precursor, substrates were exposed to a 150 W O2 

plasma for 10 min immediately prior to PIC. It was determined that the O2 plasma 

treatment resulted in a less than a 0.5 nm increase in the thickness of the native oxide. 

Target Al2O3 film thicknesses were either 10, 30, or 100 nm.  Films of 10 and 30 nm 
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were deposited with a single coating.  Thicker films of 100 nm were deposited with five 

sequential coatings.  Post deposition anneals were performed in air at temperatures 

ranging from 300°C to 800°C for 1 hour with 5°C / min ramp rates.  Although both PIC 

and ALD depositions targeted a nominal thickness of 30 nm, it was found that PIC films 

shrink with annealing due to water loss and densification and have measured thicknesses 

lower than the target thickness.  The measured thickness is used to normalize data. ALD 

of Al2O3 was performed in a Picosun Sunale R-150 flow-through, hot-wall reactor at 

300°C by using trimethylaluminium and water as reactants.  Select ALD samples 

received a 500°C post deposition anneal in air.   

Film thickness was measured using a J.A. Woollam VASE Ellipsometer.  Film 

thickness, density, and roughness were assessed by XRR using a Rigaku Ultima.  XPS 

depth profiles were collected on a ThermoScientific ESCALAB 250 system. Cross 

sectional TEM images and EDS line scans were collected on a FEI TITAN 80-200 

TEM/STEM with ChemiSTEM technology. 

To assess electrical characteristics, MOS test structures were fabricated by 

thermally evaporating aluminum through a shadow mask to produce circular contacts 

approximately 60, 85, and 145 µm in diameter. Precise areas were measured with an 

optical microscope. Current-voltage (I-V) sweeps and ramped breakdown measurements 

were made using an Agilent 4155C semiconductor parameter analyzer. A positive bias 

was applied to the Al top contact and the current was monitored as the voltage was 

increased past breakdown. To investigate the impact of temperature on the dominant 

conduction mechanism, select devices were also measured by using a Temptronic heated 
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stage.  Capacitance-voltage (C-V) measurements were made using an Agilent E4980A 

precision LCR meter at 100 kHz, sweeping the device from depletion to accumulation 

and back.  The relative dielectric constant was extracted from the line slope on a plot of 

accumulation capacitance vs. contact area, assuming a single layer film.  Flatband voltage 

was extracted using the method outlined by Schroder.75   

4.3 Results and Discussion 

Normalized plots of capacitance density vs. electric field for 100 nm thick as-

deposited ALD and annealed PIC Al2O3 films are shown in Fig. 4.1(a).  Relative 

dielectric constants (к), extracted from the maximum capacitance (Cmax), and flat band 

voltage shift (VFB) are shown in Fig. 4.1(b) for 30 and 100 nm thick as-deposited ALD 

and annealed PIC Al2O3 films. VFB is the difference between the measured and ideal VFB. 

In agreement with previous reports,76 the as-deposited ALD films exhibit low hysteresis 

with к = 9.3 for 100 nm thick films and к = 8.1 for 30 nm thick films. The ALD films 

exhibit a VFB shift of 0.8 V for the 30 nm films and 0.5 V for the 100 nm films, indicating 

negative trapped charge in the film or at the interface, as is commonly reported for Al2O3 

films.77 The 100 nm thick PIC films, annealed at 300°C in air, exhibit large hysteresis and 

a higher Cmax (к = 10.4) than the ALD films, likely due to the presence of mobile H+ 

associated with residual water and (OH)-.  The 300°C annealed PIC films exhibit a flat 

band voltage shift of -0.4 V for the 30 nm films and -0.9 V for the 100 nm thick films, 

indicating positive charge in the film or at the interface.  Annealing at 500°C eliminates 

hysteresis in the PIC films, reduces Cmax (к = 5.7), and shifts VFB to 0.9 V for the 30 nm 

and 1.4 V for the 100 nm films.  The positive shift in VFB indicates either a reduction of 
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positive charge and/or accumulation of negative charge at the interface or in the bulk of 

the film. The VFB of the 500°C annealed PIC films are shifted positively from ideal as 

was seen in the as-deposited ALD films and more typical of what is reported for Al2O3 

films.77 Annealing the PIC films at 700°C leads to a slight increase in к (к = 6.3), further 

positive VFB shift in the 100 nm films, but a negative shift in the 30 nm films.  The 

different VFB behavior could be due to relative influences of the bulk Al2O3 and 

interfacial SiO2 layers. The decrease in both dielectric constant and hysteresis with 

increasing temperature are indicative of dehydration and densification of the PIC film.78   

 

Figure 4.1: (a) Capacitance density vs. electric field at 100 kHz and (b) extracted 

relative dielectric constant (к) and flat band voltage shift (VFB) versus temperature 

for annealed PIC and as-deposited ALD Al2O3 films. 

 

Table 4.1 lists density vs. temperature for the nominally 30 nm thick as-deposited 

ALD and annealed PIC Al2O3 films. Density values were extracted from XRR 

measurements, modeled as a bilayer stack of Al2O3 on a 2 nm thick SiO2 layer on silicon.  

It is seen that as-deposited PIC Al2O3 films are less dense than as-deposited ALD Al2O3. 

The density of the PIC films decreases with increasing anneal temperatures up to 350°C.  
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This decrease in PIC film density takes place in tandem with a reduction in dielectric 

constant and hysteresis (as seen in Fig. 4.1), which is attributed to the removal of water 

from the film.78 Above 350°C, densification of the PIC films takes place. Even at 800°C, 

however, the density of PIC films is still below that of the as-deposited ALD films. The 

slight increase in к between the 500°C and 700°C annealed PIC films is likely due to film 

densification. Consistent with their lower density than the ALD films, both the 500°C and 

700°C annealed PIC films show significantly lower к values than the ALD films.  

Table 4.1: Density of annealed PIC and as-deposited ALD Al2O3 thin films as 

measured by XRR. 

Film Anneal Temperature (°C) Density (g/cm3) 

ALD As deposited 3.23 

PIC 

250 2.58 

300 2.53 

350 2.41 

500 2.56 

700 2.77 

800 3.10 

 

Representative plots of leakage current density vs. electric field and plots of the 

cumulative fraction of failed devices vs. breakdown field are shown in Fig. 4.2 for 10 nm 

thick ALD and PIC Al2O3 films. The cumulative fraction plot is a way to visually display 

the natural variation present in breakdown field with a limited sample set. The as-

deposited ALD films exhibit very low leakage currents at low fields (<2 MV/cm) with a 

nonlinear increase at higher fields, which is consistent with previous reports.79 The I-V 

characteristics of the ALD films do not change significantly after a 500°C anneal. As 

seen in Fig. 4.2(b), the as-deposited ALD films exhibit a narrow distribution of 

breakdown fields around roughly 6.1 MV/cm, which shifts slightly upward to about 6.3 
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MV/cm after the 500°C anneal.  The 300°C annealed PIC films exhibit high leakage 

currents at low fields and modest breakdown strength (~3 MV/cm).  In comparison to the 

ALD films, the 500°C annealed PIC films exhibit similar low field (<2 MV/cm) leakage 

and breakdown strength, but lower high field (>3 MV/cm) leakage. The lower high field 

leakage of the PIC films is due to the higher electric field required for the onset of the 

high leakage "knee" combined with the lower slope of the post-knee I-V curve. The 

superior leakage performance of the lower density 500°C annealed PIC films compared 

to the higher density ALD films is unexpected, indicating that a MOS capacitor with a 

500°C annealed PIC film presents a higher barrier to electron transport than an MOS 

capacitor with an ALD Al2O3 film.  This suggests a wider bandgap (higher electron 

barrier) interfacial layer may be enhancing the leakage performance of the PIC films. 

  

Figure 4.2: (a) Representative plots of current density vs. electric field and (b) 

cumulative fraction plots of breakdown field for 10 nm thick PIC and ALD Al2O3 

films with various annealing temperatures. 

 

Representative plots of current vs. voltage taken at 25°C, 70°C, and 110°C for 10 

nm thick as-deposited ALD or 500°C annealed PIC Al2O3 films are shown in Fig. 4.3(a). 
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At high electric fields, the current, I, due to Fowler-Nordheim tunneling (FNT) of 

electrons through a triangular barrier is described by the Fowler-Nordheim (F-N) 

equation as 

𝐼 =
𝑞2𝐴2

8𝜋ℎ

𝑉2

𝑠2𝜙0
exp(−

8𝜋𝑠(2𝑚0𝑞)
1
2

3ℎ

𝜙0

3
2

𝑉
)  (4.1) 

 

where q is the electronic charge, A is the device area, h is Planck's constant,  V is 

the applied voltage, s is the thickness of the dielectric, φ0 is the conduction band offset at 

the cathode, and  m0 is the effective mass of an electron. This relationship (Eq. 4.1) can 

be linearized by plotting ln(I/V2) vs. 1/V, known as a F-N plot.  The data from Fig. 4.3(a) 

shows high linearity on the F-N plot in Fig. 4.3(b) with constant slopes for the ALD 

films80 and temperature dependent slopes for the PIC films. Combined with the presence 

of the knee in all I-V curves, the good linear fits indicates a dominant role for tunneling 

in the ALD films and a strong contributing role for tunneling in the PIC films.81,82 The 

lower slopes and higher turn-on voltage for tunneling exhibited by PIC films indicate that 

the PIC films present a higher tunnel barrier height than the ALD films, suggesting either 

a wider Al2O3 bandgap or the presence of a wide bandgap interfacial layer.  The 

temperature dependence of the PIC films indicates the presence of multiple conduction 

mechanisms and suggests a contributing role for thermal conduction mechanisms such as 

Poole-Frenkel or Schottky emission. It was found that both ALD and PIC I-V data 

produced a poor fit to Poole-Frenkel and Schottky linearizations (not shown) over a 

broad voltage range.  However, for the low voltage range (< 3.5 V) excellent linearity 
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was obtained, indicating that either Poole-Frenkel or Schottky play a strong role in 

conduction at low voltages before FNT increases at larger fields.   

 

Figure 4.3: (a) Current voltage sweeps and (b) F-N plots of ln(I/V2) vs. 1/V for 10 nm 

thick as-deposited ALD and 500°C annealed PIC Al2O3 films measured at 25°C, 

70°C, 110°C. 

 

As seen from the preceding data, PIC films have smaller dielectric constants and 

lower densities than the ALD films, yet they exhibit smaller leakage currents in MOS 

capacitors. There must be an additional component of the MOS capacitor that is 

contributing to the performance. XPS sputter depth profiles of the Al, Si-Si, Si-O, and O 

signals in nominally 10 and 30 nm thick ALD and PIC Al2O3 films are shown in Fig. 4.4.  

The carbon profile was also collected but for both ALD and PIC films dropped to zero 

after the surface layer was sputtered away (clearly seen for the PIC film in (a)). Zn was 

used in the production of PIC precursors, however <0.3% Zn was detected throughout the 

PIC the films.  For clarity, both the C and Zn profiles were omitted. The Si-O signal and 

Si-Si signals are based on the 103 eV Si2p peak and the 99.5 eV Si2p peak, respectively.  

The main difference between the two deposition methods is the Si-O profile.  It is seen 
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that the Si-O signal near the Si interface is more prominent in the PIC films (dashed 

purple line with open diamonds) than in the ALD films (solid purple line with filled 

diamonds), suggesting the presence of a thicker SiO2 interfacial oxide layer in the PIC 

films than for the ALD films.  Similar results are seen in both 10 and 30 nm films.  

 

Figure 4.4: XPS sputter profiles for (a) 10 nm and (b) 30 nm Al2O3 films.  Dotted 

lines / open symbols and solid lines / filled symbols represent 500°C annealed PIC 

and as-deposited ALD films, respectively.  Green triangles, purple diamonds, blue 

squares, and red circles represent Al, Si-O, Si-Si, and O, respectively. 

 

TEM images of nominally 10 and 30 nm thick of PIC ALD Al2O3 are shown in 

Fig. 4.5. The TEM images confirm the presence of an interfacial layer between the Al2O3 

and the Si substrate for both ALD and PIC films. As seen in Fig. 4.5(a), the nominally 10 

nm thick PIC film actually consists of a 5.4 nm layer of Al2O3 and a 5.9 nm thick 

interfacial layer, while the comparable ALD film in Fig. 3.5(b) consists of an 11.3 nm 

layer of Al2O3 with only a 1.8 nm thick interfacial layer. Similarly the nominally 30 nm 

thick PIC film in Fig. 4.5(c) consists of 15.0 nm of Al2O3 with a 6.2 nm thick interfacial 

layer, while the comparable ALD film in Fig. 4.5(d) has 31.4 nm of Al2O3 and an 

approximately 2.1 nm thick interfacial layer.  In both the nominally 10 and 30 nm thick 
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PIC films, the interfacial layer was found to be approximately 6 nm thick, while for both 

ALD films the interfacial layer was only about 2 nm thick.  The XPS profiles in Fig. 4.4 

as well as the EDS line scans in Fig. 4.6 indicate that the interfacial layer is SiO2. 

 
Figure 4.5: Cross sectional TEM images of 10 nm thick (a) PIC and (b) ALD and 30 

nm thick (c) PIC and (d) ALD Al2O3 films on Si. ALD films were as-deposited while 

PIC films were annealed at 500°C. 

 

EDS line scans of the samples used for the TEM images in Fig. 4.5, are shown in 

Fig. 4.6. The smaller distances in the figure correspond to the Si substrate, while the 
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larger distances correspond to the Al2O3 film. Several differences between the PIC and 

ALD films are apparent. In the 10 nm films in Fig. 4.6(a), the PIC O signal relative to the 

PIC Al signal extends approximately 4 nm further toward the Si substrate, while the ALD 

O and ALD Al signals change in tandem toward the Si substrate.  In addition, the PIC Si 

signal exhibits a shallower slope than the ALD Si signal between 15 and 20 nm (Fig. 

4.6(a)).  Both of these observations are consistent with a thicker SiO2 interfacial layer in 

the PIC film than in the ALD film. Similar results are seen in the 30 nm thick films in 

Fig. 4.6(b). Here, the PIC O signal extends approximately 7 nm further toward the 

substrate than the PIC Al signal, while the PIC Si signal plateaus across a width of 5 nm 

in this region, indicating a thick SiO2 interfacial layer has formed.  For the ALD films, 

the Al, Si, and O signals all change simultaneously at about 10 nm, indicating a thinner 

interfacial layer.  

 

Figure 4.6: EDS line scan plots of atomic % aluminum (green triangles), silicon 

(blue squares), and oxygen (red circles) vs. distance across the Si-Al2O3 film 

interface region for (a) 10 nm and (b) 30 nm Al2O3 films on Si. Dotted lines / open 

symbols and solid lines / filled symbols represent 500°C annealed PIC and as-

deposited ALD films, respectively.   
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To account for the effects of the interfacial SiO2 layer on MOS capacitor 

performance, the PIC and ALD films can be modeled as two capacitors in series.  By 

using the thicknesses observed in TEM and assuming that the SiO2 interfacial layer has a 

κ = 3.9, the κ value of Al2O3 in the 30 and 100 nm PIC films were calculated to be 5.8 

and 5.9, respectively. These values are substantially smaller than the κ = 8.7 and κ = 9.6 

observed for the 30 and 100 nm ALD films, respectively. These results indicate that both 

the PIC layer and the interfacial layer contribute to the lower κ observed in the MOS 

capacitors.  

The thick SiO2 interfacial layer accounts for the lower leakage currents as well as 

lower density and dielectric constant measured for the PIC films.   MOS energy-band 

diagrams, simulated on the basis of the data in Figs. 4.2-6, for the nominally 10 nm thick 

PIC and ALD Al2O3 films are shown in Fig. 4.7.  Biases of +3 V (Fig. 4.7(a,b)) and +6 V 

(Fig. 4.7(c,d)) applied to the Al electrode are considered.83 The band diagrams confirm 

that the thick interfacial SiO2 layer plays a dominant role in the PIC films, determining 

conduction under positive bias and providing an explanation for the seemingly 

contradictory electrical and structural behavior that was observed.  It is clear that due to 

the difference in the relative thickness of the interfacial SiO2 layers, a much larger 

portion of the potential drop occurs across the SiO2 in the PIC films than in the ALD 

films.   
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Figure 4.7: Proposed energy band diagrams for 10 nm thick (a), (c) PIC and (b), (d) 

ALD Al2O3 MOS devices with a bias of either (a), (b) 3 V or (c), (d) 6 V applied to 

the Al gate electrode. 

 

Considering the +3 V bias simulations, which coincide with VON (the onset of the 

increased conduction slope) of the knee in the log(I)-V plot in both films (see Fig. 4.3(a)).  

For the PIC device in Fig. 4.7(a), the Si conduction band edge (the conduction band in 

the degenerately doped n+ Si substrate coincides with the Fermi level) is above the top of 

the Al2O3 conduction band so that electrons may tunnel directly through only the lower 

electron affinity SiO2 layer, a situation known as step tunneling.84 Because of the much 

thinner SiO2 layer, the Si conduction band in the ALD device in Fig. 4.7(b) is below the 
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top of the Al2O3 conduction band, so that electrons at the Fermi level in the Si must F-N 

tunnel into the conduction band of the Al2O3 layer. Comparing the band diagrams of the 

PIC device in Fig. 4.7(a) with the ALD device in Fig. 4.7(b), it is seen that at 3V bias, the 

effective barrier for electron tunneling is lower for the ALD device than for the PIC 

device, accounting for the steeper initial log (J)-E slope for the ALD films than for the 

PIC films (Fig. 4.2).   

Looking next at the +6 V bias simulations, it is seen that the Si conduction band 

for the PIC device (Fig. 4.7(c)) is now above the bottom of the SiO2 conduction band on 

the anode side of the device so that F-N tunneling now may occur into the conduction 

band of the SiO2 layer.76 For the ALD device (Fig. 4.7(d)), because small voltage drop 

across the thinner SiO2 layer, the Si conduction band is just above the top of the Al2O3 

conduction band, so that step tunneling may occur through only the SiO2 layer as the 

device approaches breakdown. The transition from F-N to direct tunneling through the 

SiO2 layer coincides with a reduction in the log (J)-E slope in Fig. 2.  It is likely, 

however, that the primary cause of the reduction in the log (J)-E slope is electron trapping 

in the Al2O3. 

4.4 Summary and Conclusions 

The properties of Al2O3 films deposited on Si substrates via prompt inorganic 

condensation (PIC) and ALD have been evaluated and the performance in MOS 

capacitors has been assessed.  From electrical measurements, it was found that PIC films 

annealed at 300°C exhibit large CV hysteresis, high leakage, and low breakdown 

strength, while annealing at 500°C in air produced lower leakage than ALD films of 
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equivalent nominal physical thickness. From XRR measurements, it was found that the 

500°C annealed PIC films are less dense than as-deposited ALD films. From XPS, TEM, 

and EDS studies, it was found that annealing PIC films at 500°C results in the formation 

of a thick interfacial SiO2 layer which dominates electrical behavior. Simulated energy 

band diagrams of 500°C annealed PIC and as-deposited ALD Al2O3 MOS devices are 

consistent with the trends in the electrical data and indicate that the SiO2 interfacial layer 

dominates performance of the PIC Al2O3 films.  

The results clearly demonstrate the aggressive chemical nature of aqueous-based 

metal nitrate solutions with respect to the oxidation of Si at modest temperatures. Such 

oxidation should be carefully considered and monitored in studies on solution-processed 

devices. The nature of interfacial oxide growth during PIC is the subject of ongoing 

work. Remarkably, the density of the PIC Al2O3 film does approach that of the ALD film, 

albeit at high temperatures. Considering the many processing parameters available for 

tuning the solution process, it may be possible that high density PIC Al2O3 films can be 

realized at considerably lower temperatures. 
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5.1 Introduction 

Solution based thin film deposition methods offer an attractive alternative to 

vacuum based processes by avoiding dangerous reactive gasses and high vacuum systems 

which become increasingly costly as substrates increase in size. Prompt inorganic 

condensation (PIC) is a novel solution based thin film deposition technique that uses 

aqueous precursors containing inorganic metal-hydroxide clusters.85,86,87 The low energy 

requirement of the oxide to hydroxide transition, as well as the volatility and small size of 

the nitrate counter ions make PIC a potential low temperature route to high quality oxide 

thin film formation that avoids the high temperatures and damaging dimensional changes 

that can occur during the densification anneals typically required for traditional 

organometallic sol-gels.88,89,90 In addition, PIC precursors are compatible with mist vapor 

deposition systems that are scalable to large substrates and high volume manufacturing. 

PIC is therefore a potential low cost deposition method for large area macroelectronics 

applications, deposition of dielectrics for back end of the line CMOS applications, and 

passivation of silicon solar cells. 

 Recently, Al2O3 films deposited on Si via PIC using Al13 hydroxide clusters were 

shown to demonstrate electrical performance comparable to films deposited via atomic 

layer deposition (ALD).  However, it was found that the PIC process resulted in a SiO2 

interfacial layer (IL) that was significantly thicker than that in the ALD films and played 

a major role in the electrical performance of the PIC films.91 The four likely sources of 

the enhanced SiO2 growth during the PIC deposition process are the pre-deposition 
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oxygen plasma treatment, post-deposition air annealing, reaction of the Si surface with 

the acidic PIC cluster solvent in the absence of Al13 clusters, and the presence of the Al13 

clusters themselves.  In this work, each of these process steps is investigated and the 

origin of the enhanced SiO2 growth is identified.  In addition, electrical characterization 

is performed which indicates the potential suitability of PIC films as passivation layers 

for Si solar cells. 

5.2 Experimental 

The aqueous based Al13 cluster precursor solution used for PIC was prepared with 

0.2 M Al concentration, following the process described in Wang et al. [2] but using Al 

metal for reduction rather than Zn.  PIC films were deposited via spin-coating at 3000 

rpm for 30 s. All films were deposited on (100) silicon coupons with approximately 2 nm 

of native oxide. Prior to spin coating, a hydrophilic surface was produced by exposing the 

Si coupons to a 150 W radio frequency capacitively coupled oxygen plasma at 160 mTorr 

for 10 min. Three minutes of plasma exposure was sufficient to produce a contact angle 

of 0° (measured using a goniometer) confirming hydrophobicity.  Immediately following 

spin-coating, films were annealed in air on a hot plate for 2 min at either 50, 75, 100, 125 

or 150°C.  Four samples, all of which were previously annealed at 150 °C, were 

additionally annealed in a furnace for 1 h (with an additional 5°C/min ramp-up / ramp-

down) in air at 200, 300, 400, and 500 °C to determine the effect of annealing 

temperature on the IL. 
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As the purpose of this work was to investigate IL formation during the PIC 

process, three sets of fresh silicon coupons were used as controls for exposure oxygen 

plasma, furnace annealing, and the PIC solution itself.  The first set of Si samples were 

exposed to the oxygen plasma surface treatment for 5, 10, 20, 30, and 50 min to measure 

the effects of the hydrophilic surface treatment plasma on SiO2 growth. To act as a 

control for IL formation during furnace annealing in air, another set of Si coupons were 

annealed in air at 500°C for 0.5, 1, 2, 5, and 10 hours. Finally, spin coated nitric acid was 

used to mimic the acidic nature of the PIC precursor and so as to separate it from the 

effect of the aluminum hydroxide clusters. Two concentrations of nitric acid were used, a 

dilute 0.6 M solution, similar to the nitrate concentration in the 0.2 M (on an aluminum 

basis) PIC precursor, and as a limit, a concentrated 15.8 M solution, the azeotrope of 

nitric acid and water. For the nitric acid controls a third set of Si coupons were first given 

the standard 10 min oxygen plasma surface treatment before being exposed to the nitric 

acid.  The nitric acid controls were annealed in the same way as PIC films.  

Sample thicknesses were measured using a J.A. Woollam VASE Ellipsometer.  

Transmission electron microscopy (TEM) cross sections were prepared in an FEI Quanta 

3D dual beam SEM/FIB. TEM images were collected using an FEI Titan 80-200 

TEM/STEM. 

Assessment of electrical characteristics was performed using 

metal/oxide/semiconductor (MOS) capacitor structure fabricated by evaporating 

aluminum through a shadow mask to create 290, 165, and 120 µm diameter circular top 
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contacts. Contact areas were measured with an optical microscope. Backside contact was 

made by scratching through the PIC oxide to the silicon substrate with a diamond tipped 

scribe and making contact with indium solder. Capacitance vs. voltage (CV) 

measurements were performed on a E4980A precision LCR meter at 100 kHz and 100 

Hz. Devices were swept from inversion to accumulation and back.  Interface trap density 

was estimated using the high-low frequency method.92 Flat band Voltage (VFB) was 

extracted from the curvature of the CV measurements as outlined by [92].Fixed oxide 

charge (QF) was estimated from the VFB shift. A value of -0.7 eV was assumed for the 

ideal metal-semiconductor work function difference between the aluminum and p-type Si 

(B doped 1015 cm-3). To extract QF, it was assumed to be localized at the Si/SiO2 interface 

and the contributions of any oxide trapped charge or mobile charge were assumed to be 

negligible. Electrical measurements were made in a dark box at room temperature with 

bias applied to the aluminum dot and the substrate held at ground. 

5.3 Results and Discussion 

5.3.1 PIC Al2O3 and SiO2 IL Growth 

TEM cross sections for the PIC Al2O3 films annealed in air at various 

temperatures are shown in Fig. 1. The Al2O3 and the SiO2 IL form two distinct layers 

with no apparent intermixing. From these images it is clear that a significant, 6.6 nm 

thick SiO2 layer had formed by the time the films were heated to 50°C.  With further 

annealing at 150°C and 300°C, the thickness of both the SiO2 and Al2O3 layers decreases. 
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The increased thickness of the SiO2 IL after annealing at 500°C is likely due to thermal 

oxidation of the silicon.   

 

Figure 5.1: TEM cross sections PIC Al2O3 films showing the evolution of interfacial 

SiO2 growth after air anneals on a hot plate for (a) 2 min at 50°C and (b) 2 min at 

150°C, and in a furnace for (c) 1 hour at 300°C, and (d) 1 hour at 500°C. 

 

The total thickness of the PIC film as well as the thicknesses of the Al2O3 and 

SiO2 layers are plotted vs. anneal temperature in Fig. 5.2.  The total PIC film thickness 

was determined from TEM as well as from spectroscopic ellipsometry.  The thickness of 

the individual layers was determined from the TEM cross sections in Fig. 5.1.  The 

ellipsometry data is in rough agreement with the total TEM thickness.  The divergence 

between the two thickness measurements at temperatures <150°C is likely due to the 

TEM imaged film being partially cured by the electron beam and ion beam exposure 

during FIB liftout and polishing. It is not clear whether this difference was due to a 

change in the SiO2 interfacial layer, the Al2O3 layer, or a combination of both. The total 

thickness measurements also diverge slightly above 300°C. The decrease in thickness of 

10 nmSi

SiO2 6.6 nm

Al2O3 6.1 nm

C
a) 50°C

10 nmSi

SiO2 6.4 nm

Al2O3 5.5 nm

Cr
b) 150°C

10 nm

Si

SiO2 4.4 nm

Al2O3 3.5nm

C

c) 300°C

10 nm

Si

SiO2 4.7 nm

Al2O3 3.5 nm

C

d) 500°C



  79 

 

 

 

both of the layers with increased anneal temperature is due to dehydration and 

densification of the layers as discussed in [8].  

 

Figure 5.2: Film thickness vs. anneal temperature.  Total PIC film thickness was 

determined by both TEM and ellipsometry. The thickness of the individual layers 

was determined from the TEM images in Fig. 5.1. 

 

5.3.2 Controls 

 The enhanced growth of the SiO2 IL layer during PIC likely occurs during 

either (i) the pre-deposition oxygen plasma treatment, (ii) the post-deposition annealing 

in air, or (iii) reaction with the acidic PIC cluster solution, absent or in the presence of 

Al13 clusters. Control experiments were performed to investigate SiO2 formation during 

each of these processes. 

5.3.2.1 Oxygen Plasma Treatment 

The first potential source of enhanced IL growth is the oxygen plasma 

pretreatment step.  Oxygen plasma has been used to grow thin high quality oxides on 

silicon and reported growth rates vary widely (0.2 to >16 nm/min) as do the reported 
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growth kinetics (linear, parabolic, logarithmic, or some combination).93 Growth rates 

have been shown to be dependent on oxygen pressure, plasma power (25 to >1000 W), 

and substrate temperature (often >200°C).93,94 A plot of SiO2 growth on fresh silicon 

substrates as a function of oxygen plasma exposure time is shown in Fig. 5.3. The 

additional thickness of the SiO2 growth was measured via spectroscopic ellipsometry, 

subtracting off the 2 nm thick native oxide. For the typical 10 min oxygen plasma 

exposure used to produce a hydrophilic surface prior to PIC deposition, less than 0.4 nm 

of additional SiO2 growth was observed. A linear fit indicates an oxidation rate of only 

0.016 nm/min, insufficient to explain the enhanced 6.6 nm thick interfacial oxide growth 

seen in Fig. 1(a).  Given the low power (150W) and low temp (room temp), the low 

growth rate is not unexpected.93 

 

Figure 5.3: SiO2 thickness vs. oxygen plasma exposure time for fresh silicon 

substrates. 
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5.3.2.2 Post Deposition Annealing 

The next potential origin of the enhanced IL growth is the post deposition 

densification anneal in air.  Fig. 5.4 is a plot of measured and predicted SiO2 growth vs. 

time for fresh silicon substrates annealed at 500°C in air. The thickness of the SiO2 

growth was measured via spectroscopic ellipsometery, subtracting off the 2 nm native 

oxide. Annealing silicon in air or oxygen at high temperatures to produce high quality 

SiO2 is a well understood process. The Deal-Grove model values in Fig. 4 were generated 

with the linear rate constant extrapolated down to 500°C.  The Deal-Grove model 

describes the growth of thick SiO2 layers at high temperatures. Although modifications of 

the model have been made for thin oxides,94 the model becomes less accurate at 

temperatures below 700°C,95 and it is not surprising that Deal-Grove underestimates the 

measured oxide growth.96  The measured increase in SiO2 thickness for a one hour anneal 

at 500°C is less than 0.2 nm, indicating that air annealing alone is also insufficient to 

account for the 4.7 nm thick SiO2 IL observed in Fig. 5.1(d). 
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Figure 5.4: SiO2 growth vs. annealing time for bare silicon substrates annealed in 

air at 500°C. Ellipsometry was used to measure thickness. Modeled values are based 

on projected Deal Grove linear rate constants. 

 

5.3.2.3 Precursor Acidity 

The final potential origin of the enhanced SiO2 IL growth is the precursor solution 

itself. Nitric acid was used to approximate the effect of the acidic precursor without the 

Al hydroxide clusters present. Boiling nitric acid solution have been used to grow oxides 

on poly crystalline silicon gates in part because oxide growth is independent of the silicon 

orientation.97 Thin oxides of 1-2 nm in thickness can be grown in as little as 10 min, 

while 5 to 15 nm thick oxides require 2 to 15 hour exposures.97,98 These solution grown 

films typically require elevated temperature (250 °C to 400 °C) anneals to reduce leakage 

currents, but reported densities are comparable to that of thermally grown SiO2.
99  

Fig. 5.5 is a plot of SiO2 thickness vs. anneal temperature comparing oxide grown 

on silicon substrates spin-coated with either 0.6 M nitric acid or 15.8 M nitric acid, with 

the TEM measured 0.2 M PIC precursor solution SiO2 IL thickness shown for reference. 

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 2 4 6 8 10
Si

O
2

G
ro

w
th

 (
n

m
)

Time (hours)



  83 

 

 

 

The dilute 0.6 M nitric acid solution had a nitrate concentration similar to that of the 0.2 

M PIC precursor. The concentrated 15.8 M (70 wt%) nitric solution is included to 

examine the effects of increased solution acidity. The post spin anneal sequence followed 

typical PIC processing in air with anneals at temperatures ≤ 150°C performed on a hot 

plate for 2 min and anneals at temperatures > 150°C performed in a furnace for 1 hour 

with 5°C/min ramps. No significant enhancement of oxide growth is measured for either 

the dilute or the concentrated nitric acid, even with annealing up to 500°C. 

 
Figure 5.5: SiO2 Thickness vs. anneal temperature for Si samples annealed in air 

after nitric acid solution exposure measured by ellipsometer and TEM measured 

interfacial SiO2 layer thickness from 0.2 M, 8 nm, PIC Al2O3 samples shown in Fig. 

5.1.  

 

In summary, we find that neither oxygen plasma exposure nor annealing at 500°C 

are able to produce an increase in interfacial SiO2 thickness comparable to the 3 to 6 nm 

of growth seen for PIC Al2O3 on Si.93 The nitric acid control samples also did not 

generate significant oxide growth and any visual sign of the acid on the surface 

disappeared by ~120°C, the evaporation point for the water-nitric acid azeotrope. The 
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Al13 clusters themselves are the only remaining culprit. Since there is no Al at the Si-SiO2 

interface and Al2O3 is not mixed with the SiO2, the Al13 clusters are likely not directly 

participating in the oxidation reaction but are likely effectively trapping or immobilizing 

the nitrate ions and water on the surface so as to enhance the oxidation of the interface. 

5.3.3 PIC Al2O3 as a Passivation Layer 

Normalized double sweep high frequency (100 kHz) CV curves for PIC Al2O3 

films deposited on Si after air anneals at various temperatures are shown in Fig. 5.6(a). 

Shown in Fig. 5.6(b) QF is plotted vs. annealing temperature for both the positive and 

negative CV sweeps.  QF was estimated from the shift in the flat band voltage (ΔVFB) 

from the ideal VFB. For the air annealed samples in Fig. 5.6(a), QF is initially large and 

positive but drops to near zero and becomes slightly negative with the 300°C anneal.  

Further annealing at higher temperatures results in increased positive charge. The trend in 

QF corresponds to density changes previously reported for this material.93 The overall 

density of the film first decreases as the anneal temperature increases to 350°C and then 

increases with anneal temperature up to 800°C. The hysteresis follows a similar trend as 

the QF, decreasing at 300°C and then increasing with further annealing to 400 °C and 

500 °C. Al2O3 is typically reported to have negative QF. The reduction of positive QF 

between 150°C to 300°C could be related to the transition of the positively charged 

hydroxide clusters into an Al2O3 thin film. The increase in positive QF above 300°C 

could be related to full oxidation and growth of the SiO2 IL, as the Si/SiO2 interface is 

typically associated with positive QF.  
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Figure 5.6: (a) Normalized high frequency capacitance vs. voltage curves for PIC 

Al2O3 on Si after various anneals in air and (b) QF vs. anneal temperature extracted 

from the same curves. 

 

Figure 5.7 is a plot of the average interface trap density (DIT) at the middle of the 

Si bandgap vs. anneal temperature for PIC Al2O3 thin films on Si annealed in air. DIT was 

estimated by comparing the high frequency CV sweeps in Fig. 5.6(a) to low frequency 

(100Hz) sweeps (not shown). DIT decreases from 1013 cm-2eV-1 at 150°C to 5 x 1012 cm-

2eV-1 at 300°C and remains relatively constant after higher anneal temperatures.   

 

Figure 5.7: Plot of average midgap interface trap density (DIT) vs. air anneal 

temperature for PIC Al2O3 on Si. 
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Thin oxide films are used to passivate solar cells by (i) reducing the interface trap 

density at the surface and thus the number of carrier recombination sites, and (ii) by 

repelling minority carriers from these recombination sites with the appropriate QF.102 A 

positive QF charge repels minority carriers in n-type Si and negative QF charge for p-type 

Si.97 Low absorption, high bandgap materials are preferred since they can be used on the 

sunny side of the device.102  

Summarized in Table 5.1 is a comparison of the performance and processing 

conditions of several representative solar passivation techniques, including thermally 

grown SiO2, anodic SiO2, and atomic layer deposition (ALD) Al2O3, along with the PIC 

films from this work.  Each technique has advantages and disadvantages.  Though the 

interface trap density of thermally grown SiO2 is exceptionally low, the long time and 

high temperature required (>850 °C) to grow a high quality passivation layer are not 

practical for manufacturing.  Anodic SiO2 films, grown by electrochemical oxidation of 

silicon submerged in a nitric acid solution at room temperature and then annealed at 

400°C in either air or forming gas, have acceptable DIT levels,100  but the time required is 

too long to be practical. Additionally, anodic SiO2 films have only been reported with a 

positive QF, making them suitable only for n-type films.  ALD Al2O3, has been 

demonstrated to produce high quality, low DIT films at low temperature with tunable 

QF
101,102.  However, ALD also suffers from fairly long growth times. Our preliminary 

results on PIC films annealed in air at low temperature indicate they have a DIT 
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comparable to anodic SiO2. Optimization of annealing conditions (time, temperature, 

ambient) may allow further reduction in DIT. Our results also indicate that QF in PIC 

films may be tuned between positive and negative values by low temperature annealing 

(150 – 300 °C) in air, making PIC films suitable for both n-type and p-type Si 

passivation.  Finally, the remarkably short deposition time of the PIC films (on the order 

of minutes rather than the hours required for anodic oxidation) stands apart from the other 

techniques and makes PIC a potentially promising candidate for solar passivation.  

Table 5.1: Comparison of various Si solar cell passivation layers from the literature 

and preliminary PIC Al2O3 results. 
Material DIT 

(eV-1cm-2) 

QF 

(cm-2) 

Deposition Anneal 

Time 

(min) 

Temp 

(°C) 

Ambient Time 

(min) 

Temp 

(°C) 

Ambient 

Thermal 

SiO2
100 

1010 +1011 120 >850 Dry O2 60 400 H2/N2 

Anodic 

SiO2
100 

1011-1013 +1012 180 Room Ambient 30x2 400 Air & 

H2/N2 

ALD 

Al2O3
102 

1010-1011 ±1011-1012 60 >100 ~1 Torr N2 5 200-

350 

N2 

PIC 

Al2O3 

1012 +1011-1012 2 Room ambient 60 150-

500 

Air 

 

5.4 Conclusions 

In this work, the origin of the enhanced growth of interfacial SiO2 that is observed 

during prompt inorganic condensation (PIC) deposition of Al2O3 on Si is investigated and 

determined to be due to the presence of the Al13 hydroxide clusters.  Cross-sectional 

TEM shows that a thick (~6 nm) SiO2 interfacial layer forms very quickly (≤ 2 min) at 

low temperatures (≤ 50°C).  This SiO2 IL densifies and decreases in thickness upon 

annealing at up to approximately 350°C.  The four possible origins for the initial 

enhanced growth of the SiO2 IL during the deposition process are (i) the pre-deposition 
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oxygen plasma treatment, (ii) the post-deposition annealing in air, or (iii) reaction with 

the acidic PIC cluster solvent, or (iv) the Al13 hydroxide clusters themselves. Separate 

sets of fresh Si control wafers were exposed to either (i) oxygen plasma treatment, (ii) 

500°C annealing in air, or (iii) nitric acid solutions designed to emulate the precursor 

solution without the Al13 clusters.  None of these treatments showed enough oxide growth 

to account for the SiO2 growth that occurs during the PIC process, indicating that the Al13 

hydroxide clusters need to be present for the enhanced interfacial SiO2 growth to occur. 

Although the Al13 clusters likely do not participate directly in the oxidation reaction, it is 

likely that they may enhance oxidation by effectively trapping or immobilizing nitrate 

ions and water near the interface. 

The rapid growth of interfacial SiO2 that occurs may be of benefit for passivation 

of Si solar cells. Although the DIT of 5 x1012 eV-1cm-2 is not as low as that obtained for 

ALD Al2O3 or thermally grown SiO2, it is comparable to that obtained for anodic SiO2 

and may potentially be reduced  by optimized anneal conditions.  In addition, the required 

process temperature is low and QF may be tuned between positive and negative values 

making it tailorable for either n or p type Si. Finally, the short processing time (minutes) 

is much less than other methods, making PIC a competitive alternative for Si solar cell 

passivation. 
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6.1 Introduction 

Traditional vacuum based thin film deposition methods are expensive and require 

large amounts of energy to achieve the low pressures required for deposition. Solution 

processing is an attractive alternative for thin film deposition that avoids expensive 

vacuum systems and the low precursor utilization associated with traditional vacuum 

based methods by enabling depositions at atmospheric pressure and precursor recycling. 

Prompt inorganic condensation (PIC) is a variation of solution processing which uses a 

fully inorganic water-based precursor to eliminate the high annealing temperatures and 

large volume changes typically required to densify films in more traditional approaches 

to solution processed thin films.103 PIC precursors consist of metal hydroxide clusters 

suspended in water. The low energy hydroxide to oxide transition, as well as the volatility 

of nitrate and water, offers the potential for a low temperature (<450 °C) route to a 

smooth, dense, solution processed thin film. 

In our previous work, we showed that PIC Al2O3 deposited using 

[Al13(OH)24(H2O)24]
15+ (Al13)  hydroxide clusters with nitrate counter ions104 forms a thin 

film insulator with leakage currents similar to atomic layer deposition (ALD) Al2O3. 

However, when these films were deposited on silicon, a SiO2 interfacial layer was formed 

that dominated electrical behavior.105  Depositing on TaN is expected to produce a 

tantalum oxide or tantalum oxy nitride film which will have a lower bandgap than SiO2. 

Prelimenary work scaling ALD oxides thickness on TaN has suggested the interfacial 

layer is not making a measureable contribution to the capacitance.106 Alimardani et al. 



  93 

 

 

 

[107] have shown that thin films of Ta2O5 are conductive enough to not contribute to the 

barrier in thin film diodes. Characterizing PIC Al2O3 on TaN serves the additional 

purpose of evaluating the suitability of these films for back end of line (BEOL) 

applications as integrated diodes and capacitors, as TaN is a common BEOL material and 

these films are fully cured within in the 450°C BEOL processing limit. 

In this work, PIC Al2O3 films are deposited on TaN to determine their electrical 

properties in the absence of the interfacial SiO2 layer. A weight loss curve during heating 

of the dried PIC Al2O3 precursor was collected by thermogravimetric analysis (TGA). 

Temperature programmed desorption (TPD) and Fourier transform infrared spectroscopy 

(FTIR) were used to measure the nitrate and water/hydroxide content of thin films. 

Current voltage measurements determined the leakage current, symmetry of the I-V 

response and conduction mechanism. The electrical properties are correlated to changes 

in films with annealing. 

6.2 Experimental 

The Al2O3 precursor solution, comprised of Al13 clusters suspended in water with 

nitrate counter ions, was prepared using the Zn reduction method outlined by Wang et 

al.108 To analyze this solution, 50 g of the Al13 precursor solution was dried at 60°C for 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The 

sample was heated from 25 to 1000°C with a ramp rate of 10°C/min and a 20 mL/min N2 

carrier gas flow in a TA Instruments Q600 DSC/TGA. 
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Thin films of Al2O3 were prepared by spin coating the Al13 precursor solutions 

onto one inch square substrates of SiO2/Si and TaN/Ta/SiO2/Si. Thermal SiO2 substrates, 

with 100 nm thick SiO2 layers on p-type Si were donated by HP Corvallis. TaN substrates 

were donated by Intel and consisted of a thin (5 nm) TaN layer on top of 40nm of Ta, 

deposited on 100 nm SiO2 on Si. Prior to deposition, substrates were exposed to an 

oxygen plasma at 50 W and 350 mTorr for 30 seconds to create a hydrophilic surface. 

During spin coating, 4 to 7 drops of precursor (enough to fully wet the surface) were 

dropped onto the surface from a syringe with an attached 0.45 µm PTFE filter. The 

substrate was spun for 30 seconds at 3000 RPM. Following spin coating, samples were 

dried on a hot plate for 2 minutes at 150°C (except as noted).  Samples were then 

annealed in a Carbolite tube furnace with forming gas (10% H2, 90% N2) at a pressure of 

approximately 900 mTorr, and at temperatures ranging from 200 to 450 °C using heating 

and cooling ramps of 10 °C/min and a 1 hour isothermal hold. Film thicknesses were 

measured following forming gas anneals using a J.A. Woolam M-2000 ellipsometer.  

To produce films thick enough to provide an adequate signal in Fourier transform 

infrared spectroscopy (FTIR), 5 coats of 0.78 M (Al basis) Al13 solution (~150 nm films) 

were deposited on thermal SiO2.  Additionally an elevated drying temperature of 230°C, 

instead of 150°C, was used following each coat to increase the thickness deposited with 

each coat by reducing the amount of material dissolved by each subsequent coat.  

For temperature programmed desorption (TPD) samples were prepared with 1 

coat of 0.78 M Al13 deposited onto thermal SiO2, yielding films of approximately 30 nm. 
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TPD measurements were made in the TPD Workstation (Hiden Analytical) equipped 

with a quadrupole mass analyzer (3F PIC, Hiden Analytical). The base pressure was < 5 

x 10-9 Torr. The thin film samples (cleaved to a 1 x 1 cm2 square) were heated from room 

temperature to 800°C at a rate of 30°C/min. Electron impact mass spectra were acquired 

with a 70 eV ionization energy and 20 µA emission current. Selected ions (m/z = 1, 2, 16, 

17, 18, 28, 30, 32, 44, 46) for each sample were monitored in multiple ion detection mode 

with a dwell time of 200 ms and a settle time of 50 ms. 

Electrical characterization was performed on samples with one coat of 0.2 M Al13 

precursor solution spin coated onto TaN substrates to produce films with a thickness of 

approximately 8 nm. Post-anneal, aluminum top contacts were deposited by thermal 

evaporation through a shadow mask for metal-insulator-metal (MIM) test structures. 

Contact to the TaN bottom electrode was made by scratching through the deposited film 

to expose the TaN layer and applying indium solder. Al top contacts were biased and the 

TaN/indium backside contact grounded. Current voltage (I-V) measurements were made 

using an AGILENT 4156 semiconductor parameter analyzer.  

Cross sectional TEM images were taken on a FEI Titan 80-200 TEM/STEM. 

Lamella liftouts were prepared with a FEI Helios.  

6.3 Results and Discussion 

The TGA weight loss curve, collected in a nitrogen ambient at atmospheric 

pressure, and its derivative peaks are shown in Figure 6.1 for Al13 precursor dried at 

60 °C,. The first curve inflection at approximately 100 °C was attributed to physisorbed 
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water. There were large inflections at 180 and 250 °C as well as smaller inflections at 

350, 500, and 900 °C. These are likely associated with the dehydration/oxidation of the 

Al13 clusters and the decomposition of the nitrate counter ions. This data shows that the 

precursor has nearly reached its final weight by 400 °C .  

 

Figure 6.1:  Weight percent versus temperature (°C) plot for TGA of PIC Al2O3 

precursor dried at 60 °C. 

 

Thickness as measured with ellipsometry versus annealing temperature is shown 

in Figure 6.2 for single coat 0.2 M Al13 precursor thin films on TaN following annealing 

in forming gas. Thickness decreases with increased annealing temperature up to around 

300 °C, beyond which the thickness remains relatively constant.  
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Figure 6.2: Thickness vs. annealing temperature for a single coat of 0.2 M Al13 

solution on TaN after a forming gas anneal. 

 

The FTIR spectra in Figure 6.3 show the -OH stretch and -NO3 oscillations for 

PIC Al2O3 films deposited on thermal SiO2 with various forming gas anneal 

temperatures. The -OH and -NO3 features both decrease with increasing annealing 

temperature until 300 °C, at which point the features drop below the detection limit of the 

system. This suggests that the aluminum hydroxide cluster precursor was converted to an 

oxide, excess water driven out, and nitrate counter ions broken down with increased 

annealing temperature.  
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Figure 6.3: FTIR data for PIC Al2O3 on thermal SiO2 with various forming gas 

annealing temperatures.  

 

TPD analysis of H2O (m/z 18), NO (m/z 30), and O2 (m/z 32) for single coat 0.78 

M (approximately 50 nm thick) PIC Al13 films on thermal SiO2 are plotted in Figure 6.4 . 

(NO and O2 are products of NO3 decomposition.) All three signals are shown to decrease 

with increasing annealing temperature. To compare the trends of H2O, NO, and O2 

signals on a single plot, the normalized area under the TPD curve for each annealing 

temperature is plotted in Figure 6.4d. The areas were calculated from the difference 

between the measured and background signal of the system and then normalized by the 

area of the 50°C annealed sample. After the 375°C anneal, the NO and O2 signals both 

dropped by two orders of magnitude. The H2O signal, however, never disappears 

completely with annealing. It drops steadily until 300°C and then becomes noisy. There 

may have been some water reabsorption as the signal seems to be as dependent on 

measurement order as it is on annealing temperature above 300°C. The 350°C sample 
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was measured first for example. The 375 °C and 400 °C samples will be repeated to 

correct for the re-adsorbed water. 

  

Figure 6.4: Mass spectrometer data for thermally programmed desorption (TPD) of 

single coat 0.78 M PIC Al13 thin films on thermal SiO2 substrates after various 

anneals in air up to 150 °C for 2 min and an additional hour in forming gas at 

higher temperatures for (a) H2O (m/z 18), (b) NO (m/z 30), and (c) O2 (m/z 32). The 

normalized area under TPD curve is plotted versus annealing temperature (d), 

where the area is normalized by the area of the 50 °C sample. 

 

Figure 6.5 shows a plot of the leakage current density at +/- 1 MV/cm versus 

annealing temperature for forming gas annealed 1 coat 0.2 M PIC Al2O3 films 
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(approximately 7 nm thick) on TaN.  The leakage current is below 100 nA/cm2 for all 

annealing temperatures and decreases slightly with annealing above 350°C.  

      

Figure 6.5: Leakage current density at +/- 1 MV/cm vs. annealing temperature for 

PIC Al2O3 on TaN with forming gas anneals. 

 

Asymmetry is a means of quantifying the difference between positive and 

negative bias I-V sweeps of a device, and is defined as -I(-V)/I(V).109 A plot of maximum 

asymmetry versus forming gas anneal temperature, in Figure 6.6, shows that maximum 

asymmetry increased significantly for annealing temperatures above 350 °C. Asymmetry 

in an MIM device is associated with interface dominated conduction, with different 

barriers at a positive and negative bias due to dissimilar work function electrodes.110 Here 

positive asymmetry is expected since TaN has a larger work function (4.7 eV) than Al 

(4.2 eV) so less absolute current would be expected at a positive bias111. The increasing 

asymmetry indicates the relative absolute current at a negative bias is decreasing more 

with annealing than the negative bias current. There are two ways this could arise with 

annealing. 1) The conduction mechanism is shifting from bulk dominated (perhaps due to 
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traps associated with the nitrate groups and water) to interface dominated.  This would be 

accompanied by a decrease in the leakage current as is observed in Figure 6.5 above 

300°C. Additionally the current would be less temperature dependent as defect free Al2O3 

would be expected to display Fowler Nordheim dominated current which is independent 

of temperature.110 2) the increase in asymmetry could be due to a change in the barrier at 

one of the interfaces due to the growth of an interfacial layer.  

   

Figure 6.6: Plot of maximum asymmetry (-I(-V)/I(V)) versus annealing temperature. 

 

Figure 6.7 is a plot of current density at (a) +2 V and (b)- 2 V bias as a function of 

measurement temperature for PIC Al2O3 films on TaN annealed at 300°C, 350°C, and 

400°C.  The temperature dependence at both biases was reduced with increased annealing 

temperature. This indicates a decrease in low field bulk dominated conduction, associated 

with defects in the film.  
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Figure 6.7: Current density vs. measurement temperature for 0.2 M PIC Al2O3 on 

TaN with a (a) +2 V bias and (b) -2 V bias comparing the 300°C and 400°C anneal 

condition. 

 

Figure 6.8 is a set of TEM images of 1 coat 0.2 M PIC Al13 on TaN annealed at 

(a) 200°C and (b) 400°C in forming gas. The brighter region between the Al2O3 and 

TaOx layers in the higher temperature image was due to beam damage and makes the 

thicknesses unreliable. The difference in TaOX interfacial layer thickness was 0.6 nm and 

may be in part due to beam damage. The 2 nm increase in PIC Al2O3 film thickness is 

likely due to beam damage during imaging of the 400°C sample. A new TEM cross 

section of the 400°C sample needs to be collected. The impact of beam damage on the 

TEM images is discussed below. Due to the uncertainty created by the electron beam 

damage, it is unclear if there is any difference in interfacial layer thickness that could 

have caused the change in electrical performance between the two anneal temperatures.  
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Figure 6.8: Cross sectional TEM images of PIC Al2O3 on TaN following (a) 200°C 

and (b) 400°C anneals in a low pressure forming gas atmosphere.   

 

The combined PIC Al2O3 and interfacial layer thicknesses determined from the 

TEM cross section at 200 °C was slightly larger than the thicknesses measured via 

ellipsometry. This mismatch was likely caused by the ellipsometer model for the 

substrate including some initial TaOX native oxide as part of the substrate and the PIC 

Al2O3 deposition increasing the thickness of this layer. The 200 °C PIC Al2O3 layer 

thickness is very close to those observed on Si in chapter 5 as would be expected for 

precursor solutions of the same concentration deposited with the same spin speed.  

Fig. 6.9 is a series of TEM images showing the effect of beam damage on one 

portion of a 1 coat 0.2M PIC Al2O3 film on TaN with a 400°C forming gas anneal.  The 

sample was exposed to a 200kV e-beam with a spot size of 5 over a period of 3 minutes 

30 seconds. (The image shown in Fig. 6.8 b) was collected with lower current spot size of 

7.) The TaOX interfacial layer appears to be unaffected by the electron beam. The thin 

lighter layer on top of the TaOX layer also appears unchanged and is faintly visible in the 
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lower beam damage Fig. 6.8 b) though not in Fig. 6.8 a) so may either be due to 

annealing or form quickly with beam damage. The most obvious effect of the electron 

beam is the large low density void space created between the PIC Al2O3 and TaOX layer. 

In frames c) and d) round bubble-like curves can be seen in the low density void layer. 

The appearance and growth of these bubbles accompanied the separation of the PIC film 

from the substrate. In Fig. 6.9 e) the bubbles are no longer visible. TPD data has shown 

PIC films absorb water with air exposure (see Fig. 6.4 d)); the bubbles could be due to 

water being driven out of the PIC films by the electron beam. Preparing liftouts on 

recently annealed samples, baking out samples throughout the liftout process or prior to 

imaging, and storing samples in desicators may help reduce e-beam damage. While not 

always practical, if the samples are loaded into the TEM the night before imaging by 

morning they may e dehydrated by the high vacuum of the TEM and be less sensitive to 

damage.  

 

 



  105 

 

 

 

 

Figure 6.9 Cross sectional TEM images of PIC Al2O3 on TaN following a 400°C 

anneal in a low pressure forming gas atmosphere showing impact of beam damage 

at time a) first image, b) +12 s, c) +1 m 38 s, d) +2 m 5 s, and e) +3 m 33 s. Some 
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damage had occurred by the time the first image could be collected. Here a higher 

current spot size of 5 was used compared to spot size 7 in Fig. 6.8. 

 

6.4 Conclusions 

Solution deposited PIC Al2O3 thin films on TaN were demonstrated to have 

leakage currents below 100 nA/cm2 at low fields (1 MV/cm) for forming gas anneals at 

temperatures as low as 200°C.  Dehydration and decomposition of residual nitrate groups 

was observed with increased anneal temperature. For anneals above 400°C there was 

nitrate decomposition products dropped below the TPD detection limit.  This 

accompanied a decrease in the leakage current to below 10 nA/cm2 and increase in 

asymmetry of the IV response to near 100. A 4 nm interfacial layer was shown to form by 

the time films were annealed to 200°C and but beam damage during TEM imaging make 

it unclear how this changes with annealing temperature. The diodes demonstrated 

asymmetry greater than one, as would be expected based on the work function difference 

between the TaN and Al contacts.  

Additional work is needed to clarify the impact of annealing on the interfacial 

layer and the connection between the reduced nitrate content and the conduction 

mechanism of the films. TPD measurements will be repeated for the 375°C and 400°C 

samples to correct for water readsorption.  XRR measurements will verify ellipsometer 

thickness measurements and show how density is changing with annealing as well.  

Additional current voltage measurements using a heated chuck will help clarify 

conduction mechanism.    
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7.1 Conclusions  

In this work two methods of depositing thin oxide films were demonstrated: 

solution based prompt inorganic condensation (PIC), and gas phase atomic layer 

deposition (ALD). In chapter 2, the highly conformal nature of ALD was used to coat 

high aspect ratio cellulose nanocrystal aerogels with Al2O3 to improve their thermal 

stability. In chapter 3, a method to measure the non-linear growth of ALD during thin 

film nucleation was developed and demonstrated for zinc tin oxide. In chapter 4, PIC and 

ALD Al2O3 thin films on silicon were compared and the PIC deposition resulted in a 

significant interfacial SiO2 layer that dominated its electrical properties. In chapter 5, the 

formation of the SiO2 interfacial layer during PIC Al2O3 deposition on Si was 

investigated and preliminary results showing the potential of these films as silicon solar 

cell passivation layers were presented. In chapter 6, to avoid forming a high bandgap 

interfacial SiO2 layer, TaN substrates were used to correlate changes in PIC Al2O3 

electrical performance to forming gas anneal temperature. 

The surface limited growth of ALD allows conformal coating of high aspect ratio 

structures, such as aerogels. In chapter 2, CNC aerogels were coated with ALD Al2O3 

films to protect them from thermal degradation. SEM images showed the coatings were 

able to penetrate over 1 mm into the aerogel structure.  Coatings with greater penetration 

of the aerogel provided better oxidation protection.  The best coatings increased the 

decomposition onset temperature of CNC aerogels 120 °C, from 175 °C to 295 °C.  SEM 

images showed that, although coatings were conformal, they were thicker near the 
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aerogel surface and thinner deeper in the aerogel.  Models indicated that a reduction in 

porosity due to the ALD coating increasing the fiber diameter was able to decrease the 

penetration of successive ALD cycles and result in the observed tapered profile. 

The self-limited surface reactions of ALD allow for precise thickness control, 

making it an attractive deposition method for laminate films. However, during ALD film 

nucleation the growth per cycle varies from the characteristic bulk value. For 

nanolaminates this nucleation period can be a significant portion of the film growth. 

Knowing the GPC during this nucleation period allows for more accurate nanolaminate 

depositions. In chapter 3, the nucleation of ALD ZnO and SnO2 on each other was 

investigated by complimentary sets of samples known as nucleation nanolaminate arrays. 

The SnO2, deposited by tetrakisdimethylamino tin and water, was minimally impacted by 

the ZnO surface, reaching the bulk GPC within 24 cycles. The ZnO, by diethyl-zinc and 

water, was strongly inhibited by the SnO2 surface, taking over 60 cycles to reach the bulk 

GPC.  The ZnO growth showed signs of island like nucleation.  A model based on the 

nucleation of nanolaminate arrays was able to more accurately predict the thickness of 

the samples with < 60 cycle layers in a third, test array of laminates than a model using 

the bulk GPC and nucleation delays. 

In chapter, 4 solution deposited PIC Al2O3 was compared to ALD Al2O3 as a 

more environmentally friendly and lower cost alternative for depositing planar thin films.  

PIC Al2O3 films on Si were found to form a significant (approximately 6 nm thick) 

interfacial SiO2 layer which dominated the observed film properties. Leakage currents 
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and breakdown fields of PIC Al2O3/SiO2 films with a 500°C air anneal were similar to 

ALD Al2O3 films. The PIC Al2O3/SiO2 films did not demonstrate Fowler Nordheim 

tunneling, showing more temperature dependence in their leakage current than ALD 

films.  

In chapter 5, the impact of processing on growth of the SiO2 interfacial layer 

during PIC Al2O3 deposition on Si was investigated. Control experiments on bare Si 

showed that the oxygen plasma pretreatment and air anneal processing steps alone were 

unable to explain the SiO2 layers observed in PIC films. TEM images of PIC Al2O3 films 

showed that a distinct SiO2 layer was present in samples heated to temperatures as low as 

50 °C for 2 minutes. This indicated that the precursor solution is playing a role in the 

enhanced interfacial oxide. The Al13 hydroxide clusters in the PIC precursor are thought 

to trap nitrate and water making an aggressive oxidizing environment. 

In chapter 6, PIC Al2O3 was deposited on TaN to avoid the high band gap SiO2 

interfacial layer that forms on silicon. Thermogravimetric analysis of dried PIC precursor 

showed that most of the water and nitrate were driven off by the time the films were 

heated to 400 °C. FTIR and TPD showed the hydroxide/water and nitrate content of thin 

films decreased with increased forming gas anneal temperature, notably, at 350 °C the 

signs of nitrate remaining in the film had dropped over an order of magnitude below that 

of a 50 °C annealed film.  The drop in nitrate content corresponded to a shift in the 

current voltage characteristics of metal insulator metal diodes formed from the films. The 
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asymmetry of the I-V response increased with decreasing nitrate content suggesting a 

shift in the conduction mechanism.  

 

7.2 Future Work 

 In chapter 2, ALD Al2O3 coatings were shown to increase the decomposition 

onset temperature of CNC aerogels. The next step would be to show these coated CNC 

aerogels can be incorporated into polymers with higher melt temperatures.  The Al2O3 

coating will make the CNC fibers easier to detect by EPMA than the uncoated fibers 

embedded in a polymer, however, it may be more useful, and easier, to compare the 

amount and type of fiber in a sample with the desired mechanical properties of the 

resultant composite, such as toughness, wear resistance, or yield strength. The impact of 

the CNC fiber and the ALD coating should be separated by comparing uncoated fibers, 

coated fibers, and burnt out coated fiber shells in the same low melt temperature polymer. 

To ensure the coatings are protecting the fibers during processing in high melt 

temperature polymers, the effectiveness of coated CNC aerogels and burnt out shells 

should be compared. 

Additionally, coated CNC aerogels are in the form of large (5 to 10 mm on a side) 

pieces and this may not be well suited to uniform incorporation into a polymer.  Breaking 

the coated aerogel structures into smaller pieces may impact the ability of the ALD 

coating to prevent oxidation of the fibers. To measure the impact of crushing the aerogels 

TGA weight loss curves of coated CNC aerogels ground to different sizes should be 
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compared. If grinding results in an unacceptable decrease in decomposition onset 

temperature very fine CNC aerogels could be coated using ALD stages fitted with 

rotating tumblers or fluidized beds.112,113 These techniques could reduce the pulse time 

and exposure/purge times but may introduce other necessary delays to ensure uniform 

exposure of particles. 

The most straight forward way to build upon the work in chapter 3 would be to 

apply the nucleation nanolaminate technique to another multicomponent ALD system. 

Continuing with ALD ZTO, the nucleation nanolaminate model would be used to 

produce films of a target composition and thickness for TFT applications.  To more 

thoroughly characterize the inhibition in ZTO ALD, more samples should be added to the 

nucleation nanolaminate arrays. To capture the transition to the bulk, samples with more 

than 60 cycles of ZnO per layer should be added to the ZnO nucleation nanolaminate 

array. To increase the resolution of the SnO2 at low cycle numbers additional samples 

with between 4 and 24 cycles of SnO2 should be deposited. The fully inhibited ZnO layer 

in the SnO2 nucleation nanolaminate array ends up being very thin (0.4 nm by the 

nucleation nanolaminate model) and may not be thick enough to fully inhibit SnO2 

growth. The SnO2 nucleation nanolaminate array should be repeated with thicker fixed 

ZnO layers. To clarify the cause of inhibited nucleation in ALD ZTO quartz crystal 

microbalance measurements should be used to measure the mass change on the surface 

with each pulse during the transition from SnO2 to ZnO and vice versa.  The QCM 

measurements might indicate residual DMA ligands on the surface. Additionally stronger 
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oxidants, such as ozone, H2O2, or oxygen plasma could be used in place of water for 

SnO2 deposition. If the inhibited nucleation is due to residual DMA ligands on the 

surface the stronger oxidants should improve nucleation by more effectively replacing 

DMA with OH groups.  

Development of PIC Al2O3 thin films for silicon solar cell passivation should 

focus on reducing the interface trap density (DIT), having the ability to vary the fixed 

oxide charge (QF), and reducing the annealing time. Forming gas anneals are an 

established method to reduce DIT in thermally grown silicon dioxide films.  Work with 

anodic oxidation silicon dioxide films, grown using nitric acid, has shown that an air 

anneal followed by a forming gas anneal provided the best passivation.114 Replacing the 

native oxide with a known oxide surface by HF etching substrates prior to O2 plasma 

exposure, for example, may impact the interfacial SiO2 quality and provide a more 

consistent starting surface. Some researchers take this further and replace the first few 

microns of silicon with a combined hydrofluoric-nitric acid etch to avoid potential defects 

caused by saw damage during silicon wafer production.115 Studies of ALD Al2O3/SiO2 

films have shown the fixed oxide charge can be changed by varying the relative thickness 

of the SiO2 (positive charge) and Al2O3 (negative charge) layers.116 In PIC films 

increasing the number of coats or concentration will likely increase the Al2O3 thickness 

without changing the SiO2 thickness. Decreasing the Interfacial SiO2 thickness will likely 

require a modified PIC precursor. Our preliminary results show the interfacial layer to be 

independent of solution concentration but this should be confirmed with a larger range of 
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concentrations. Reports of ALD passivation schemes have used rapid thermal annealing, 

which could reduce the PIC annealing time to only 5 or 10 minutes and make it more 

attractive to industry.117  In addition to DIT and QF, surface recombination velocity is 

another common metric to evaluate passivation layer quality, measuring this as well 

would provide a more complete assessment of passivation performance.115,117 Anodic 

SiO2 has been shown to have passivation results that degrade over time, most severely 

when stored in air.115 This should be taken into account when preparing and 

characterizing devices and the effect of time on the passivation layer should be measured.  

In chapter 6, the connection between annealing temperature and electrical 

behavior in PIC Al2O3 thin films on TaN indicated the importance residual nitrates, in 

large part due to the TPD data. Measuring the thickness of these films on TaN substrates 

reliably by ellipsometry has been a challenge largely due to the thinness of the films and 

to changes in the substrate.  X-ray reflectivity should be used to measure these films and 

may work well due to the large density difference between the PIC Al2O3 film and TaN 

substrate. Forming gas anneals were used to avoid possible oxidization of the TaN during 

air anneals but future work should investigate the impact of air (or oxygen) anneals, as 

well as humid annealing, on nitrate removal, dehydration, and electrical properties.  To 

assess the viability of TaN substrates in oxidizing atmospheres PIC Al2O3 on TaN test 

samples could be annealed and compared with similar thickness ALD Al2O3 on TaN 

samples given the same treatment.  If TaN substrates aren’t appropriate, efforts should be 

put forth on Si with thicker (approximately 50 nm) films.  This would reduce the portion 
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of the field dropped across the interfacial layer and give results more representative of the 

deposited film.  Since a decrease in nitrate content of the films was associated with 

improved electrical behavior the impact of nitrate content in the precursor on film 

performance should be investigated. 
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