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Chapter 1: Introduction 

     With ever increasing costs in both dollars and climate damage, the need for sustainable 

approaches to materials processing has never been greater, particularly in the thin films 

application.  A number of methods have been appropriated to answer the demand in the 

form of spray coating and various techniques requiring solvated and aqueous 

precursors.[1–3]  As this field grows and expands, the commonly used pourbaix diagram 

has served as a basal starting point.  The problem arises when metals are complexed with 

various counter ions and pH and concentration effects cause oligomerization to occur.[4,5]  

Because of the high degree of control that is needed to create and process materials for 

modern applications, a keen understanding of these effects must be understood, and large 

gaps exist in the knowledge base.   

     As mentioned, the need for new precursory materials that extend beyond common 

solubility rules is desperately needed to fully utilize these new techniques.  However, 

simple salt solutions do not always yield quality films.  Though existing solution based 

precursors made using sol-gel methods can yield full coverage of a substrate, [6–17] the 

resulting films often have low density with respect to bulk material.  This stems from the 

nature of sol-gel chemistry consisting of polydispersed nano-particles encapsulated by 

organic capping agents and surfactants.[18]  Coupling this with the need to remove the 

capping agents, traditionally through thermal means, and the method leaves room for 

improvement.   

     Next generation aqueous precursors are synthesized using non stoichiometric ratios of 

metals and counter ions and precisely controlling pH to partially drive condensation in 
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solution to a self-regulating equilibrium by the formation of clusters such as 

polyoxometalates[19,20] or other such metal hydroxide clusters like the flat aluminum 13. 

[21,22]  The synthesis of the flat Al 13 cluster has been noted as a function of pH and metal 

counter ion ratio alone, while others such as polyoxoniobate is synthesized by a reflux of 

a monomeric peroxo-niobate.[1]  In this contribution, we focus on the behavior of hafnium 

in its most stable oxidation state.   

     Once a precursor compound is synthesized, an in-depth understanding of the chemistry 

regarding the journey from aqueous solution to gel and finally metal oxide film is essential 

if there is any hope to bring this technology to industry.  For these precursors, small 

inorganic ligands such as peroxide, nitrate, and sulfate are used.  Utilizing these ligands 

provides for an easy way to control pH, solubility and charge balance while being small 

enough and easy enough to remove either thermally or through ion exchange.  The resulting 

condensation process for these precursors leads to smooth, high quality thin films. 

     In recent years, significant progress has been made in the synthesis of cluster based 

aqueous metal precursors.  For this contribution the focus is understanding various 

chemistries for three systems, all of which are hafnium based.  The first system developed 

by Kai Jiang [23] has been shown to make smooth, dense hafnium oxide films.  What is 

not known about this system is the intricacies of the chemistry as we go from precursor to 

gel to oxide thin film.  Chapter 2 of this work examines how this process occurs in oxygen 

and argon environments as well as the effect high humidity has on the process.  Finally a 

neutralization process is examined as a potential aid alteration to the process.  Chapter 3 

investigates a new alkaline hafnia precursor based on the TMA hexameric hafnium cluster 
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first reported by Goberna-Feron. Chapter 4 will focus on the effects of incorporating 

various metal cations into these two solutions and the effect it has on the crystallization 

behavior.  Chapter 5 will focus on one application for hafnium films as a capping layer and 

moisture barrier for non-stoichiometric aluminum phosphate thin films.  Chapters 6-8 will 

focus on various aspects of the hafnium peroxide sulfate photoresist HafSOx, and the 

chemical processes and characteristics of the material through synthesis and lithography. 

     Though this body of work primarily examines the fundamental chemistries associated 

with these precursors, there is potential for significant broader impacts.  As basic science 

is fundamental for developing tools for other disciplines, this work has the potential to 

impact fields such as electrical engineering, material science, computer science and much 

more.   

     Since its discovery in 1923 and subsequent isolation in 1925, Hafnium has found an 

ever increasing use in varying applications.  From control rods in nuclear reactors [24] to 

catalysts for polymerization [25] and insulators in electronics [26] as an oxide, the 

chemistry of hafnium has contributed to many of the technological advances of the last 

century.  Coupling this with hafnium’s low toxicity and an ever increasing demand for new 

materials and we have a very attractive candidate for the sustainability conscious mindset 

behind many of the scientific and industrial advancements being made today. 
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Abstract  

The thermal decomposition and dehydration pathway for an aqueous hafnium hydroxo-

peroxo-nitrate thin film precursor was studied in bulk and thin film forms under various 

atmospheric conditions.  Nitrate is removed in most cases by 400 °C and residual water 

was found to persist in the films as hydroxide until between 350 and 450 °C depending on 

the annealing environment.  The presence of water either as a neutralizing medium or in 

the form of high humidity or steam during annealing was found to greatly reduce the 

amount of residual nitrate present in the films. 
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Introduction 

     This contribution covers the thermal decomposition profile and effect of ambient 

annealing environment on the decomposition and removal of nitrate and peroxide as well 

as the removal of water and hydroxide in hafnium oxide thin films made from nitrate 

containing aqueous precursor first reported by Jiang et al.[1]  As this method has been 

shown to produce atomically smooth films with a density up to 86% of bulk, the processing 

temperature remains between 450 – 500 °C.[1]  This takes the material out of the realm of 

low temperature processing which is commonly limited to 100 °C for some plastics.[2]  

Additionally, processing up to this temperature leaves a polycrystalline film.  This may be 

less desirable for certain electronic applications such as a dielectric in a transistor as 

polycrystalline films tend to suffer from a higher leakage current and an amorphous film 

may be desirable.[3,4]  Furthermore, understanding what the final barriers are that prevent 

realizing higher density films from this precursor is essential to creating better quality films 

that are necessary to broadening applications for this technique. 

Results and Discussion 

Thermal Gravimetric Analysis  

     Thermal Gravimetric Analysis Differential Thermal Analysis Mass Spectroscopy 

(TGA-DTA-MS) was conducted on bulk powder. [Figure 2.1a, 2.1b]  These data show 

water loss occurring over the range of 30 to 475 °C.  There are three local maxima at 120 

°C, 155 °C and 325 °C. [Figure 2.1b]  Oxygen is detected in 3 ranges from approximately 

120-220 °C with a peak at 160 °C, 260-400 °C with a peak at approximately 335 °C, and  
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Figure 2.1a) TGA-TDA-MS data collected on ground glass from hafnia precursor.  The 

green line depicts mass loss as a function of temperature.  The blue line depicts heat flow.  

The orange, pink, and black lines represent the ranges where masses associated with 

water, oxygen gas, and nitric oxide gas were detected respectively.  Arrows on the mass 

lines depict peaks or local maxima. 
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Figure 2.1b) raw mass spec data from TGA-MS for O2 (green), NO (red) and H2O (blue) 
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540-580 °C with a peak at 560 °C.  NO is detected as mass 30 in two ranges.  The ranges 

are from 260-475 °C and 540-580 °C with peaks at 335 °C and 560 °C, respectively.  The 

first range does encompass a previously reported decomposition temperature for 

ZrO(NO3)2 which was reported to be 465 °C in air.[5] 

     The lower temperature region for water is associated with the loss of constitutional 

water. [Figure 2.1a]  These water molecules comprise the inner and outer spheres of 

solvation for the hafnium species in the films, which likely contribute to network via 

hydrogen bonding.  The higher temperature range for water loss is associated with the 

decomposition of hydroxides to form oxide and water.  This reaction may occur more 

readily for hydroxides with an adjacent hydroxide, but less so for isolated hydroxides as 

such a reaction requires proton migration through the solid.   

     The first peak for the detection of oxygen is associated with the thermal decomposition 

of peroxide to form bridging oxides and O2 gas.  The next two peaks correlate with the 

detection of NO gas.  The nitrate breaks down to form oxygen gas and nitrogen dioxide 

which further decomposes to make nitric oxide and more oxygen. 

     The DTA data show an endothermic event occurs on initial heating followed by an 

exothermic event that peaks near 175 °C.  The endothermic event is consistent with the 

evaporation of constitutional water, while the exothermic event overlaps peroxide 

decomposition, indicating that Hf – O bond formation associated with cluster crosslinking 

occurs.  Next, a small endothermic event appears near 325 °C and a sharp exothermic event 

at 550 °C.  The endothermic event is consistent with the loss of NO and O2 as nitrate 

decomposes.  The final exothermic event is due to crystallization of the powder at 550 °C. 

A corresponding mass loss of NO and O2 are seen as crystallization occurs.  This desorption 
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points to one of two possibilities, either a small amount of nitrate is persisting to this 

temperature and is preventing crystallization of the solid, or NO(g) is kinetically trapped.  

This gas escapes rapidly along grain boundaries once crystallization commences.   

ATR on Bulk Powder 

     Figure 2.2 shows transmission IR data collected on a non-heated bulk gel sample, a sample 

that had been heated to 450 °C for approximately 1 minute and the same heated sample after 

sitting in air for 4 days.  The peaks near 1560, 1370 and 1300 cm-1 are attributed to non-solvated 

bidentate nitrate, solvated nitrate, and non-solvated nitrate in the matrix respectively.  This data 

shows that after heating rapidly and for a short period of time, as is seen in the TGA experiment, 

nitrate does persist in some capacity in the bulk sample above 450 °C.  Furthermore, the spectra 

on the aged sample shows no changes relative to the non-aged heated sample indicating no 

detectable loss of trapped gasses dissipating over time.  This observation tells us that the final 

barrier to crystallization upon heating at this high rate of temperature is residual nitrate persisting 

to higher temperatures.   

Difference Infrared Spectroscopy 

     In-situ IR conducted on films while heating monitors chemical changes in the film as a 

function of temperature.  This technique allows for a comparison of collected spectra to a 

reference spectra of either a blank substrate, [Figure 2.3] an as deposited film, [Figure 2.4] 

or the previous spectra collected [Figure 2.5]. The spectra reveal absorption for nitrate at 

1605, 1560, 1373, and 1305 cm-1. These frequencies are associated with non-solvated 

bridging nitrate, non-solvated bidentate nitrate, solvated nitrate, and non-solvated matrix 

nitrate, respectively.  As films are heated, the peaks at 1605 and 1560 cm-1 increase in 

intensity and blue shift to 1620 and 1584 cm-1 respectively.[Figure 2.4 and 2.5]  These  



12 
 

 

 

 

 

 

Figure 2.2: ATR data for bulk HafNOx gel (red) HafNOx gel heated to 450 °C (blue) and 

HafNOx gel heated to 450 °C and aged 4 days (black). 
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Figure 2.3: In situ difference FTIR data for an as deposited film (light green), and films 

heated to 100 °C (purple), 150 °C (light blue), 200 °C (yellow), 250 °C (dark green), 300 

°C (dark blue), 400 °C (pink), 500 °C (red), and 600 °C (cyan).  All spectra are 

referenced to a blank silicon substrate. 
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Figure 2.4: In situ difference FTIR data for an as deposited film (light green), and films 

heated to 100 °C (purple), 150 °C (light blue), 200 °C (yellow), 250 °C (dark green), 300 

°C (dark blue), 400 °C (pink), 500 °C (red), and 600 °C (cyan).  All heated spectra are 

referenced to the as deposited film. 
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Figure 2.5: In situ difference FTIR data for films heated to 100 °C (purple), 150 °C (light 

blue), 200 °C (yellow), 250 °C (dark green), 300 °C (dark blue), 400 °C (pink), 500 °C 

(red), and 600 °C (cyan).  All heated spectra are referenced to the previous temperature. 
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shifts are consistent with a decrease in solvation and increase in association of nitrate to 

hafnium as water loss occurs.  A corresponding decrease in the 1373 cm-1 peak, seen in 

figure 2.5, coincides with changes in the peaks at 1605 and 1560 cm-1 indicating a decrease 

in solvated nitrate.  These changes can point to both an increase in nitrate bridging and loss 

of nitrate as a water-nitric acid azeotrope.  Above 400 °C, nitrate is no longer detected in 

the films. 

     Peaks at 780 and 678 cm-1 correspond to monoclinic and amorphous hafnium oxide, 

respectively.[Figure 2.5]  These stretches likely have small intensities because the films 

are very thin (approx. 20-25 nm).  The peak at 678 cm-1 starts to grow between 250 and 

300 °C. [Figure 2.5]  This is consistent with the formation of bridging oxide due to a loss 

of peroxide water and nitrate.  Upon comparison to the as deposited film, no appreciable 

growth in the peak at 780 cm-1 associated with the formation of monoclinic HfO2 is noted. 

[Figure 2.4]  This may be due to the rate at which the films were heated being faster than 

what the films crystalize at in the given environment, or the low thickness of the film. 

     Peaks at 1055 and 1240 cm-1 are associated with possible SiO2 growth.  The presence 

of the peaks in the as deposited spectra in figures 2.3 and 2.4 show that the solution oxidizes 

the bare silicon wafer after deposition.  This is expected since the solution contains nitrate, 

peroxide and water.  The continued presence of peaks at these wavenumbers in figure 2.5 

as the sample is heated shows an overall increase in the intensity of these peaks from each 

spectra to the next, suggesting possible SiO2 growth. 

TPD-MS; Films Annealed in Air 

     Temperature Programmed Desorption (TPD) Mass Spectroscopy analysis shows 

significant nitrate remains in films annealed below 250 °C. [Figure 2.6]  From films  
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Figure 2.6: TPD-MS response for mass 30, NO(g).  Blue – 175 °C, 1 min; orange – 250 

°C 1 min; green – 250 °C 1 hour;  red – 350 °C 1 hour. 
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annealed for one min at 175 °C, decomposition product detected as NO (mass 30), are seen 

from 200 to approximately 475 °C with a peak maximum at just under 400 °C.  Films 

annealed for one minute at 250 °C show nitrate removal occurring over two ranges, i.e., 

200 - 400 °C, then 600 - 700 °C.  The lower range is where the bulk of the nitrate 

decomposes as is consistent with in-situ IR data and TPD data for the 175 °C annealed 

film.  The higher nitrate range, which is also seen in the bulk by TGA, is either residual 

nitrate that survives to a higher temperature due to the high ramp rate of 30 °C/min, or 

associated with NO gas that becomes kinetically trapped in the films after decomposition 

and is released rapidly upon crystallization of the films.  This latter explanation is supported 

by in-situ IR of the films showing that no nitrate remains at temperatures above 400 °C. 

[Figure 2.4] While films from this system have been shown to crystallize at 500 °C, those 

films were heated and left to dwell at that temperature for 1 hour. [1] Films analyzed in 

TPD were heated at a ramp rate of 30 °C/ minute with no dwell time.  This high ramp rate 

causes the films to survive in the amorphous state to a higher temperature due to slower 

kinetics of crystallization as can be seen in figure 2.7.  Films heated to 500 °C in the TPD 

are amorphous.  Crystallize occurs at 600 °C and films are polycrystalline.  This allows for 

the nitrate decomposition products to diffuse a shorter rout to grain boundaries where they 

can escape the films more rapidly rather than diffuse through the film causing the sharp 

peak in the TPD at 600 °C seen in figure 2.6. 

     Films annealed in air at 250 °C for 1 h show very little nitrate remains.  Samples 

annealed in air at 350 °C and above show no NO(g) detected.    

     Comparing the ranges of NO(g) desorption with those for the detection of O2 and there 

is an expected commonality.  For samples heated at 175 °C, O2 desorbs from the films in  
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Figure 2.7:  XRD for films annealed at a ramp rate of 30 °C/min in TPD to 500 °C (red), 

600 °C (gold), 800 °C (black) and in air to 600 °C (blue).  Substrate peaks denoted with a 

star. 
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three overlapping ranges from 50 to 450 °C then again at temperatures above 600 

°C.[Figure 2.8]  The lowest temperature oxygen peak is associated with peroxide 

decomposition.  The next two smaller peaks are associated with nitrate decomposition.  The 

higher temperature oxygen aside from the sharp onset in the 250 °C 1 min annealed sample 

is not associated with any other known reaction or the detection of any other species in the 

mass spec.  The sharp peak for the spectra of the 250 °C 1 min annealed film setting in at 

600 °C is associated with a similar sharp peak in the NO spectra, however the reaming 

oxygen signal has no corresponding NO(g) detected in the same range.  With a gradual onset 

and sudden drop off, this molecular oxygen does not appear trapped in the films as the NO 

gas is.  The evolution of this gas is not associated with any phase change as crystalline 

films before and after the evolution of O2 are polycrystalline monoclinic. [Figure 2.7]  And 

unlike NO which is not detected in films that no longer contain nitrate, high temperature 

O2 is detected in all films with the exception of those annealed in argon above 450 °C.  This 

leaves three possible sources of high temperature O2.  The first possible source is the 

creation of oxygen vacancies per reaction [1].  In the high vacuum environment of the TPD 

at this temperature this would be a thermodynamically favored process.   

HfO2(s)  HfO2-x(s) + 
𝑥

2
O2(g)   reaction [1] 

     The second possible source is a reaction at the interface.  This has been seen to occur in 

films deposited by ALD and heated under high vacuum though not until temperatures 

above 850 °C.[6]    The third possibility is residual O2 from the decomposition of nitrate 

that is kinetically trapped or intercalated into the films.  A similar phenomenon was noted 

by Qixi et al with small amounts of N2 intercalating into WO3 lattice.[7]  This residual O2 

could also explain why densities of these films first reported by Jiang et al only reached a 
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Figure 2.8: TPD-MS response for mass 32 O2.  Samples are from the hafnium precursor 

and soft baked 175 °C (blue), soft baked 250 °C (orange), air annealed for 1 hour 250 °C 

(green) and air annealed 350 °C 1 hour (red). 
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 maximum of 86%.  Density does not increase once the O2 leaves the film as heating to the 

higher temperature promotes larger grain growth and film roughening.  Residual O2 though 

possible is less likely as we would expect to see this high temperature O2 in the TGA in 

figure 2.1, but don’t.  This means the phenomenon is most likely due to some interaction 

with the substrate and or high vacuum environment. 

     The difference in how the nitrate is lost in the 175 °C versus the 250 °C films annealed 

for one min can be attributed to crust formation at the higher temperature due to loss of 

peroxide and partial loss of constitutional water and nitrate at the surface.  Figure 2.8 shows 

O2 desorption begin near 100 °C and figure 2.6 shows NO desorption begin at 200 °C for 

films annealed at the lower temperature.  For films annealed at the higher temperature these 

processes have already been partially completed and the films have undergone a greater 

degree of densification.  Films annealed at the lower temperature have a lower degree of 

cross-linkage between hafnium species that allows the films to remain at a lower density 

throughout while NO diffuses out of the film.  This is consistent with a top down process 

for nitrate and water loss and has been noted in other aqueous hafnium based precursors.[8] 

     TPD on films annealed at 250 °C for 1 h show the majority of nitrate is removed and 

there is no high temperature nitrate detected.  Films annealed in air at 350 °C and above 

show no detectable NO, however the broad high temperature O2 remains.   

     Water is detected from 60-450 °C in films that have been annealed for 1 minute at 175 

and 250 °C and films annealed for an hour at 175 and 250 °C.[Figure 2.9]  The shapes and 

relative intensities of these curves show that films annealed for 1 minute contain less 

constitutional water than their hour long annealed counterparts.  This is most likely do to 

films being annealed for longer times being more dense and preventing the high vacuum  
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Figure 2.9: TPD mass response corresponding to water for films annealed for 1 min at 

175 °C (green), 250 °C (black), and 1 hour at 175 °C (purple), 250 °C (gray), 350 °C 

(red) and 450 °C (orange). 
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environment of the TPD from removing most of the water.  Also comparing the shapes of 

the two films annealed for 1 hour shows larger amounts of higher temperature 

constitutional water for the 175 °C annealed film compared to the 250 °C film.  This 

suggests that the lower temperature annealed film contains more waters that are closely 

associated with the inner solvation spheres for the Hf species in solution.  For films 

annealed at 250 °C these waters are removed to a greater degree, yet the large amount of 

water and continued presence of nitrate in the films causes them to readily reabsorb water 

from the atmosphere that is detected as the lower temperature water. For films annealed at 

350 and 450 °C for 1 hr water is only detected over a small range centered at 400 °C.   

     Peak fitting analysis for a selected mass 18 spectra shows that water leaves these films 

in four ways: low temperature adsorbed water centered near 90 °C, higher temperature 

constitutional water centered near 130 °C, non-isolated hydroxides centered around 230 

°C, and isolated hydroxides around 400 °C. [Figure 2.10] The presence of water in these 

films both as constitutional water and hydroxide bonds may also be affected by the 

presence of nitrate.  Films annealed at temperatures below 350 °C and times less than 1 

hour that still contain nitrate also uptake water from the surrounding atmosphere.  This is 

seen in the TPD as low temperature water that desorbs almost immediately and is fully 

removed by approximately 200 °C.   

     The next two peaks in figure 2.10 are associated with hydroxide, the higher of which is 

associated with isolated hydroxide bonds that require proton migration to another 

hydroxide to release as water.  This condensation follows a metal hydroxide condensation 

reaction resulting in a metal-oxygen-metal bridge and the evolution of water. 
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Figure 2.10: Peak fitting analysis for mass 18 TPD spectra on film annealed for 1 hour at 

250 °C.  Green is the raw spectra, blue are the individual Gaussian peaks and red is the 

sum of the individual peaks. 
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     Films annealed at 350 and 450 °C for one hour show only one peak in TPD at 400 

°C.[Figure 2.9]  Films annealed in the TPD for 1 h at 450 °C that are then brought out of 

vacuum and allowed to sit in air for 1 week show no desorption water peak at 400 °C.  This 

observation suggests water resorption is not the source of the 400 °C water desorption in 

the air-annealed films.  The water peaks are most likely associated with isolated 

hydroxides; then removal is aided by the high-vacuum TPD environment.   

Argon Annealing 

     Annealing in an argon atmosphere had an effect on the way nitrate and water are 

removed relative to ambient air conditions.  Films annealed in argon at 350 °C for 1 h had 

marginally more NO detected than those annealed in air at the same temperature.  However 

all NO was detected at the higher 600 °C mark and exhibited similar behavior as the high 

temperature nitrate in lower temperature air annealed films.[Figure 2.11]  Considering this 

result in the context of the residual water in the films, TPD shows a fraction of the water 

present as hydroxide bonds in the films.  This may indicate a greater degree of condensation 

and therefore higher density in the films.  This increased densification could prevent the 

release of NO until the films crystalized at 600 °C in the TPD experiment.   Films annealed 

at 450 °C had no detected NO gas and therefor no remaining nitrate. 

     Water was only detected at the higher temperature range associated with isolated 

hydroxide. [Figure 2.12]  Peak integration of these data puts the amount of detected water 

for the 350 °C film at 3 % of the total amount detected in the films annealed in air at 175 

°C for 1 hour.  The 450 and 500 °C film are less than 1 %. 

     Of particular note is the presence of high temperature O2.  Films annealed at 350 °C in 

argon still contained high temperature O2 that desorbs beginning at 600 °C, while films 
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Figure 2.11:  TPD-MS data for NO (mass 30) on films annealed in argon atmosphere for 

1 hour at temperatures of 350 °C (red), 450 °C (blue) and 500 °C (black). 
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Figure 2.12:  TPD MS data for water (mass 18) on films annealed in argon atmosphere 

for 1 hour at temperatures of 350 °C (red), 450 °C (blue) and 500 °C (black). 
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annealed to 450 °C did not.[Figure 2.13] These data indicate that the lack of oxygen in the 

annealing environment drives desorption of oxygen from the films at lower temperatures, 

but delays the thermal decomposition of nitrate to some degree.   

Pure Oxygen Annealing 

     Annealing in pure O2 had no major effect on nitrate loss compared to annealing in air.  

After annealing to a temperature of 350 °C for 1 h almost no NO was detected via TPD.   

There was however a large difference in residual water/hydroxide compared to argon 

anneals at 350 °C. [Figure 2.14] Like samples annealed in other environments, nearly all 

residual water evolved in the temperature range associated with isolated hydroxide.  In pure 

O2, however, there was a significantly large increase in the mass signal compared to the 

argon anneal.  Since this was also a dry environment like the argon anneals, this shows us 

that lower humidity does not promote hydroxide loss on its own.   

     When we consider the residual oxygen in the films that are present in the pure O2 

annealed samples, a trend begins to emerge.  All films that are found to give a high 

temperature O2 signal also contain considerable residual hydroxide after annealing to 350 

°C.  This observation points to molecular O2 in the films as an inhibitor condensation and 

water loss. 

Neutralization and Steam Annealing 

     Nitrate can be removed before the annealing step from multi-coat films in samples that 

have undergone a one minute anneal at 175 °C.  Films soaked in water for 10 minutes show 

a large decrease in the amount of nitrate present and are on par with films annealed for 1  

Hf(O2)0.5(OH)1.8(NO3)1.2(s) + 2.9H2O(l)  Hf(O2)0.5(OH)3• δH2O(s) + 1.2HNO3(aq) [eq 1] 
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Figure 2.13:  TPD mass response for molecular oxygen (mass 32) for films annealed in 

argon for 1 hour at 350 °C (red) and 450 °C (blue). 
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Figure 2.14:  TPD mass response for water or mass 18 (blue) and NO or mass 30 (red) for 

films annealed in pure O2 for 1 hour at 350 °C. 
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hour at 175 °C.[Figure 2.15]  This loss of nitrate occurs by an acid base neutralization.  

When submerged, water solvates the nitrate ligand.  In doing so, the nitrate ligand 

deprotonates a water ligand associated with an Hf4+ and leaves the film as nitric acid 

leaving behind a hydroxide ligand.(eq 1)  This dangling hydroxide is then free to undergo 

a condensation event with an adjacent Hf-OH or Hf-H2O.[9]  In the case of two adjacent 

Hf-OH groups, this would lead to a double hydroxide bridging scheme to form the same -

OH bridges seen in the hafnium tetrameric cluster.[10,11]  In the case of a condensation 

between an Hf-OH and Hf-H2O, this would lead to a single hydroxide bridge and more 

isolated hydroxides in the films which can be seen in Figure 2.15.  The detection of nitrate 

decomposition products in these films however points to a finite penetration of water into 

the film.  As films for TPD analysis have to be at least 40 nm in thickness, it stands to 

reason that thinner films such as those used for a thin film transistor or tunneling based 

device would likely have all nitrate removed in this method. [Figure 2.15]  Additional 

support for this explanation comes from the fact that almost all NO is detected at the higher 

temperature and exits sharply upon crystallization.  This is consistent with densification at 

the top as the neutralization occurs in only a finite depth of the film. 

     Increasing the humidity of the annealing environment has a significant effect on nitrate 

loss as well.  Water in the form of steam aids in the loss of nitrate in these films by solvating 

the nitrate and removing it as a nitric acid/water azeotrope which has a boiling point of 120 

°C. [Figure 2.16]  The amount of nitrate remaining in the films is comparable to films 

annealed at 350 °C in argon despite these films being annealed at 125 °C.  This marks a 

225 °C reduction in the temperature required to remove nitrate.  As with the neutralization,  
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Figure 2.15:  TPD mass response for water or mass 18 (blue) and NO or mass 30 (red) for 

films neutralized in a water bath for 10 minutes. 
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Figure 2.16:  TPD mass response for water or mass 18 (blue) and NO or mass 30 (red) for 

films annealed in steam for 1 hour at 125 °C. 
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it stands to reason that there is a finite distance that the steam can penetrate into the film to 

remove nitrate, and this technique would remove all nitrate from thinner films.  

     Examining the residual water in the steam annealed films shows a large increase in the 

amount of water present.  This increase suggests that excess water enters the film as the 

partial pressure of water vapor increases in the annealing environment and then becomes 

trapped in the films as condensation due to nitrate loss occurs. [Figure 2.16]  

     Relative amounts of residual nitrate and water that remains in the films show that air 

annealing at 350 °C is the minimum temperature that is require to remove all nitrate 

thermally from thicker films, though in thinner films nitrate can be removed chemically in 

a steam anneal at 125 °C. [Figure 2.17]  Normalizing all data to the 1 minute anneal in air 

at 175 °C and integrating the curve data we can compare the amounts of residual nitrate 

remaining in the films.  The best performer at low temperatures is the steam anneal with 

just under 4% of the nitrate remaining compared to the 1 minute anneal at 175 °C.  However 

the lowest temperature treatment to fully remove nitrate from the films is at 350 °C for 1 

hour.  An elevated steam anneal was not performed as crust formation at the elevated 

temperatures may hinder steam penetration into the films. 

     The residual water data are normalized to the 1 h long anneal at 175 °C.  The removal 

of water is different from nitrate and a comparison of relative amounts of residual water 

show that steam annealing is the poorest performer while annealing at 350 °C in argon is 

the lowest temperature that all water can be removed. [Figure 2.18] 
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Figure 2.17:  Integrated TPD data showing residual nitrate normalized to the 175 °C 1 

minute annealed film.  Green are 1 minute anneals, red are 1 hour long anneals dark blue 

is neutralized films, brown is steam annealed at 125 °C but set baked at 175 °C for 1 

minute, pink is annealed in argon for 1 hour, and cyan is annealed in pure O2 for 1 hour. 
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Figure 2.18:  Integrated TPD data showing residual water normalized to the 175 °C 1 

hour annealed film.  Green are 1 minute anneals, red are 1 hour long anneals dark blue is 

neutralized films, brown is steam annealed at 125 °C but set baked at 175 °C for 1 

minute, pink is annealed in argon for 1 hour, and cyan is annealed in pure O2 for 1 hour. 
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Conclusions 

     The hafnium hydroxo-peroxo-nitrate precursor annealing temperature profile shows 

that individual species can be removed thermally by changing annealing conditions, but 

ultimately a lower temperature cannot be realized through thermal means alone.  

Neutralization either by submerging in water or through steam annealing shows promise, 

but should ultimately be investigated with other means of removing water such as pulsed 

laser annealing or pulsed microwave annealing.  Congruently, in order to achieve higher 

densities with this precursor a means for removing oxygen from the system at a lower 

temperature should be explored.  Other alternatives would require the possible replacement 

of nitrate with a non-oxoanionic species.   

Methods 

Solution and Sample Preparation 

The hafnia film precursor, HafNOx, was made from a previously reported method, with a 

resultant solution concentration of 0.4 M with respect to hafnium.[1] Thin films were spun-coated 

at 3000 rpm for 30 seconds on 100 nm thermally grown SiO2 on Si, cleaved into 2.5 cm2 squares. 

The films were multicoated to build thickness. (3 coats in every case) and annealed at either 175 

or 250 °C after every coat.  Substrates were made hydrophilic by sonication in a Contrad 70 bath 

at 45 °C for 60 minutes.  Post deposition soft bakes were conducted at either 175 °C for 1 minute 

on all samples annealed at 175 °C or lower and 250 °C for one minute for all samples annealed at 

250 °C or higher. A Neytech Qex furnace was used to anneal the films in air.  Films annealed in 

argon and pure O2 were annealed in a tube furnace under a low flow of the respective gas.  For 

heating in the Nytech and tub furnaces a ramp rate of 10 °C/ minute was used.  Steam annealing 

was conducted on a hotplate set to 125 °C for one h.  The sample was placed under a large beaker 

along with a smaller beaker of boiling water with boiling stones added.   
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Thermogravimetric Analysis 

     TGA-DT-MS was performed under argon (Ar) atmosphere using TA Instruments Q600 

equipped with a Hiden Analytical HPR-20 quadrupole mass analyzer. Samples (~30 mg) were 

heated at a rate of 10 °C min-1 under argon (flow rate: 100 mL min-1) in alumina sample pans. 

Electron impact (EI) mass spectra were acquired with a 70 eV ionization energy and 100 µA 

emission current. Selected mass-to-charge (m/z) ratios for each sample were monitored in 

multiple ion detection (MID) mode with a dwell time of 500 ms and a settle time of 50 ms.  The 

sample for this analysis was prepared by allowing an aliquot of the hafnia precursor to evaporate 

and form a glass.  The glass was then ground to a powder for analysis. 

ATR Analysis 

     FTIR data was collected on a Thermo Fischer Scientific Nicolet 6700 FTIR equipped with a 

diamond ATR.    The spectra was scanned from 4000 – 500 cm-1 at a resolution of 8 cm-1. 

FTIR Analysis 

     In-situ FTIR spectroscopy studies were carried out using a nitrogen-purged home-built ALD 

reactor with a Thermo Nicolet 6700 infrared spectrometer equipped with a liquid nitrogen-cooled 

broadband mercury cadmium telluride (MCT-B) detector.[12] After heating to a selected set point 

in flowing N2(g), the films were cooled to 80 °C for data collection.  A single-pass transmission 

at Brewster incidence angle of 74° was used to minimize the substrate phonon absorption in the 

range <1000 cm–1 and to increase detection sensitivity of all film chemical components.  A K-

type thermocouple spot-welded onto a tantalum clip was attached at the center of the long edge of 

the substrate to monitor the sample temperature. Two gate valves were used to isolate the KBr 

windows used in the analysis chamber for IR transmission during annealing. 
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Temperature Programmed Desorption 

     TPD measurements were performed on a Hiden Analytical TPD workstation with a 

quadrupole mass analyzer (3F PIC). The measurement was performed with a temperature ramp 

rate of 30 °C/min and under ultra-high vacuum at a base pressure < 5 x 10-9 Torr. Spectra were 

obtained with a 70 eV ionization potential and 20-µA emission current. Thin-film samples (2.5 x 

2.5 cm2) were cleaved into 1 x 1 cm2 squares for the analysis.   
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Chapter 3:  Hafnia Films from an Alkaline pH Precursor 

 

Introduction 

     Hafnium oxide has shown a great deal of interest in recent years as a replacement for 

SiO2 as a dielectric material.[1–3]  With the push for sustainability, techniques involving 

solution processing have gained interest as a means of innovation.[4–9]  Though hafnium 

in solution has been explored for decades these have been predominantly in the low pH 

region.[10–12][Figure 3.1]  Recently, a polyoxometalate species of hafnium has been 

realized by Goberna-Feron et al.[13]  The structure of this cluster is a six membered 

hafnium ring with bridging peroxide and hydroxide species.  This allows for hafnium to be 

used in basic conditions and provides a new realm of possible uses.  In this contribution, 

the first findings regarding a basic hafnium oxide precursor for thin film applications are 

discussed. 

Results and Discussion 

Solution Characteristics 

     The synthesis rout outlined in this contribution produces a usable solution with a longer 

shelf life than dissolving the crystalline TMA6Hf6(O2)6OH18 first reported on by Goberna-

Feron et al.[13]  Crystals of the hexameric cluster readily dissolve in solution but turn 

cloudy and the solution begins to solidify into a gel a few hours after dissolution.  Solutions 

synthesized by the single pot method outlined here stay clear and liquid for up to 4 weeks.  

After first synthesizing the precursor, the solution is a faint yellow color.  This is due to 

residual chlorine left behind from the HfOCl2 starting material which undergoes oxidation  
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Figure 3.1: Pourbaix diagram of Hf in water. 
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to become elemental chlorine dissolved in solution.  Analogs were also made from a 

hafnium peroxide nitrate starting material and were colorless after synthesis.  After 4 days 

to two weeks the chlorine containing solution becomes colorless as the chlorine reacts to 

form hypochlorous acid and hydrochloric acid.  An additional two to three weeks after the 

color has faded, the solution solidifies into a soft gel-like glass that does not appear cloudy.   

     The final pH of the solution is near 12 as measured by litmus paper and does not change 

as solutions become colorless.  Below this pH the hafnium peroxide hydroxide does not 

fully re-dissolve.  The consequence of this is that the solution winds up TMA rich at a ratio 

between 0.5-0.6 (Hf:TMA). 

Small Angle X-Ray Scattering 

     Small angle X-ray scattering (SAXS) was done on a solution of freshly made TMA 

hafnia precursor from HfOCl2 [Figure 3.2] and the same solution aged after the yellow 

color dissipated.[Figure 3.3] Comparing the model of the main scattering species in this 

solution to the [Hf6(O2)6(OH)18]
6- cluster shows good agreement in the Guinier 

region.[Figure 3.2]  The radius of gyration (Rg) for Hf6 cluster was determined to be 3.56 

Å while the scattering species in the fresh solution is determined to be 3.48 Å.  This is a 

strong indication that the Hf6 cluster is present in the fresh solution.  However, SAXS data 

for the fresh solution shows a dip in the low q region.  This is consistent with significant 

cluster repulsion.  The distance between clusters in solution was determined to be 21.99 Å.  

This repulsion in solution accounts for the increase in longevity of solutions made from 

this method.  The cause for this repulsion is yet unknown, but may be linked to the presence 

of chlorine that may sit in or near the center of the hexamer preventing hydrogen bonding 

between species. 
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Figure 3.2:  SAXS data comparing high pH hafnia precursor (red) with the solution the 

hafnium hexamer crystallizes from (blue) and the model of the hafnium hexamer (green). 

 

 

 

 

 

2

4

0.1

2

4

1

2

4

10

In
te

n
s
it
y
 [

A
rb

it
ra

ry
]

0.01
2 3 4 5 6

0.1
2 3 4 5 6

1
2

q [A
-1

]



46 
 

 

 

 

 

 

Figure 3.3:  SAXS data comparing high pH hafnia precursor freshly made (red) and aged 

until colorless (blue) 
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     After becoming colorless, SAXS data shows a steep upward slope in the low q region.  

This is consistent with aggregation as the solutions begins to gel.  Modeling of the scatterer 

in this solution shows a dramatic increase in Rg from 3.48 Å to 16.9 Å.  This may be 

associated with the dissolution of elemental chlorine and it being displaced from the 

hexamer, freeing the cluster to hydrogen bond with other clusters and aggregate.   

Film Characterization 

     Grazing Incidence X-Ray Diffraction was collected on the films over a range of 

temperatures.[Figure 3.4]  Films are deposited amorphous and begin to crystalize at 600 

°C.  The delay in crystallization compared to films made from lower pH analogs is most 

likely associated with the structure of the cluster that is present.  The lower pH clusters 

have the well-known tetramer[10] or aggregates of the tetramer, which is essentially a 

hafnium oxide molecule with all oxygens protonated.  In the hexamer, the hafnium species 

must undergo significant rearrangement to form the stable monoclinic structure despite 

hafnium being 8 coordinate with oxygen as either hydroxide, water or peroxide in both 

precursors.   

     Increasing the annealing temperature to 700 °C does improve crystallinity and peaks 

associated with the 111 and 111 planes shift to lower values of 2θ by nearly 0.5°.  This 

indicates a slight decrease in density though grain size doesn’t change much.  Annealing 

for 24 hours at 700 °C had no discernable differences from annealing at the same 

temperature for 1 hour.  Grain sizes for the three temperatures were calculated using the 

Scherrer equation and determined to be 3.8 nm, 3.95 nm and 3.9 nm respectively.  

Comparison of peak intensity also indicate a preferred orientation in the 111 plane.  
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Figure 3.4:  Thin film XRD on films made from TMA Hf precursor heated for one hour at 

500 °C (red), 600 °C (blue), 700 °C (green), and for 24 hours at 700 °C (black), and a 

monoclinic reference spectra (gray). 
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     Film thickness was determined by spectroscopic ellipsometry.  Films were determined 

to build thickness at a rate of approximately 16 nm/coat after heating above 500 °C for 

solutions with a concentration of around 0.3 M.  The index of refraction was determined to 

be 1.7-1.8 at λ=550 nm.  This is equivalent to films synthesized from previously reported 

aqueous based methods.[4] 

Temperature Programmed Desorption 

     TPD performed on films spun from the high pH Hf precursor show total loss of water 

by 450 °C.[Figure 3.5]  This is similar to the water profile in the lower pH precursor first 

reported on by Jiang et al [4] and outlined in chapter 2.  As with the lower pH nitrate 

precursor water comes off from these films as low temperature constitutional water 

followed by two hydroxide species, the higher of which is more isolated hydroxides. 

     Figure 3.6 is mass data from TPD tracking the decomposition products for the TMA 

counter ion. Here we see that TMA decomposes and leaves the film by approximately 425 

°C.  Though CO2 is seen at lower temperatures, this could be acquired from ambient 

conditions.  Tracking masses 28, 30, 32, 58, and 59 which correlate to CO, NH2CH2, 

CH3OH, (CH3)2(CH2)N
+, and (CH3)3N respectively, shows that TMA begins to decompose 

near 200 °C and is completely decomposed by 425 °C.  This is consistent with films from 

other transition metal TMA clusters [14].  Of particular note is the mass 32 spectra which 

would detect the evolution of molecular oxygen aside from methanol.  In the low pH nitrate 

precursor outlined in chapter 2, molecular oxygen is noted evolving in the range of 600-

800 °C.  As both of these precursors contain peroxide and are deposited on 100 nm 

thermally grown oxide, the only difference is the pH of the precursor and presence of  
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Figure 3.5:  TPD showing water (mass 18) loss as a function of temperature. 
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Figure 3.6:  TPD response for the decomposition products of TMAH as CO (mass 28, 

yellow), NH2CH2 (mass 30, dark green), CH3OH (mass 32, blue), CO2 (mass 44, black), 

(CH3)2(CH2)N
+ (mass 58, light green), and (CH3)3N (mass 59, red). 
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nitrate.  It stands to reason that the lack of high temperature oxygen evolution from these 

samples stems from a lack of nitrate in the precursor.   

     Figure 3.7 depicts TPD data for chloride containing products.  Mass 35 for chloride and 

masses 50 and 52 which are seen in mass spectra for methyl chloride show there is a non-

trivial amount of residual chloride remaining in the solution from the HfOCl2 starting 

material. 

Method 

Solution Synthesis 

     A solution of HfOCl2 was prepared by dissolving an amount of 98% HfOCl2 • 8H2O 

(Alpha Aesar) in 18.2 MΩ Millipore water to a concentration of 0.968 standardized by 

calcination.  An aliquot of 5 mL was combined with 1.5 mL of 30% hydrogen peroxide 

(ACS grade Millipore). To the mixture was added ~1 M NH4OH with vigorous shaking 

until the pH was between 7 and 7.5 as measured by litmus paper.  At this point the solution 

solidified into a powdery wet gel.  The gel was then transferred to a Buchner funnel and 

rinsed several times with high purity Millipore water to remove residual ammonium and 

chloride.  The gel was then transferred to a 20 mL scintillation vial and 2 mL of 25% w/w 

tetramethylammonium hydroxide (TMAH) (Alpha Aesar) was added.  The solution 

became faintly yellow almost immediately and was allowed to stir over night then filtered.  

The concentration was measure to be approximately 0.3 M with respect to hafnium via 

calcination to 800 °C. 

     A nitrate analog was also prepared using the hafnium peroxide nitrate precursor first 

reported by Jiang et al [4] in lieu of HfOCl2.  Solutions from this method were colorless 

upon addition of TMAH and were clear after filtration. 
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Figure 3.7: TPD data showing the decomposition products of TMAH in the presence of 

chloride.  Signatures are Cl- (mass 35, green), and peaks associated with CH3Cl at mass 

50 (red) and 52 (blue). 
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Film Synthesis 

     Silicon wafers with 100 nm thermally grown oxide were prepared for deposition by 

sonication for 60 minutes at 45 °C in a contrad 70 bath.  Thin films were spin-coated from 

both solutions at 3000 rpms for 30 seconds.  Films were set with a temperature of 260 °C 

for one minute after each layer and 1 to 3 layers were deposited succinctly.  Films from the 

nitrate derived solution were cloudy and uneven.  No further experiments were conducted 

on them.  Films from the chloride derived precursor appeared visually smooth, uniform 

and defect free.  These films were used for temperature programmed desorption analysis 

and X-ray diffraction.   

Small Angle X-ray Scattering 

     Small Angle X-ray Scattering (SAXS) data were collected on an Anton Paar SAXSess 

instrument with Cu-Kα radiation and slit collimation in the q-range of ~0.1–7 nm−1. 

Solutions of TMA hafnium peroxide hydroxide were analyzed as synthesized and 

contained in a reusable 1.5 mm diameter quartz capillary tube for SAXS measurements. 

Scattering was measured for 30 min. After background subtraction and desmearing, the 

data were analyzed to determine size, size distribution, structure factors and PDDF (pair 

distance distribution function) using the IRENA macros [15] within IGOR Pro. 

Film Characterization 

     Grazing Incident X-ray Diffraction (GIXRD) was collected using a Rigaku Ultima IV 

diffractometer with Cu Kα radiation.  The incident angle (ω) was set to 0.700° and 2θ was 

scanned from 15 to 70°. 

     Spectroscopic ellipsometry was conducted on a J. A. Woollam M-2000 scanning 

spectroscopic ellipsometer with a xenon arc lamp source.  Data was collected at 55° and 



55 
 

65°.  Modeling of the data was conducted using the CompleteEase software and the Cauchy 

model to determine film thickness and the index of refraction. 

Temperature Programmed Desorption 

     Temperature Programmed Desorption (TPD) was used to determine the decomposition 

temperature of the thin films in vacuum (and the optimal temperature to anneal in air for 

complete counter ion removal. TPD measurements were performed on a Hiden Analytical 

TPD workstation with a quadrupole mass analyzer (3F PIC) to analyze gas-phase products 

evolved from the thin films upon heating. The measurement was performed under ultra-

high vacuum, with the base pressure for the instrument being less than 5 x 10-9 Torr. Spectra 

were obtained using electron impact ionization with 70 eV ionization potential and 20-µA 

emission current. The thin film samples on 2.5 x 2.5 cm2 samples were cleaved into 1 x 1 

cm2 for the TPD analysis.   

Conclusions 

     An alkaline pH hafnium oxide precursor was synthesized and successfully used to make 

hafnium oxide thin films.  The precursor was determined to consist of species that were 

consistent in size with a previously reported hexameric hafnium peroxide hydroxide 

cluster.  Though a significant amount of impurities persists in the precursor they are easily 

removed during the annealing process and increase the shelf life of the precursor from 

hours as with the dissolved pure hexamer to a month.  Films also tend to crystalize in the 

monoclinic structure though have a slight preferred orientation in the 111 plane. 
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Chapter 4:  Addition of M3+ and M4+ Cations to Aqueous Hafnia Precursors 

Introduction 

     The addition of other elements into hafnium oxide has been known to stabilize higher 

energy phases such as the tetragonal [1,2], cubic [3,4], and even orthorhombic [5,6] 

phases.[Figure 4.1]  Traditionally, these types of mixtures are synthesized in the solid state 

by the diffusion of two oxides at high temperatures.  This process can be time consuming 

and energetically inefficient as in some cases diffusion does not occur until temperatures 

reach as high as 1500 - 1900 °C. [7,8]  To remedy this, solution processing as a means of 

synthesis is gaining interest as it provides a faster and more energetically efficient means 

to attain high quality mixed metal oxides.[9,10]  Solution processing also provides a means 

of creating a single source precursory material for direct deposition of thin films through 

prompt-inorganic-condensation (PIC) thin film processing. [11].  In this contribution the 

incorporation of yttrium and aluminum into the acidic hafnium peroxide hydroxide nitrate 

(HafNOx) precursor first reported by Kai et al [12] and the incorporation of silicon and 

germanium into the alkaline pH precursor tetramethylammonium hafnium hydroxide 

peroxide (TMAHfOx) derived from an alkaline hafnium cluster synthesized by Goberna- 

Ferron et al [13] and outlined in the previous chapter are discussed. 

Results and Discussion 

Electron Probe Microanalysis (EPMA) 

     EPMA was done on the films made from 10% dopant solutions to determine if metal-

metal ratios of the precursory solution were reflected in the films.  Table 4.1 shows the 

mole fractions of the precursory solution compared to that of EPMA.  In all cases the 

measured  
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Figure 4.1: Phases of hafnium oxide: a) monoclinic b) orthorhombic c) cubic d) tetragonal 
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Table 4.1: Mole fractions for solutions based on concentrations of precursors and films 

based on EPMA. 

Sample Metals Present 
Mole Fraction in  

Solution 

Mole Fraction in 

Films 

Y:HafNOx Hf : Y 0.9 : 0.1 0.9 : 0.1 

Al:HafNOx Hf : Al 0.9 : 0.1 0.89 : 0.11 

Ge:TMAHfOx Hf : Ge 0.9 : 0.1 0.89 : 0.11 

Si:TMAHfOx Hf : Si 0.9 : 0.1 0.76 : 0.24 
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ratio of the films closely mirrored that of the precursor solution with the exception of 

silicon.  Silicon was determined to make up 24% of the total metal in the films despite 

making up only 10% of the metal species in the precursor from which it was spun.  There 

may be a few reasons for this.  The first may deal with solubility of the different species.  

The hafnium species may be inherently more soluble than the silicon species under these 

conditions and be more likely to spin off in the excess rather than adhere to the surface of 

the substrate.  This could be due to factors such as size of the species in solution, surface 

energies of the species, or nature of the substrate as this was the only sample to be spun on 

sapphire for this analysis. 

Yttrium in HafNOx 

     Though yttrium has been known to stabilize the cubic phase of hafnium oxide in 

concentrations as low as 5-6% [6], figure 4.2 shows this not to be the case for the HafNOx 

system.  Pure HafNOx is seen to crystallize in the monoclinic phase at 500 °C.  Mixing 5% 

Y(NO3)3 into the precursor had no effect on the crystallization temperature but did start to 

show the growing in of the cubic phase.  This can be seen with the appearance of the c-111 

peak beginning to grow near 2θ = 30°.  As the amount of yttrium is increased to 7%, the 

cubic phase becomes more prevalent, but the films are still a mixture of monoclinic and 

cubic phases.  At 10% the film is single phase cubic and polycrystalline with no preferred 

orientation.  As the Y3+ (107 pm)[14] ion is larger than Hf4+ (83 pm)[14] yttrium stabilizes 

the cubic phase of hafnium oxide by occupying the same position as a Hf4+ and creating 

oxygen vacancies.  In this structure yttrium is 6 coordinate and hafnium is 8.   

     Through implementation of the Scherrer equation [eq 1] the mean grain size is 

determined to be 17.7 nm.  In this equation K is a dimensionless shape factor approaching  
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Figure 4.2: Thin film XRD from Cu Kα source of hafnia films heated for one hour to 500 

°C with yttria added: 0% (green), 5% (red), 7% (blue) and 10% (orange).  Reference 

spectra for cubic hafnia (pink) and monoclinic hafnia (black) have been added. 
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K=1 for spherical grains.  The value for the calculations used was K=0.94.  The wavelength 

of the tool is λ=0.154 nm, β is the full width at half max for a given peak and θ is the Bragg 

angle for a given peak.  The grain size (τ) was calculated for multiple peaks and the mean 

size is reported. 

𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
   [eq 1] 

Aluminum in HafNOx 

     Aluminum and hafnium in equal parts are not known to form a stable single phase 

material like the other mixtures used in this study.  However, in small quantities aluminum 

has been known to stabilize the cubic phase of hafnium oxide. [15]  Aluminum was added 

to the HafNOx precursor as a metal powder as opposed to a nitrate salt to consume nitrate 

in the oxidation process of aluminum as outlined in reaction 4.1.  This was done to remove 

nitrate from the precursory solution chemically rather than rely solely on thermal means.  

Taking what was learned about the Y:HfO2 system mixtures of Al were done at 7% [Figure 

4.3] and 10% [Figure 4.4].   

8Al(m) + 30H+ + 6NO3
-  8Al3+ + 3N2O(g) + 15H2O [reaction 4.1] 

     Unlike the Y:HfO2 system which crystallized at the same temperature as the undoped 

system, the incorporation of Al delays the onset of crystallization depending on the amount 

of Al present.  At 7%, crystallization occurs at 600 °C in a mixture of cubic and monoclinic.  

At 10% crystallization is delayed by a further 100 °C to 700 °C and films are single phase 

cubic.  This behavior has been noted before in films of hafnium aluminum oxide deposited 

by vacuum chamber techniques such as atomic layer deposition though these films are  
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Figure 4.3: Films with 7% Al added to HafNOx heated to 500 °C (blue) and 600 °C 

(orange) for one hour.  Reference spectra for monoclinic (pink) and cubic (black) hafnia 

have been added.  Substrate peak denoted with a star. 
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Figure 4.4: Films with 10% Al added to HafNOx heated to 600 °C (orange) and 700 °C 

(red) for one hour.  Cubic hafnia reference spectra has been added (black).  Substrate 

peak denoted with a star. 
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reported to crystallize in an orthorhombic structure.  [16]  The average grain size for these 

films was calculated to be 11.95 nm. 

     Increasing the aluminum above 10% consumes too much nitrate during the oxidation of 

the aluminum and raises the pH above the window of stability for Al3+ in solution.  In these 

solutions a small Al(OH)3 precipitate forms and solutions gradually turn into a glassy gel 

over time. 

     At this time it is not known how aluminum incorporates into the hafnia lattice.  As the 

Al3+ is much smaller than Hf4+ and has a lower charge, it is unlikely to displace hafnium in 

the lattice and more than likely occupies and interstitial site. 

Silicon in TMA Hafnia Precursor 

     Figures 4.5 and 4.6 show the crystallization behavior of films made from the alkaline 

TMA precursor mixed with silicon at approximately 7% and 10% Si respectively in the 

mother solution. The high pH precursor has been shown in the previous chapter to 

crystallize at 600 °C.  Much like with aluminum, the incorporation of silicon to higher 

percentages is shown to delay the crystallization of the films. [Figure 4.6]  Films at 7% Si 

begin to crystallize at the same temperature as the pure precursor, but in a mixture of 

monoclinic and cubic phases. [Figure 4.5]  XRD data in figure 4.6 show that increasing the 

ratio to 10% delays crystallization by 100 °C to 700 °C and films are single phase cubic.  

This has also been noted in hafnium silicate films deposited by vacuum chamber 

techniques. [16]  The reason for this delay is most likely associated with the size difference 

of the silicon to hafnium.  Hf4+ has an ionic radius of 83 pm [14] where Si4+ has an ionic 

radius of 40 pm.  
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Figure 4.5: Films spun and from TMA Hf precursor with 7% added Si and heated for 1 

hour to 500 °C (orange), 600 °C (blue), and 700 °C (red).  Substrate peak denoted with a 

star. 
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Figure 4.6: Films spun and from TMA Hf precursor with 10% added Si and heated for 1 

hour to 600 °C (blue), 700 °C (red) and 800 °C (orange).  Reference spectra for cubic 

hafnia added (black).  Substrate peak denoted with a star. 
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[14] Equal mixtures of hafnium and silicon oxides form a tetragonal hafnium silicate with 

hafnium CN = 8 and silicon CN = 4.  This shows that silicon does not displace hafnium in 

the lattice but rather occupies tetrahedral interstitial sites.  In lower concentrations, like we 

have here, the incorporation of silicon into these spaces is able to frustrate the lattice 

enough to stabilize the higher energy phase.  Average grain size per the Scherrer equation 

is 5.95 nm.   

Germanium in TMA Hafnia Precursor 

     Incorporation of Ge4+ has a similar effect on the behavior of the precursor as Si4+.  

Figure 4.7 shows the crystallization behavior of films spun coated from 10% germanium 

incorporated into the TMA hafnia precursor.  Films crystallize by 700 °C and do so in the 

cubic structure.  Germanium most likely behaves in a similar way as silicon in the lattice 

as hafnium silicate and hafnium germinate are isostructural.  Scherrer calculations show 

the average crystal grain size for these films is 6.5 nm.   

Methods  

Precursor Synthesis 

     The acidic hafnia precursor HafNOx was synthesized in the same manner described by 

Jiang et al. [12] HafNOx was used to make the aluminum and yttrium containing 

precursors.  For the Y:HfO2 films, a 1 M solution of Y(NO3)3 was used as the source of 

yttrium.  Solutions were made with hafnium to yttrium amounts of 0.95:0.05, 0.93:0.07, 

and 0.9:0.1.  Al:HfO2 solutions were made by dissolving 325 mesh aluminum powder in 

the HafNOx solution at ratios of 0.93:0.07, and 0.9:0.1.   
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Figure 4.7: Films spun and from TMA Hf precursor with 10% added Ge and heated for 1 

hour to 600 °C (blue), 700 °C (red).  Reference spectra for cubic hafnia added (black).  

Substrate peaks denoted with a star. 
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     The TMA hafnia precursor was synthesized as outlined in chapter 3.  Silicon and 

germanium were added to their respective precursors as either SiO2 or GeO2 dissolved in 

25% v/v TMAH.  Solution of 0.93:0.07 and 0.9:0.1 Hf:Si were made and a single solution  

of 0.9:0.1 Hf:Ge precursor was made for spinning films.  All pure solutions were 

standardized by calcination. 

Film Synthesis 

     The yttrium, aluminum, germanium and 7% silicon films were spin coated on silicon 

wafers with 100 nm thermally grown oxide measuring 2.5 cm x 2.5 cm.  For the 10% Si 

solution, a 2.5 cm x 2.5 cm wafer sapphire wafer was used as the substrate.  This was done  

for the purposes of conducting EPMA and eliminating interference from the substrate.  The 

silicon substrates were made hydrophilic by sonication in a contrad 70 bath for 1 hour at 

45 °C. The sapphire substrate was made hydrophilic by ashing in an oxygen plasma for 2 

minutes using a PE 50.   Set bake temperature of 250 °C were used to set the aluminum 

and yttrium containing films.  A set bake temperature of 260 °C was used to set the silicon 

and germanium containing films.   All films were made by laying down 6 coats of their 

respective precursors to achieve the desired thickness. 

Electron Probe Micro Analysis 

     EPMA was conducted at the CAMCOR facility at the University of Oregon using a 

Cameca SX 50 equipped with 4 wavelength dispersive spectrometry Bragg spectrometers, 

a Bruker 10 mm silicon drift detector, and energy dispersive spectrometry detector with 

hyperspectral mapping that has been optimized for thin film measurements.  Data analysis 

was conducted using in-house developed software. 
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Grazing Incidence X-Ray Diffraction 

     Grazing Incident X-ray Diffraction (GIXRD) was collected using a Rigaku Ultima IV 

diffractometer with Cu Kα radiation.  The incident angle (ω) was set to 0.700° and θ was 

scanned from 20- 40 ° for the yttrium containing films and 10 - 70° for all other films. 

Conclusions 

     Spin coating precursors from the acidic and alkaline pH ranges were used to incorporate 

various metals into hafnium oxide PIC processed films.  The successful integration of 

aluminum, yttrium, silicon and germanium into these precursors show the potential 

diversity of application this technique offers with fewer steps in manufacturing and lower 

overall energy input compared to traditional solid state techniques.  In most cases, the ratios 

of the metals in the starting precursor represent the ratios of the final film.  This work offers 

an attractive avenue for future work and characterization of these films in the forms of 

electrical testing and reaction synthesis pathways as well as elucidating any role a selected 

substrate may play on the resulting composition of the final film. 
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Abstract 

Aqueous-processed aluminum oxide phosphate (AlPO) dielectric films were studied to 

determine how water desorbs and absorbs during heating and cooling. In-situ Fourier 

transform infrared spectroscopy showed a distinct, reversible mono- to bidentate phosphate 

structural change associated with water loss and uptake. Temperature programmed 

desorption measurements on a 1-μm thick AlPO film revealed water sorption was inhibited 

by a aqueous-processed HfO2 capping film only 11-nm thick, demonstrating solution-

deposited HfO2 functions an effective moisture barrier.  
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Introduction 

     Solvent and solute transport through porous and gel media and interfaces fundamentally 

affects many materials functions and processes, ranging from the mechanics of biological 

soft tissues[1] to semiconductor lithography[2,3] and printed electronics.[4] Processing 

electronic materials with water, either in aqueous solutions or humid environments, 

presents challenges for residual water removal and passivation, as associated mobile water 

and hydroxyl protons commonly degrade electronic and device performance.[5–12] 

Consequently, understanding how to systematically affect and control both liquid and 

vapor water transport and its antecedent dehydration reactions in gels and solids are 

essential to produce functional materials from water, especially at low temperatures.  

 Recently, Anderson and co-workers, employing only aqueous deposition methods, 

showed the properties of aluminum oxide phosphate (AlPO) dielectric thin films could be 

enhanced by capping them with an ultrathin HfO2 layer at low processing temperatures.[13] 

The HfO2 cap reduced the relative transient capacitance of a comparable uncapped AlPO 

film by a factor of 70 in sweeps covering 1.5 MV/cm. Simultaneously, zero-bias 

hysteresis decreased from 7000 to <100 ppm. These electrical results are consistent with 

sluggish mobile protons in the uncapped films and their diminution in the capped analogs, 

which was further confirmed by chemical analysis via forward hydrogen scattering. To 

improve understanding of this unique process, we examine here dehydration, hydration, 

and H2O transport dynamically via in-situ Fourier transform infrared (FTIR) spectroscopy, 

temperature-programmed desorption (TPD), and transmission electron microscopy (TEM). 

We find water sorption after film annealing critically affects water and mobile charge 

concentrations in single layer AlPO films. On heating, AlPO films coated with a thin Hf-
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based gel cap readily desorb H2O. By 350 oC, the Hf-based layer converts to a dense, 

continuous HfO2 film, which limits water resorption. Hence, solution deposition produces 

an effective ultra-thin HfO2 moisture barrier at modest process temperatures, rendering 

performance stability to the AlPO dielectric. The approach may provide highly effective 

barrier and encapsulation coatings, where integration supports aqueous processing.  

Results and Discussion 

Figure 5.1 shows a TEM micrograph of a typical HfO2-AlPO bilayer structure examined 

in this study. The AlPO film is homogeneous, the AlPO/HfO2 interface is sharp, and the 

HfO2 surface is atomically smooth. The films are deposited from aqueous solutions 

comprising oxo-hydroxo metal clusters accompanied by nitrate counter ions.[14–16] On 

spin coating, partial condensation occurs to produce continuous films. The AlPO film must 

be heated to 230 oC prior to deposition of the Hf precursor to prevent its dissolution. At 

this temperature, the films are heavily hydroxylated, and they retain nitrate. We focus here 

on dehydroxylation and hydroxylation and associated desorption and sorption of water, 

respectively, for both uncapped and capped AlPO to understand the effects of the HfO2 top 

layer.  

AlPO dehydration 

     We performed in-situ heated FTIR and temperature programmed desorption (TPD) 

measurements to examine thermal dehydration of AlPO and HfO2-capped AlPO films. 

Three different filmssingle layer AlPO and HfO2 and bilayer AlPO/HfO2were 

investigated. For the FTIR studies, films were heated from 80 to 350 oC in 50 oC 

increments, holding each temperature for 5 min. In each case, samples were cooled to 80 

oC prior to data collection. Figure 5.2 shows IR absorption between 3740 and 3000 cm-1,  
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Figure 5.1. TEM micrograph of AlPO-HfO2 bilayer heated to 550 °C. 
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Figure 5.2. FTIR absorption spectra (dashed lines) for 120-nm AlPO (black), 20-nm 

HfO2 (red), and 20-nm HfO2-capped 120-nm AlPO (blue) films after stepwise annealing 

to 350 °C. The solid lines are difference spectra for samples annealed at 80 and 350 °C. 
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corresponding to the OH/H2O vibrational region. The solid lines are difference spectra 

for samples heated at 80 and 350 oC. The dips represent dehydration. Percent signal loss is 

determined from the difference in integrated areas of the dashed-line and solid-line spectra; 

results are summarized in Table 5.1. The single-layer AlPO film loses 84% of its OH 

signal after annealing to 350 oC. A similar reduction, 90%, occurs for the HfO2 and HfO2-

capped AlPO films. Figure 5.2 shows IR absorption between 3740 and 3000 cm-1, 

corresponding to the OH/H2O vibrational region. The solid lines are difference spectra for 

samples heated at 80 and 350 °C.  The dips represent dehydration. Percent signal loss is 

determined from the difference in integrated areas of the dashed-line and solid-line spectra; 

results are summarized in Table 5.1. The single-layer AlPO film loses 84% of its OH 

signal after annealing to 350 °C. A similar reduction, 90%, occurs for the HfO2 and HfO2-

capped AlPO films. 

     Figure 5.3 shows H2O TPD spectra for AlPO and HfO2-capped AlPO films heated to 

550 oC. Substantial water evolves below 350 oC; AlPO loses 80% of its initial H2O content, 

while HfO2-capped AlPO loses 87%. These results match the FTIR measurements. Figure 

5.3(a) shows data for a thick, 46-nm HfO2 capping layer, while Figure 5.3(b) shows data 

for a thin, 11-nm HfO2 capping layer. For the thicker capping layer, peak water desorption 

shifts from 85 to 105 oC, while for the thinner capping layer, peak desorption shifts from 

85 to 95 oC, indicating the thicker HfO2 layer likely inhibits water desorption from the 

AlPO layer. 

     The low-frequency IR region, 2000 – 700 cm-1 (Figure 5.4), corresponding to phosphate 

vibrational modes, provides clues about structural changes that occur with changing water 

content. Weak absorption bands at 1011 and 955 cm-1 correspond to asymmetric and  
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Table 5.1. Percent water remaining from integrated area analysis of each absorption 

spectra between 3740–3000 cm-1 for each film. 

 

Sample 
Initial intigrated 

area (abs cm-1) 

Area after 350 °C 

anneal (abs cm-1) 

Water remaining          

(%) 

AlPO 5.10 (+0.41/-0.42) 0.83 (+0.2/-0.21) 16.3 (+2.42/-3.03) 

HfO2 1.9 (+0.15/-0.16) 0.19 (+0.03/-0.03) 10.0 (+0.73/-0.80) 

HfO2-AlPO 6.87 (+0.64/-0.65) 0.67 (+0.03/-0.04) 9.75 (+0.73/-0.80)* 

*data corrected for water loss due to HfO2 layer   
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(a) 

 
(b) 

 
 

Figure 5.3. H2O TPD spectra for AlPO (blue) and HfO2-AlPO (red) thin films. (a) 46-

nm HfO2 capping layer, (b) 11-nm capping layer. 
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Figure 5.4. Dashed lines represent FTIR absorption spectra of 120-nm AlPO (black), 20-

nm HfO2 (red), and 20-nm HfO2-capped 120-nm AlPO (blue) after stepwise annealing to 

350 °C. Solid lines represent the corresponding difference spectra between 80 and 350 

°C. The contributions from the HfO2 layer in the HfO2-capped AlPO film were subtracted 

from the black spectra. The weak monodentate phosphate stretches at 1011 and 955 cm-1 

are highlighted at right. 
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symmetric stretch modes of monodentate phosphate binding, while bands at 1249, 1101, 

and 820 cm-1 correspond to degenerated asymmetric stretch modes and symmetric 

stretching mode of bidendate phosphate binding.[17]  These binding modes are represented 

in Scheme 5.1. On heating to 350 oC, the difference spectra (Solid lines in Figure 5.4) 

indicate the concentration of monodentate binding decreases, while bidentate binding 

increases. This transition is accompanied by water loss (Scheme 5.1), which is observed in 

the IR spectra and TPD measurements (Figures 5.2 and 5.3).  To quantitatively assess this 

binding change, we integrated the 1249 and 1101 cm-1 bands of single layer AlPO and 

HfO2-capped AlPO with contributions from the HfO2 film removed.  Both films exhibit a 

16% increase in the bidentate signal on heating to 350 oC (Table 5.2). 

     Bands at 1614, 1584, and 1314 cm-1 are assigned to the asymmetric stretch modes of 

bridged bidentate and chelating bidentate nitrates (Figure 5.4). Hence, the negative 

components in the solid spectra at these frequencies indicate a nitrate loss upon 

heating.[18] 

Scheme 5.1: Transformation for the phosphate binding modes upon desorption and 

resorption of water. 

 

AlPO Rehydration 

  After annealing, AlPO films exposed to air resorb water. Figure 5.5 shows H2O desorption 

from a 144-nm AlPO film heated to 550 oC in the TPD instrument, then rested on the  
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Table 5.2. Increase in bidentate phosphate absorbance from bands at 1249 and 1101 cm-

1.* 

 

Sample 
Initial intigrated 

area (abs cm-1) 

Gains in area after 

anneal (abs cm-1) 

Water remaining          

(%) 

 

 

 

AlPO 
20.55 (+0.45/-

0.45) 
3.30 (+0.10/-0.10) 16.1 (+0.1/-0.1) 

 

HfO2-AlPO 
21.35 (+0.25/-

0.25) 
3.35 (+0.25/-0.25) 15.7 (+1.0/-1.0) 

 

*contributions from HfO2 removed      
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Figure 5.5. H2O TPD spectra for AlPO (blue) and HfO2-capped AlPO (red) thin films 

after heating to 550 °C, then resting in air for 25 days. 
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benchtop for 25 days. The film resorbs 100% of the water desorbed in the initial heating to 

550 oC, and the peak desorption signal temperature required to remove the resorbed water 

increases from 80 to 135 oC, compare Figures 5.3 and 5.5. Capping the AlPO film with a 

46-nm thick HfO2 coating and heating to 550 oC completely prevents water resorption 

(Figure 5.5, red line). 

     To establish the barrier efficacy of the HfO2 cap, we deposited a thick, 1-μm AlPO film, 

then capped it with 11 nm of HfO2. Figure 5.6 (solid line) shows the initial water loss on 

heating to 550 oC. After resting in air for 14 days, the bilayer does not resorb water. Even 

though the spin-coated HfO2 cap comprises only 1% of the total bilayer thickness, it 

functions effectively to block water sorption.  

     To further explore water resorption, we collected FTIR spectra from films annealed at 

350 oC, then exposed to heavy water (D2O). At 45 oC, approximately 3 more D2O resorbs 

than H2O desorbed based on comparison of the decrease of the OH band between 3000 and 

3800 cm-1 and the increase in the OD band between 1800 and 2800 cm-1. Coincident with 

this D2O uptake, 95% of the bidentate phosphate converts to monodentate binding. A 

subsequent anneal at 150 oC decreases the broad OD/D2O band by 50% (Figure S1) and 

increases the bidentate phosphate band by 90%.  Hence, the film undergoes a significant, 

reversible water loss and uptake associated with the phosphate structural change merely 

upon soft baking. Because the bidentate phosphate binding mode increases dramatically 

above 150 oC and dominates at 350 oC, water loss and resorption below 150 oC must be 

dominated by weakly bound molecular H2O and its diffusion. Above 150 oC initial water 

loss occurs by phosphate condensation, and subsequent resorption occurs by phosphate  
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Figure 5.6. H2O TPD spectra for a 1-μm AlPO film capped by an 11-nm HfO2 layer. The 

solid line corresponds to the H2O desorption for the HfO2-AlPO film after a 230 °C soft 

bake, and the dashed line corresponds to reabsorption after sitting in air for 14 days. 
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hydrolysis. This initial hydrolysis creates –OH groups and a hygroscopic environment 

leading to additional H2O sorption.    

In-situ Transmission Electron Microscopy 

 We performed an in-situ TEM experiment to monitor the morphological changes 

that occur on heating a bilayer of a 143-nm AlPO film and a 31-nm HfO2 capping layer. 

The sample lamella is approximately 100-nm thick, i.e., the thickness orthogonal to the 

film stacking direction. Figure 5.7 shows micrographs collected at increasing temperatures 

for samples initially annealed in air at 230 oC for 60 s. At 230 oC, the films remain 

hydroxylated (Figure 5.3), so water continues to evolve as the films are heated. The effects 

of this evolution are evident by the inhomogeneous bright contrast areas in the 

micrographs, both in the spherical areas in the film bulk and at the AlPO-HfO2 interface. 

We associate these areas with high –OH/H2O content in large pores.[19] Because the HfO2 

film is capped by amorphous C and Cr, water is unable to diffuse through the HfO2 layer 

and desorb. Nevertheless, water collects at the AlPO-HfO2 interface, then likely diffuses 

orthogonal to the image plane and evolves from the film.   

     We conducted an additional in-situ TEM experiment with a thinner HfO2 cap to 

determine if water accumulation would be significant at the HfO2-AlPO interface. The 

AlPO film thickness was held constant at 140 nm, while the HfO2-film thickness was 

reduced to 11 nm. (Figure 5.8a). Upon heating (Figures 5.8b & 5.8c), the thinner film did 

not show the same water accumulation effect observed with a 31-nm thick HfO2-capping 

layer. The only observed inhomogeneities were the dynamic, spherical features, which 

continued to evolve as water desorbed. The thinner HfO2 film likely enables the facile  
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Figure 5.7. In-situ heated TEM micrographs of a 143-nm AlPO film capped by 31 nm of 

HfO2. The (A) 150-200 °C, (B) 250 °C, and (C) 400 °C. 
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Figure 5.8. TEM micrographs of 140-nm AlPO film capped by 11-nm HfO2 films. (A) 

150 °C (B) 200 °C, and (C) 400 °C. 
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diffusion of water through the capping layer during the initial soft bake, thereby limiting 

water accumulation at the interface. Conversely, the thick capping layer hinders AlPO 

dehydration. The TPD spectra support this observation as the thick AlPO-HfO2 bilayer 

shows the peak water desorption at 105 °C, compared to 95 °C for the thinner HfO2 cap. 

With the thinner cap, the image contrast indicates possible interdiffusion at the AlPO-HfO2 

interface, which is largely hidden by the higher retained water content in the bilayer with 

the thicker cap. This interdiffusion may be promoted by the water-trapping effects of the 

amorphous carbon and Cr cover layers, as it is not evident in Figure 5.1. 

Conclusions 

     In-situ IR vibrational analysis and TPD measurements reveal AlPO films reversibly 

desorb and absorb water. Condensation involving hydrogen phosphate and hydrolysis 

involving phosphate regulate these processes. From in-situ TEM studies, film dehydration 

is initially characterized by accumulation of OH/H2O-rich droplets. Over time and with 

heating, these droplets dissipate by evolving H2O. Capping AlPO films with a thin HfO2 

aqueous precursor barely affects AlPO dehydration. Conversely, the thin HfO2 film formed 

on annealing the bilayer effectively suppresses water resorption under conditions that 

uncapped AlPO films sorb copious amounts of water. Solution-processed HfO2 thus 

enables the fabrication of an effective water-blocking layer, even when it comprises only 

1% of underlayer thickness. Generally, the approach holds promise for realizing new high-

performance barrier coatings, corrosion inhibitors, and encapsulants, where integration 

may be aided by aqueous processing. 
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Experimental Section 

Solution precursor synthesis has been described previously.14,15 The AlPO solution was 

prepared with a 0.85-M Al concentration and an aluminum:phosphorus ratio of 1:0.6. The 

water-based peroxide HfO2 precursor was prepared in two different concentrations0.250 

and 0.124 M for the thick and thinner films, respectively.   

Prior to thin-film deposition, all substrates were cleaned by sonication in a deionized water 

bath. Following this cleaning, they were treated in a low-energy O2 plasma to create a 

clean, hydrophilic surface. The films were deposited onto either p-type Si (for the TEM 

experiment) or 100-nm thermally grown SiO2/Si (for TPD-MS). Films were deposited by 

spin coating the aqueous precursors at 3000 rpm for 30 s. Each coat was soft baked at 230 

°C for 1 min prior to deposition of additional layers. In each case, two coats of 0.85 M 

AlPO were deposited, resulting in film thicknesses of 140–150 nm. For the thicker HfO2 

films, three coats of the 0.250 M HfO2 precursor were deposited to produce a film thickness 

near 45 nm. One coat of the 0.124 M solution was used to deposit the 11-nm HfO2-capping 

layer.  

     Spectroscopic ellipsometry data were collected with a J. A. Woollam M-2000 

spectroscopic ellipsometer to determine film thickness. Film thicknesses of the HfO2 and 

AlPO layers were determined with a Cauchy model via the CompleteEASE software 

package.[20]  

     In-situ FTIR spectroscopy studies were carried out using a nitrogen-purged home-built 

ALD reactor with a Thermo Nicolet 6700 infrared spectrometer equipped with a liquid 

nitrogen-cooled broadband mercury cadmium telluride (MCT-B) detector.[21] A single-

pass transmission at Brewster incidence (~74°) was used to minimize the substrate phonon 
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absorption in the low frequency region (<1000 cm–1) and to increase detection sensitivity 

of all film chemical components. After heating in flowing N2(g), the films were cooled to 

80 °C for data collection. A K-type thermocouple spot-welded onto a tantalum clip was 

attached at the center of the long edge of the substrate to monitor the sample temperature 

during analysis. Two gate valves were used to isolate the KBr windows used in the analysis 

chamber for IR transmission during annealing.  

     FTIR data analysis involved two parts. To measure water (hydroxide) content in the 

films, the relative absorbance was integrated from the spectra; all films were referenced to 

a spectrum of a clean SiO2/Si (100) wafer. The amount of water desorbed after annealing 

was calculated by measuring the integrated area in the range of 3740 – 3000 cm-1 of the 

absorbance spectra. The baselines of the spectra before and after annealing were not 

consistent; therefore, absorbance values at 3740 and 3000 cm-1 were assumed as the 

baseline. Similar to the water content, the initial and final amounts of phosphate binding 

after the 350 °C anneal were quantified by integrating the area between 1300 and 1250 cm-

1. To quantify the phosphate content of the 20-nm HfO2-capped AlPO film, changes from 

the HfO2-cap were subtracted from the spectrum using the band at 1576 cm-1 as the 

reference. 

     The TPD study was performed on a Hiden Analytical TPD Workstation with a 

quadrupole mass analyzer (3F PIC) to monitor gas-phase products released from the thin 

films upon heating. The measurement was performed under ultra-high vacuum with a base 

pressure < 5 x 10-9 Torr. Mass spectra were obtained using electron impact ionization with 

70 eV ionization potential and 20-µA emission current. The m/z of 18 was selected to 

monitor of water desorption. Thin films on 2.54 x 2.54 cm2 substrates were cleaved into 1 
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x 1 cm2 for the TPD analysis. To test the amount of water in each of the samples, the films 

were heated from room temperature to 550 °C with a ramp rate of 30 °C/min and a dwell 

time of 5 min at 550 ºC. The samples were then allowed to sit open in air in preparations 

for tests of water resorption and then ran TPD again heating to 900 ºC. The area under the 

peaks were integrated to quantify the mass responses for each sample.  

     In-situ TEM experiments were performed using an FEI Titan 80-200 TEM/STEM 

transmission electron microscope operating at 200 kV. Carbon and chromium coatings 

were deposited on HfO2/AlPO bilayers for protection and to enhance sample contrast. After 

adding a final protective layer of platinum in-situ, a thin cross section of the HfO2-capped 

AlPO film was selectively machined using the focused gallium ion beam and an FEI 

Quanta 3D SEM. The lamella was welded to a copper TEM grid and thinned to 

approximately 100 nm using the ion beam. The films were heated in-situ with a ramp rate 

of 20 °C/min. Micrographs were collected at 50 °C increments to study effects of heating 

on the films. 
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ABSTRACT 

     A combination of ICP-OES, titration, and Raman spectroscopy was used to determine 

the ratio of peroxide to hafnium in the inorganic photoresist HafSOx. By using ICP-OES 

to determine the hafnium concentration and titration with permanganate to determine 

peroxide in a solution of dissolved films, the Hf:O2
2- ratio was found to be approximately 

2:1 in the films. From Raman measurements on precursor solutions, it was determined that 

that Hf bound peroxide saturated at this level. Film insolubility is induced through loss of 

approximately 75% of bound peroxide following exposure to a 30-keV electron beam. 
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Introduction 

     In this contribution, we report results on the determination of the peroxide concentration 

in thin films of the radiation-sensitive resist Hf(OH)4-2x-2y(O2)x(SO4)y∙qH2O commonly 

known as HafSOx. This information is needed to develop an understanding of the basic 

mechanism of lithographic patterning and the intrinsic performance potential of the 

material. HafSOx free of peroxide was originally investigated as a thin-film high-κ 

dielectric.[1] The addition of peroxide renders the material sensitive to radiation, yielding 

a photoresist that can be densely patterned at feature sizes smaller than 10 nm.[2-5]  

     HafSOx films are deposited by spin coating from acidic aqueous solutions. Such 

solutions are known to contain small nanosized hyroxo clusters containing approximately 

four Hf atoms. On deposition and heating, these clusters can condense via dehydration 

(scheme 6.1) to form rigid gel films. Following extensive dehydration, the films become  

Scheme 6.1 

insoluble in common resist developers such as TMAH. In HafSOx, this condensation 

process is inhibited by the binding of peroxide to Hf. As shown in scheme 6.2, peroxide  

Scheme 6.2 

decomposition can be induced by high-energy light or electrons. This radiation switch 

could initiate condensation through dehydroxation (scheme 6.1) or a more direct formation 

of oxo bridges. The presence of –OH in the films prior to irradiation likely contributes a 

background level of condensation that must be overcome with radiation exposure to induce 
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solubility changes and contrast in the films. Hence, the concentrations of hydroxide and 

peroxide in the films should play a significant role in determining the amount of 

background condensation.  

     Because no direct and quantitative method for the determination of peroxide 

concentration in an inorganic film has been previously reported, we have developed 

methods involving film stripping to produce solutions for analysis. Hf and peroxide 

solution concentrations were established through a combination of inductively-coupled-

plasma optical-emission spectroscopy (ICP-OES), permanganate titrations, and Raman 

spectroscopy. The results were then used to examine relationships among peroxide 

concentration, electron beam exposure dose, and solubility contrast. 

 

METHODOLOGY 

ICP-OES 

     Hafnium concentrations were determined by using a Teledyne Leeman Prodigy ICP-

OES in axial mode and monitoring spectral lines at 239.33 and 277.33 nm. A standard 

solution of 1-M HfOCl2(aq) was made from 99.99% HfOCl2·8H2O, (Alfa Aesar) with 1% 

v/v nitric acid (ACS Grade, Malinckrodt). The Hf content of HfOCl2∙8H2O was determined 

from the mass of HfO2 produced by heating said chloride at 800 °C. Calibration curves 

were established with solutions diluted to 0.05, 0.5, 5, and 10 ppm with 1% v/v HNO3(aq). 

An additional Hf standard (1000 μg Hf/mL, Inorganic Ventures) was diluted in a similar 

manner. The 1% v/v HNO3(aq) alone was used to establish the baseline for the 

measurement. Films for analysis were deposited by spinning a 0.4-M HafSOx 

solution[2,3,5] onto ten O2 plasma-treated 6” silicon wafers. Samples for analysis were 
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then stripped from the wafers with 1M H2SO4(aq). After stripping, the wafers were rinsed 

with 18.2 MΩ water, then gently blown with Ar(g) to collect the liquid remaining on the 

wafer. Five samples for ICP-OES analysis were made from 1mL aliquots that were diluted 

1:50 with 1% HNO3(aq). 

Titration 

     Peroxide concentrations were determined by permanganate titration6 of the samples 

used for ICP-OES measurements. 0.005-M KMnO4 (EM Science 99%+), standardized 

with Na2C2O4 (Acros Organics, 99%+), was used as the titrant. Permanganate was added 

in 10-μL aliquots and allowed to react slowly without heating until the endpoint was 

visually noted by a change in color from colorless to pale pink. Prior to titration of the film 

rinses, the measurement was tested by titration of peroxide solutions with known 

concentration. A measurement error of 1% and a detection limit of 1.25 x 10-7 M peroxide 

were established. 

Raman Measurements 

     Raman spectra of HafSOx precursor solutions were collected by using a Nicolet FT-

Raman instrument. Data collection and signal averaging were handled with Omnic 8 

software. 1-mL samples of 0.5-M HfOCl2(aq) were prepared in 20-mL glass scintillation 

vials. Chilled hydrogen peroxide (Macron, 30% solution) was added in 10-μL aliquots to 

give ratios of H2O2:Hf up to 3:1. H2SO4 (EMD, ACS Grade) was also added concurrently 

to give a H2SO4:Hf ratio of 0.7:1. Spectra were collected over the range 500-3000 cm-1 

with a total exposure time of 100 s. Measurement of an empty scintillation vial was used 

to establish background for the experiment. 
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          Films were deposited onto 1 x 1” substrates of 200 nm thermally-deposited Al on 

SiO2. Prior to HafSOx deposition, substrates were treated in a Plasma Etch 50 O2 plasma 

asher for five min. All films were deposited via spin-coating and then baked at 80 °C for 

three minutes. The resulting films were analyzed with a Horiba LabRAM Raman 

instrument equipped with a 100 x objective and 532-nm laser. Spectra were collected over 

the range 600–1300 cm-1 by accumulating three spectra in 15 min. Raman spectra were 

also measured on films exposed to an electron beam at selected doses. Films were spun on 

aluminum substrates and then exposed via electron-beam writing to produce a 7 x 3 array 

of 200 x 200- μm squares with doses ranging from 0 to 800 μC/cm2 in increasing 

increments of 40 μC/cm2. A 30-kV beam of an FEI Quanta 3D Dual Beam SEM/FIB was 

controlled with NPGS software for pattern writing. Following patterning, Raman spectra 

of the exposed and unexposed regions were obtained. 

RESULTS AND DISCUSSION 

     ICP-OES analysis for Hf concentration initially produced inconsistent results. 

Significant sample-to sample variation were observed, despite consistent handling and 

dilution methods. During measurement, the derived concentration of a given sample would 

decrease with sampling time. In each case, however, the concentration would stabilize at 

0.5 mM. We surmised that residual Hf from the standard solution, which was run before 

each sample, appeared to be the source of the inconsistent results. An acid rinse with 

H2SO4(aq) was then used to clear the delivery lines prior to sample injection. With this 

procedure, measured concentrations more quickly stabilized at 0.5 mM. To confirm the 

results, a commercial standard was then used for comparison. The measurements were 

readily reproduced, again giving a Hf concentration of 0.5 mM with a standard deviation 
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of 2%. Concurrent with the ICP-OES analysis, the concentration of peroxide was 

determined by peroxide titrations. The equivalent peroxide concentration was found to be 

0.27 M, affording a Hf:O2
2- ratio of 1.8:1 in the thin film.  

     Raman spectra for HafSOx solutions containing increasing concentrations of peroxide 

are shown in Figure 6.1. Bands, centered near 1000 cm-1, are attributed to sulfate. The 

central peak is assigned to sulfate bound to Hf, and the two remaining shoulders at 970 and 

1050 cm-1 are assigned to unbound sulfate.[7] Addition of peroxide to a solution containing 

only Hf and sulfate results in the appearance of a band near 830 cm-1, cf., bottom two 

spectra in Figure 6.1. This signal is assigned to μ2 binding of peroxide to Hf.[8] On further 

addition of peroxide, cf., Figure 6.2, this signal grows. At a O2
2-:Hf ratio of 0.6:1, a new 

signal appears at 870 cm-1. This peak is also observed in solutions of 1% H2O2(aq), and it 

is assigned to the ν (O-O) stretch of solvated peroxide.[9] The unbound peroxide peak only 

appears beyond a O2
2-:Hf ratio of 0.6:1. Hence, this solution result is entirely consistent 

with the ratio deduced from ICP-OES analysis of thin films. Even with excess peroxide in 

the precursor solution, the Hf:O2
2- ratio saturates near 2:1 in the solution, and it persists in 

the film. 

     On the basis of these results and assuming a fully protonated state, the precursor 

formulation can be approximated as Hf(OH)1.6(O2)0.5(SO4)0.7∙qH2O. During spin coating 

and the post-application bake a certain amount of –OH condensation occurs to form a 

continuous gel-like film. Additional condensation is then initiated through radiation 

exposure or additional, spontaneous water loss. The peroxide and sulfate Raman signals 

provide a convenient means for monitoring the effects of radiation exposure. As shown in 

Figure 6.2, strong bands at 830 and 1050 cm-1, corresponding to Hf-bound peroxide and  
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Figure 6.1. Raman spectra of HafSOx solutions with selected O2
2-:Hf ratios. 
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sulfate, respectively, are readily observed in unexposed films (0 μC/cm2). The films differ 

from the solutions in that free peroxide and sulfate are not observed. With increasing 

exposure (Figure 6.2) with a 30-kV electron beam, the peroxide signal diminishes relative 

to the sulfate signal, indicating peroxide is lost. This decreasing signal is correlated to 

studies of development contrast in Figure 6.3. Below a dose of approximately 220 μC/cm2, 

the development rate of an unexposed film is considerably faster than an exposed film in 

25% TMAH(aq). Across the dose range 220-340 μC/cm2, the film switches from soluble 

to insoluble. In calibration studies, we have found a linear relationship between the 

peroxide Raman signal and concentration with a detection limit of 25% peroxide. Hence, 

a dose of 340 μC/cm2 corresponds to photodecomposition of nearly 75% of total peroxide 

content. Through the transition region, no more than 15% of total peroxide is lost as a result 

of exposure. 

CONCLUSIONS 

     A combination of ICP-OES analysis, chemical titration, and Raman spectroscopy has 

been used to establish a working formula for a HafSOx photoresist. The resulting 

formulation Hf(OH)1.6(O2)0.5(SO4)0.7∙qH2O represents the upper concentration limit of Hf-

bound peroxide both in the solution precursor and the thin film. Under electron-beam 

exposure, nearly 75% of the bound peroxide must be eliminated to produce an insoluble 

product. These results represent an initial step toward unraveling the chemical processes 

that contribute to the production of high-resolution, high-fidelity nanostructures with 

HafSOx. 
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Figure 6.2. Raman spectra for HafSOx films after exposure with a 30-kV electron beam. 

The exposure dose associated with each spectrum is noted.  
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Figure 6.3: Raman signal as a function of electron-beam exposure dose and solubility 

characteristics.  
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Abstract 

High-resolution transmission electron microscopy (TEM) imaging and energy-dispersive 

X-ray spectroscopy (EDS) chemical mapping have been used to examine key processing 

steps that enable sub-20-nm lithographic patterning of the material Hf-

(OH)4−2x−2y(O2)x(SO4)y·qH2O (HafSOx). Results reveal that blanket films are smooth 

and chemically homogeneous. Upon exposure with an electron beam, the films become 

insoluble in aqueous tetramethylammonium hydroxide [TMAH(aq)]. The mobility of 

sulfate in the exposed films, however, remains high, because it is readily exchanged with 

hydroxide from the TMAH(aq) solution. Annealing the films after soaking in TMAH(aq) 

results in the formation of a dense hafnium hydroxide oxide material that can be converted 

to crystalline HfO2 with a high electron beam dose. A series of 9 nm lines is written with 

variable spacing to investigate the cross-sectional shape of the patterned lines and the 

residual material found between them. 
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Introduction  

    In this contribution, we describe results from high-resolution imaging and chemical 

analysis of thin films and patterned structures of Hf(OH)4−2x−2y(O2)x(SO4)y·qH2O, 

commonly known as HafSOx.[1] HafSOx is representative of a new approach involving 

the chemistry of nanosized inorganic clusters for addressing the resolution, line-width 

roughness (LWR), and sensitivity (RLS) trade-offs that limit lithographic performance of 

conventional organic materials at resolutions <20 nm.[2−4] Dense, sub-10-nm features 

have already been written with HafSOx using extreme ultraviolet (EUV) irradiation.[5] By 

examining films and structures derived from electron-beam exposures, we offer new 

insights into the HafSOx patterning process. 

     The small spot size and direct-write capabilities of electron-beam lithography make it a 

convenient method for studying nanopatterning at high resolution.[6] Organic materials, 

such as polymethyl methacrylate (PMMA),[7−9] ZEP-520,[10,11] and related chemically 

amplified resists,[12] are commonly employed to produce features at resolutions near 30 

nm. In such systems, resolution is limited by the large radius of gyration of a polymer chain 

(2−4 nm) and photoacid diffusion in chemically amplified systems. These characteristics 

lead to high LWR (2−4 nm), which ultimately limits resolution. Smaller LWRs (<2 nm) 

have been demonstrated in inorganic materials, notably hydrogen silsequioxane 

(HSQ),[6,13] but this performance has come at the expense of poor sensitivities and long 

exposure times. The HafSOx system may offer a path for redefining the RLS triangle of 

conventional materials, because small LWRs and ultra-high-resolution features have been 

realized commensurate with relatively high sensitivities.[3] HafSOx uniquely affords these 
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characteristics, because other Hf-based systems exhibit low resolution[14] and low 

sensitivity.[15] 

     The patterning capabilities and radiation sensitivity of HafSOx derive from the presence 

of Hf-bound peroxo ligands. The absorption of radiation leads to dissociation of the O−O 

bond of the peroxo group, which drives condensation reactions and a reduced solubility in 

exposed areas.[2]  Unexposed areas of a film may be readily dissolved in an appropriate 

developer, leaving a negative-tone pattern. The patterning process for HafSOx thus follows 

that of a conventional organic photoresist, involving some or all of the sequential steps: 

spin coat, post application bake, exposure, post-exposure bake, development, and hard 

bake. Films and structures derived from selected steps in this flow have been characterized 

to develop an improved understanding of the overall process. As film thickness and feature 

size approach 10 nm and smaller, it becomes increasingly difficult to characterize in detail 

films and patterns using conventional methods, such as scanning electron microscopy.[16] 

In this study, we have used cross-sectional transmission electron microscopy (TEM) and 

energy-dispersive X-ray spectroscopy (EDS) to better assess these nanodimensional 

features. In addition, the high atomic-number elements of the HafSOx system make these 

techniques especially useful for high-contrast imaging and chemical analysis. Because 

these characteristics are not commonly present in conventional patterning materials, e.g., 

organic resists, HafSOx presents a unique platform for studying lithographic patterning at 

near-atomic resolution. 

Experimental 

     Stock solutions (1 M) were prepared by dissolution and dilution of HfOCl2·8H2O (Alfa Aesar) 

and H2SO4(aq) (Mallinckrodt) with 18.2 MΩ purified water. Solutions for spin coating were 
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prepared by adding 30 wt % H2O2(aq) (Macron) to the HfOCl2(aq) solution, followed by sequential 

addition of H2SO4(aq) and 18.2 MΩ water. Final solutions were 0.15 M in hafnium, 0.105 M in 

sulfuric acid, and 0.45 M in hydrogen peroxide. Solutions were stable against precipitation for 

approximately 4 days at room temperature (depending upon the concentration) and several months 

when refrigerated. No change in film quality or reproducibility was observed for films deposited 

from aged, refrigerated solutions. Prior to spin coating, the substrates were treated with an O2 

plasma to improve wetting of the substrate. Films were deposited by dispensing solutions through 

a 0.45 μm filter and spin coating at 3000 rpm for 30 s. The films were then baked on a hot plate 

between 80 and 300 °C for 3−5 min. For patterning, films were baked at 80 °C for 3 min. Exposures 

were performed with a ZEISS Ultra-55 scanning electron microscope operating at 30 kV at a dose 

of 800 μC/cm2. The microscope was equipped with a JC Nabity writing system for pattern 

generation. Unexposed and exposed films were soaked or developed at room temperature in 25 wt 

% tetramethylammonium hydroxide (TMAH, Alfa Aesar) for 30−60 s, thoroughly rinsed with 18.2 

MΩ water, and baked at 300 °C for 3−5 min. A J. A. Woollam M-2000 spectroscopic ellipsometer 

was used to measure film thickness. Data were collected in 5° steps at incident angles covering the 

range of 55−65°. A Cauchy model was used to extract thickness. A FEI Titan G2 80-200 

transmission electron microscope with ChemiSTEM operating at 200 kV was used for imaging and 

chemical analysis. TEM samples were prepared as cross-sections via focused ion-beam lift-out 

using a FEI Quanta three-dimensional (3D) dual beam scanning electron microscope. 

Approximately 30 nm of amorphous carbon were thermally evaporated on the sample to serve as a 

protective layer during the lift-out process. EDS line scans were taken in STEM mode, and the 

areas were correlated to bright field TEM images that were acquired on nearby locations of the 

sample to avoid significant damage during STEM operation. The line scans were collected with a 

step size of 0.15−0.2 nm and then averaged over 1 nm to reduce noise. The scans were analyzed 

with Bruker Esprit 1.9 software using automatic background subtraction and quantification without 
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standards. X-ray photoelectron spectroscopy (XPS) measurements were performed with a Thermo 

Scientific KAlpha X-ray photoelectron spectrometer with an Al Kα (1486.7 eV) micro-focus 

monochromatic X-ray source and ultra-low energy electron flood gun. A 50 eV pass energy was 

used for high-resolution, element-specific XPS spectra. Spectra were analyzed with an Avantage 

XPS software package. All peaks were charge-corrected to adventitious hydrocarbon at 284.8 eV, 

and Au metal was used for energy scale calibration of the photoelectron spectrometer. 

Results and Discussion 

Cross-sectional TEM images and associated STEM−EDS traces of a blanket-coated, 

unexposed HafSOx film (baked at 300 °C) are shown in Figure 7.1. From the bottom to the 

top, the material stack consists of the Si substrate, native silicon oxide, spin-coated 

HafSOx, and carbon/platinum protective layers. A low-magnification image (Figure 7.1a) 

reveals that the HafSOx film is smooth and very uniform. This uniformity is confirmed 

with a high-magnification image (Figure 7.1b), which was obtained immediately upon 

moving to a new location on the sample. The HafSOx film thickness, measured to be 12−13 

nm from spectroscopic ellipsometry measurements, agrees with the thickness and 

uniformity observed in these TEM images. Films are observed to change under prolonged 

exposure to the high-energy electron beam during analysis. A comparison of panels b and 

c of Figure 7.1, for example, reveals that the HafSOx/SiOx bilayer thickness increases from 

approximately 15 to 17 nm after a 5 min exposure. In this process, the HafSOx film 

thickness decreases from 12 to 9 nm, while the SiOx film thickness increases from 3 to 8 

nm. This indicates that the electron beam is driving densification of the HafSOx layer while 

promoting further oxidation of the Si substrate. In the EDS line scan (Figure 7.1d), the S 

signal is found to track that of Hf, where S as a sulfate appears to be homogeneously  
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Figure 7.1. Cross-sectional TEM images of unexposed HafSOx film annealed at 300 °C 

(a-c) and STEM-EDS line scan (d) aligned to (c). 
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distributed with Hf throughout the thickness of the film. This distribution is consistent with 

imaging results, and it confirms the high uniformity of the films in terms of both 

morphology and composition.  

     TEM images and STEM−EDS chemical analysis data of a HafSOx film, baked at 80 

°C, exposed at 800 μC/cm2, soaked in 25% TMAH(aq), and baked at 300 °C, are shown in 

Figure 7.2. A low-resolution image (Figure 7.2a) indicates that the resulting film remains 

uniform and very smooth, similar to that of the unexposed film. From the high-resolution 

image (Figure 7.2c), the exposed film is found to be amorphous, and its thickness relative 

to an unexposed film (Figure 7.1b) decreases from approximately 12 to 7 nm. From the 

STEM−EDS line scan, sulfate (S) is no longer present in the film, following the soak in 

TMAH. These data indicate that electron-beam exposure and TMAH(aq) development 

have led to the formation of a thin, amorphous binary hafnium oxide hydroxide film. We 

also found that extended exposure of these films to the electron beam caused portions to 

crystallize (Figure 7.2b), producing atomic spacings consistent with monoclinic HfO2.  

     XPS has been used to further elucidate composition and chemical state of the films. Hf 

4f, S 2p, and O 1s spectra were monitored at four stages during the patterning process: (i) 

80 °C post-application bake (PAB), (ii) 80 °C PAB and electron exposure dose of 800 

μC/cm2, (iii) 300 °C PAB, and (iv) 80 °C PAB, exposure dose of 800 μC/cm2, soak in 

TMAH, and 300 °C post-soak bake. Results are summarized in Figure 7.3. Only subtle 

changes are observed in the relative intensities and binding energies of each element 

following only exposure and baking (80 °C, 80 °C and exposed, and 300 °C). After 

exposure and soaking in TMAH, however, significant spectral changes have occurred. For 

example, the O 1s and Hf 4f peaks shift to lower binding energies, and the S 2p peak is  
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Figure 7.2. TEM cross sectional images of HafSOx film exposed at 800 µC/cm2, soaked 

in 25% TMAH, and hard baked at 300 °C (a-c) and STEM-EDS line scan (d) aligned to 

(c). 
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Figure 7.3. Hf 4f, O 1s, and S 2p X-ray photoelectron spectra of HafSOx films under 

selected process conditions. 
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now absent, indicating significant chemical changes, including the loss of sulfate from the 

film. For the O 1s spectra, the low-binding energy peak at 530.2 eV can be assigned to 

oxygen bound to Hf as oxide, while the high-binding-energy O 1s peak near 531.8 eV can 

be assigned to O bound as sulfate and hydroxo groups. Similar assignments have been 

made previously for Zr analogues of HafSOx.[17,18] For this sample, a third low-intensity 

peak at 533.3 eV was necessary to obtain an adequate fit; it is assigned to residual water 

that is present following the development process. This O 1s binding energy is consistent 

with water adsorbed to metal oxide surfaces.[19,20] We found that the low-binding energy 

metal oxide component becomes dominant after both exposure and TMAH soak. A similar 

change in the O 1s spectra was observed after the thermal desorption of sulfate from 

HafSOx films in ultrahigh vacuum.[21] While most of the oxygen is coordinated as Hf−O, 

a significant number of OH groups are detected following the 300 °C bake, which may be 

partly attributed to surface contamination from exposure to ambient prior to analysis. 

Together, the XPS and STEM−EDS analyses indicate that a fully exposed and developed 

HafSOx film is converted into a hafnium oxide hydroxide product.  

     We have extended these findings to examine fine-scale patterning of 9 nm wide lines 

using electron-beam lithography to write the lines at defined spacing by following the same 

processing steps as those used for the blanket films. A cross sectional TEM image, 

representing decreasing line spacing from 44 to 11 nm, is shown in Figure 7.4a. The 

average full width at half maximum (FWHM) line width is 9.0 ± 0.7 nm. The features are 

readily resolved to the smallest spacing of 11 nm and a line−line distance of 21 nm. The 

rounded profiles reflect the modest development contrast of the system.[2] Initially, the as-

processed features are amorphous, i.e., similar to the blanket film (Figure 7.2). After  
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Figure 7.4. TEM cross sectional image of an electron-beam patterned HafSOx film after 

800 µC/cm2 exposure and development in 25% TMAH (a), HR-TEM image of single line 

(b) and fast Fourier transform (c) of region indicated in (b). 
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extended electron-beam exposure, the features are found to crystallize as monoclinic HfO2 

(Figure 7.4b). A Fourier transform (Figure 7.4c) of the atomic-resolved image indicates 

that the grain is oriented along the [101] zone axis. A very thin layer of residual material 

containing Hf is consistently observed between the lines, independent of spacing (Figure 

7.4a). The TEM image of Figure 7.4b indicates that this residual is 1−2 nm thick and 

consists of small, discrete structures. HafSOx precursor solutions contain nanosized 

clusters (diameter ≈ 1 nm), and remnants of individual nanoclusters may become strongly 

bound to the substrate during the patterning process. At all of the line spacings, secondary 

electrons can also initiate exposure chemistry.  

     This exposure could enhance interactions between the deposited film and the substrate 

or simply render these regions insoluble during development. A small increase in residual 

material thickness is observed at the smallest line spacing, where the thinnest portion is 2 

nm. The image contrast is darker and more uniform relative to that of the discrete structures 

between the more widely space lines (Figure 7.4b). The buildup and broadening of the 

profile tails between the patterned lines are likely due to proximity effects associated with 

scattered electrons.  

     Overall, the findings can be well-correlated to the chemistry expected for the HafSOx 

system, i.e., Hf(OH)1.6(O2)0.5(SO4)0.7· qH2O. The binding of peroxide and sulfate to Hf in 

small nanosized clusters inhibits olation and condensation reactions. As demonstrated, 

exposure to radiation drives peroxide decomposition,[22] inducing condensation reactions 

that lead to diminished solubility in TMAH(aq). However, this radiation induced 

condensation does not lead to full densification, because sulfate remains a mobile species. 

Because the films are solid acids, they are neutralized on contact with TMAH(aq), resulting 
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in extraction of sulfate. This sulfate is replaced with −OH, which sets the stage for 

additional condensation. The insolubility of the final product is thus initiated by both 

radiation and the follow-on development chemistry. 

Conclusions 

     In this study, we have demonstrated the utility of high-resolution imaging and 

composition-mapping techniques for examining selected chemical steps contributing to the 

direct patterning of an inorganic material at feature sizes near 10 nm. The techniques have 

been successfully used to identify key aspects of condensation, sulfate exchange, and 

residual formation that contribute to pattern fidelity within the HafSOx system. We expect 

that the methods discussed herein will provide important information in future studies 

addressing near atomic-scale characterization of new classes of inorganic materials that 

hold promise for patterning at unprecedented resolutions. 
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Abstract  

Polyoxometalates and related metal oxide thin films formed by the condensation of 

nanoscale clusters are promising inorganic resist materials for ultrahigh resolution 

lithography. Under acidic conditions, hafnium ions, in an appropriate solution, form very 

small clusters (radius < 1 nm). By controlling the assembly of clusters into thin films which 

contain radiation sensitive species, very high resolution patterns can be written with UV 

photons or electrons. Here we elaborate on the mechanisms which control the thermal and 

radiation chemistry of these materials and ultimately the sensitivity and resolution which 

can be obtained. Raman and X-ray photoelectron spectroscopies are used to follow the 

coordination of sulfate and peroxide ligands in films as a function of thermal processing 

and radiation exposure. Results from the spectroscopic studies are correlated with direct 

measurements of film solubility and resist sensitivity. Small changes in the solution 

chemistry of the film precursors yield significant differences in the patterning properties of 

the final films. The ability to control condensation chemistry and radiation sensitivity is 

critical to further developing cluster based materials which can be directly patterned at the 

nanoscale.  
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Introduction 

The ability to pattern materials at ever smaller length scales has driven advances in 

electronics, photonics, plasmonics, micro/nano-electromechanical systems, and sensor 

technologies. To continue to decrease the feature size that can be achieved with photon and 

electron beam based lithographic patterning, improvements in resists are necessary. 

Chemically amplified resists have become the standard since they were first introduced by 

IBM in the 1980s. While these resists have excellent sensitivity, acid diffusion, statistical 

dose fluctuations and other factors contribute to line edge roughness (LER) and limit 

resolution.[1] Very high resolution has been achieved with non-chemically amplified 

resists such as a poly(methyl methacrylate) (PMMA)[2, 3] and hydrogen silsesquioxane 

(HSQ)[4, 5] but conversely these materials require large exposure doses. As pattern 

dimensions continue to shrink, the molecular and nanoscale structure of the resist itself 

becomes increasingly important. Large LER in polymeric resists has been attributed to the 

formation of polymer aggregates with sizes on the order of tens of nanometers.[6-8] Low 

LER in resists of calixarene[9], molecular glasses[10], HSQ[11], and nanoparticles[12] 

have been attributed to the small size and uniformity of the fundamental nanoscale units 

which make up these materials. We are not aware of definitive proof of the LER to cluster 

size correlation, although the rationale has appeared often in the literature. 

Films formed by the deposition of aqueous polyoxometalate clusters offer a very 

promising approach to nanoscale patterning. If clusters size is in fact critical, then highly 

monodisperse clusters can be synthetized and used to produce films with cluster/grain size 

well below what is typically achieved with other methods. Many metal oxides have 
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relatively high absorbance for EUV (13.5 nm) lithography.[13] Additionally, inorganic 

materials offer very high etch resistance which enables thinner resists and prevents pattern 

collapse of high aspect ratio features.[12] Thinner films also reduce proximity effects and 

enable higher resolution.[4] Recently, we showed that metal oxide sulfates (MSOx) 

demonstrate very high resolution, moderately high sensitivity, and exceptionally low 

LER.[14-16] We believe that the resist chemistry that leads to pattern formation is based 

on the controlled condensation (by photon or electron radiation) of metal oxide clusters 

which are deposited from aqueous solutions using spin-coating.  

In this contribution, we elaborate on the thermal and radiation chemistry of the 

hafnium based system (HafSOx). Under acidic conditions in the absence of strongly 

complexing anions, hafnium is believed to form tetranuclear clusters, while in solution, 

with the formula [Hf4(OH)8(H2O)16]
8+ as shown in Figure 8.1a.[17, 18] Both sulfate and 

peroxide are known to coordinate strongly to hafnium (IV),[19] and may change the 

predominant cluster species in solution. Very smooth, amorphous films can be deposited 

from hafnium sulfate solutions,[20] while the addition of radiation-sensitive peroxide 

ligands yields a smooth film that can be directly patterned using UV light or electron 

beams.[14-16] By monitoring the chemical changes that occur in the film as a function of 

annealing temperature and radiation exposure, a more mechanistic understanding of the 

roles these coordinating ligands play in determining film properties emerges. The 

sensitivity and resolution of the resist is strongly dependent on the composition of the film 

precursors. The results presented here are an important step towards understanding and 

controlling condensation chemistry in resists formed from metal oxide clusters and will 

help to advance the development of future classes of inorganic resists. 
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Figure 8.1. (a) Structure of hafnium tetramer. White: hafnium; Green: hydroxyl oxygen; 

Purple: oxygen in bound water. (b) DLS size analysis for a 150 mM HafSOx solution as a 

function of solution age. (c) TEM image of hafnium sulfate clusters. (d) Cross-sectional 

TEM image of a spin-coated HafSOx film on a Si/SiOx substrate with an amorphous 

carbon protecting layer. 
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Experimental 

Solution Precursor Preparation. 

     A hafnium stock solution was prepared from HfOCl2∙8H2O (98+%, Alfa Aesar) and 

18.2 MΩ purified water at approximately 1 M concentration. The exact concentration was 

determined gravimetrically by conversion of a known volume of solution to solid hafnium 

oxide. 1 M H2SO4 (BDH Chemicals) and 30 wt% H2O2 (Macron) were used as received. 

All HafSOx solutions were prepared by mixing HfOCl2, H2O2, and H2SO4 solutions and 

diluting with 18.2 MΩ purified water to the appropriate concentration. A standard 

HfOCl2:H2O2:H2SO4 ratio of 1:3:0.7 was used in all HafSOx films unless otherwise noted. 

For other films with different ratios, the sulfate to hafnium molar ratio varied from 0.1 to 

2. The peroxide to hafnium molar ratio varied from 0 to 7. The molarity of the precursor 

solution is given with respect to hafnium. 

Film Deposition  

     For experiments using a quartz crystal microbalance (QCM), thin HafSOx films were 

deposited onto QCM crystals with SiOx coatings designed for liquid applications (Inficon). 

Prior to deposition, the QCM crystals were cleaned with a UV/ozone treatment to generate 

a hydrophilic surface. For Raman spectroscopy, films were deposited on sapphire or 

aluminum substrates (80 nm Al/200 nm thermal SiO2/Si). For all other experiments films 

were deposited on Si<100> substrates with native oxide. Prior to deposition the silicon 

substrates were rinsed with deionized water, acetone, and isopropanol, and then treated 

with oxygen plasma for 5 – 10 minutes. All films were deposited via spin coating at 3000 

rpm for 30 s, followed by a thermal anneal on a hotplate at temperatures from 70 – 300 °C. 
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Dynamic Light Scattering (DLS)  

     DLS measurements were taken using the Mobiuζ instrument from Wyatt technologies. 

The samples were filtered using a 0.1 μm PTFE syringe tip to remove any particulate 

matter. The hydrodynamic radius (Rh), and polydispersity were determined using 

Dynamics software where the data was averaged over 20 measurements with 5 second 

integration time per acquisition.  

Microscopy  

     Transmission electron microscopy (TEM) imaging was performed using an FEI Titan 

80-200 TEM operating at 200 kV. For cluster images, a surface functionalized TEM grid 

(NanoPlus, Dune Sciences) was placed face down on a drop of a 150 mM HafSOx solution. 

The grid was then placed face down on deionized water to rinse off excess material. TEM 

cross sections were prepared via the focused ion beam lift out method on a Quanta 3D Dual 

Beam scanning electron microscope. Atomic Force Microscopy (AFM) images were 

acquired with a Bruker Innova AFM in intermittent contact (tapping) mode using silicon 

probes with a resonance frequency of 300 kHz and a force constant of 40 N/m (Budget 

Sensors).To correct for sample tilt and scanner bow, images were leveled by polynomial 

background subtraction. Scanning electron microscopy (SEM) imaging was performed on 

an FEI Nova NanoSEM 230 operating at 5 kV. 

Raman Spectroscopy  

     Solution Raman spectra (500-3000cm-1) were collected on a Thermo Scientific DXR 

SmartRaman spectrometer with a 780 nm laser source. Thin film Raman spectra were 

collected using a Horiba LabRAM 800 equipped with a 532 nm laser source, 300 lines/mm 
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grating, and a 100x objective. The Raman frequency shift was calibrated using a SiO2 

standard.  

Quartz Crystal Microbalance  

     QCM measurements of film etch rate were measured with an RQCM (research quartz 

crystal microbalance) and PLO-10i (phase lock oscillator) system from Inficon. QCM 

crystals were placed in a crystal holder designed for contact with liquids. Crystals were 

immersed in tetramethylammonium hydroxide solutions (electronic grade, Alfa Aesar) and 

the change in resonance frequency was monitored with a frequency counter (Keithley) and 

recorded using custom software. 

X-ray Photoelectron Spectroscopy (XPS)  

     XPS spectra were acquired with a Thermo Scientific K-alpha X-ray photoelectron 

spectrometer with an Al Kα (1486.6 eV) micro-focused monochromatic X-ray source and 

ultra-low energy electron flood gun. A pass energy of 50 eV was used for high-resolution 

element-specific XPS spectra. All spectra were analyzed with the Avantage software 

package from Thermo Scientific. The binding-energy scale was calibrated with the 

adventitious carbon 1s peak at 284.8 eV.  The number of O peaks was set to two, and peak 

full width half maxima (FWHM) were constrained to be in the range of 1.7-1.8eV for peak 

fitting of the oxygen 1s spectra. The peak fitting was conducted with mixed Lorentzian and 

Gaussian peak shapes, while for background we used the “Smart” Shirley method. 

Peroxide analysis  

     The peroxide content of the thin films was measured using standard permanganate 

titrations and compared to the hafnium content measured by inductively coupled plasma 

optical emission spectrometry (ICP-OES). Samples were prepared by stripping films from 
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silicon wafers with 1 M sulfuric acid. A portion of the sample was titrated with KMnO4 for 

peroxide analysis and the remainder was diluted with 1% nitric acid for ICP analysis. The 

hafnium concentration was determined using a Teledyne Leeman Prodigy ICP-OES in 

axial mode using spectral lines of 277.33 and 239.33 nm. Standards were made by diluting 

a 1000 ppm hafnium standard (Inorganic Ventures) with 1% nitric acid.  

 

Results and Discussion 

First, we establish that the film precursor solutions consist of discrete nano-sized 

clusters. Figure 8.1b shows DLS data for a 150 mM HafSOx solution. The sample was kept 

refrigerated at 5 °C and aliquots were taken periodically for size analysis. The clusters have 

a hydrodynamic radius of approximately 1 nm and no change in size is observed over the 

course of several months. The size was also measured directly with TEM. Clusters with a 

radius of 1-2 nm were imaged and are shown in Figure 8.1c. The size measured by TEM 

is larger than that measured by DLS, possibly due to small amounts of aggregation that 

occur when the samples are dried on the TEM grid. The size from DLS is also larger than 

would be expected for the hafnium tetramer.[21] Since DLS measures the hydrodynamic 

radius of a species, the larger DLS radius could also result from solvent and/or counterion 

association with the clusters.[22] The addition of sulfate and peroxide ligands results in 

more highly polymerized species consistent with prior work on zirconium sulfate 

solutions.[23, 24] Figure 8.1d shows a cross-sectional TEM image of a HafSOx film 

deposited via spin coating on Si/SiOx substrates. This image illustrates the very low 

roughness of the film, which can be attributed to the small size of the clusters in the 

precursor solution. Surface roughness also correlates with sidewall roughness in fully 
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developed patterns.[7, 8, 11] The exceptional smoothness of HafSOx films correlates well 

with the very low LER observed in our patterned films.[14, 15] 

 The coordination of sulfate and peroxide ligands to the clusters was studied using 

Raman spectroscopy. Figure 8.2a shows the Raman spectra of the precursor solution, as 

well as sulfuric acid and hydrogen peroxide for comparison. The ν(O-O) vibration in free 

(uncoordinated) peroxide appears at 876 cm-1 as seen in the spectrum of aqueous hydrogen 

peroxide. The coordination of peroxide to the hafnium clusters results in a new stretch at 

834 cm-1 consistent with what has been observed previously for peroxo complexes of 

hafnium and zirconium.[25-27] Typically a large excess of peroxide, usually 3 molar 

equivalents of peroxide relative to HfOCl2, is added to the precursor solution to stabilize 

the small hafnium clusters and prevent the formation of an insoluble network. Peroxide 

acts as a capping ligand which prevents olation and condensation similar to acetylacetonate 

or carboxylate ligands commonly used in sol gel chemistry.[28] While a significant amount 

of free peroxide is typically present in the solutions, only bound peroxide is present in the 

final (pre-radiation exposure) films (Figure 8.2a). Similar to monitoring the peroxide, the 

coordination of sulfate to the hafnium clusters can be followed in the Raman spectra. Free 

sulfate and bisulfate appear at 982 and 1050 cm-1 respectively[29] as seen in the spectrum 

of aqueous sulfuric acid (Figure 8.2a). At least two new vibrational modes appear for 

sulfate coordinated to hafnium, with peaks at 967 and 1004 cm-1. Similar spectra have been 

reported for other sulfate complexes.[30, 31] Both free and bound sulfate are present in the 

precursor solution, but films contain primarily bound sulfate.        

As a radiation sensitive ligand, peroxide plays an important role in the patterning 

chemistry (vide infra). The number of peroxide ligands that can bind to each cluster is  
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Figure 8.2. Raman spectra of (a) hydrogen peroxide, sulfuric acid, the HafSOx precursor 

solution, and HafSOx films made with and without peroxide. (b) HfOCl2 solutions with 

increasing concentrations of hydrogen peroxide. (c) HafSOx films annealed at 

increasingly high temperatures. (d) A HafSOx film before and after exposure to electron 

beam radiation.    
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likely an important factor that influences the sensitivity of the final resist. We therefore 

sought to characterize the relative amount of bound peroxide in the precursor solutions and 

resulting films. Figure 8.2b shows Raman spectra of HfOCl2 solutions with increasing 

amounts of hydrogen peroxide. For low peroxide concentrations, all of the peroxide 

coordinates to the cluster and only the stretch at 834 cm-1 is observed. With increasing 

amounts of peroxide, the free peroxide stretch at 876 cm-1 appears and grows in intensity, 

while the intensity of the bound peroxide stretch saturates. The free peroxide stretch first 

appears when the peroxide to hafnium molar ratio reaches 0.5, indicating that 

approximately 2 peroxide ligands can coordinate to each hafnium tetrameric unit. This is 

consistent with prior investigations which propose that two peroxide groups replace four 

hydroxyl groups in the tetramer to form [Hf4(O2)2(OH)4(H2O)16]
8+.[32] The peroxide to 

hafnium ratio was also measured in films. As deposited, the films are soluble and can be 

rinsed from the substrates for analysis using standard wet chemical techniques, such as wet 

etching with tetramethylammonium hydroxide (TMAH). The peroxide to hafnium molar 

ratio was determined to be 0.67±0.09 from permanganate titration and ICP-OES analysis. 

Both the solution and thin film analysis indicate that the number of peroxide ligands that 

are able to bind to each hafnium cluster is relatively small, with less than one peroxide 

group per hafnium ion. 

Figure 8.2c shows Raman spectra of thin films annealed at the indicated 

temperatures for three minutes. The peroxide group was found to be thermally stable in the 

films and shows only a 20% loss in intensity in the Raman spectrum when annealed to 125 

°C. Figure 8.2d shows Raman spectra for a film soft-baked at 80 °C before and after 

exposure to a 5 kV electron beam with a dose of 800 μC/cm2. The Raman peak associated 
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to peroxide bound to Hf is completely eliminated under this electron beam exposure. Thus 

the peroxide group exhibits relatively high thermal stability, but is readily eliminated by e-

beam radiation. This selectivity is an important factor why peroxide groups are central in 

enabling inorganic resists to function. 

The reactions in the HafSOx films were further explored using XPS. Figure 8.3a 

shows a typical O 1s spectrum obtained after a relatively long x-ray exposure (> 30 min.).  

The O 1s peak can be resolved into two components. The higher binding energy (BE) O 1s 

peak at 532.0 eV (peak A) is assigned to oxygen in hydroxyl and sulfate groups.[33-37] 

The lower BE O 1s peak at 530.2 eV (peak B) can be attributed to oxygen in the Hf-O-Hf 

network, similar to hafnium oxides.[35-38] Figure 8.3b shows the evolution of the O 1s 

spectrum with increasing number of scans and exposure to X-rays. The increase in the 

intensity of the lower BE peak is consistent with the growth of the oxide network with 

continued exposure to radiation. Figure 8.3c plots the atomic percent of peak B out of the 

total oxygen (peak A + peak B), which provides a quantitative method to monitor the 

dynamic formation of the Hf-O-Hf network. In the unexposed films, peroxide groups 

prevent condensation and very little of peak B can be resolved. Radiation-induced 

decomposition of peroxide groups leads to oxide network formation which saturates around 

30 scans, corresponding to a flux of order 1015 - 1016 photons/cm2.  

Film condensation was also monitored using XPS for films spun from solutions 

with different amounts of peroxide (Figure 8.3c). HafSOx films made without H2O2 

initially show significant oxide network formation, and no increase is observed with 

increasing X-ray exposure. Films made with at least a 0.5 peroxide to hafnium ratio in 

solution show very similar behavior with respect to condensation. This is consistent with  
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Figure 8.3. (a) XPS O1s spectra of a HafSOx film collected after a long X-ray exposure 

time (>30 min.). (b) XPS O1s peak evolution with increasing number of scans. (c) 

Quantitative comparison of O 1s peak evolution for HafSOx films with increasing 

amounts of peroxide. (d) Quantitative comparison of O 1s peak evolution for HafSOx 

films with increasing amounts of sulfate.  
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results from Raman spectroscopy and wet chemical analysis which indicate that the amount 

of peroxide in the films saturates at less than one peroxide group per hafnium ion. 

     Increasing the amount of peroxide in the solutions above a molar ratio of 0.5 does not 

cause further changes in the radiation chemistry of the films. The XPS results provide 

further evidence to the argument that oxide network formation is driven by the 

decomposition of peroxide groups. 

     Film condensation can also be controlled by the concentration of sulfate groups. Figure 

8.3d plots the atomic percent of peak B out of the total oxygen for films made with different 

sulfate concentrations. Films with a lower sulfate concentration show a higher percentage 

of oxygen coordinated as oxide at the beginning of X-ray exposure. All films with the 

sulfate to hafnium ratio < 2 show increasing oxide formation with longer X-ray exposure. 

The curves also follow the same slope, which confirms that similar amounts of peroxide 

are present in the films to drive further condensation. When the hafnium to sulfate ratio is 

equal to 2, no measurable oxide is present. Since the stoichiometry of the film is close to 

Hf(SO4)2, no additional oxide or hydroxide ligands are needed for charge balance.  

     The condensation reactions that occur upon exposure to radiation result in a decrease in 

solubility of the exposed regions. To further understand how changes in processing 

conditions influence film solubility, film dissolution was monitored using QCM. Films 

were deposited on QCM crystals, and the change in mass was monitored as the films were 

dissolved in TMAH solutions.[39, 40] Figure 8.4a shows results for the dissolution of films 

made with and without peroxide. The films made with peroxide are significantly more 

soluble as seen by the much larger loss in mass. These results provide further evidence that 

peroxide acts as a capping ligand, preventing olation and network formation. Annealing  
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Figure 8.4. QCM measurements of the dissolution of (a) HafSOx films with and without 

peroxide developed in 5% TMAH. (b) HafSOx films with sulfate: Hf ratio of 0.5 and 0.8 

annealed at increasing temperatures and developed in 25% TMAH. (c) HafSOx films 

with increasing sulfate: Hf ratio developed in 5% TMAH. (d) HafSOx films with 

increasing sulfate: Hf ratio developed in 25% TMAH.  
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temperature is another important factor that changes solubility. Figure 8.4b show that films 

quickly transition from soluble to insoluble with only a 20 °C increase in the soft bake 

temperature. The minimal amount of energy required to significantly change the solubility 

of HafSOx explains the high sensitivity of this material relative to other non-chemically 

amplified resists.14-16 Figures 8.4c and 8.4d present data for films made with different 

amounts of sulfate. Films with more sulfate etch more quickly while films with too little 

sulfate are largely insoluble. This is consistent with the XPS results that indicate the 

formation of Hf-O-Hf networks at low hafnium to sulfate ratios, as well as the solubility 

trends of hafnium sulfate salts. Neutral hafnium sulfates (salts without hydroxyl groups 

with a sulfate to hafnium ratio of 2) such as Hf(SO4)2·nH2O are highly soluble whereas the 

basic salts (salts with hydroxyl groups with a sulfate to hafnium ratio less than 2) such as 

Hf(OH)2SO4·nH2O tend to be less soluble. Comparing figures 8.4c with 8.4d indicates that 

films are also more soluble in more concentrated TMAH developer.  

The results from the XPS and QCM studies indicate that the solubility of HafSOx 

films is controlled by a number of variables including the addition of peroxide, amount of 

sulfate, annealing temperature, and concentration of the TMAH developer. Important resist 

properties such as resolution and sensitivity can also be optimized by controlling these 

same variables. Figures 8.5a and 8.5b show SEM images of arrays that were patterned into 

a HafSOx film using electron beam lithography. The squares are patterned using an 

electron beam dose which increases from 100 to 1500 μC/cm2 in increments of 40 μC. 

Similar arrays were imaged by AFM to produce the contrast curve shown in Figure 8.5c. 

For low doses, the films remain soluble. The dose at which the films become insoluble  
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Figure 8.5. (a-b) SEM images of contrast arrays generated by patterning films with 

increasing electron beam exposure doses. The HafSOx films have sulfate:Hf ratios of (a) 

0.7 (b) 0.85. (c) Contrast curve generated from AFM images of contrast arrays similar to 

those shown in (a-b).  
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(resist sensitivity) is easily tuned by changing the amount of sulfate in the resist. The films 

with lower sulfate concentrations (Figure 8.5a) were more sensitive than the film with 

higher sulfate concentrations (Figure 8.5b), but it was found that this increase in sensitivity 

comes at the expense of resolution.  

Table 8.1 summarizes the XPS analysis of HafSOx films made with different 

amounts of sulfate and presents an approximate film stoichiometry. The stoichiometry was 

derived using the composition determined by XPS and the requirement for overall charge 

balance for the film. In this analysis 0.5 peroxide groups are included for each hafnium, 

based on our Raman spectroscopy results. Film condensation is governed by two 

competing mechanisms. Condensation can occur thermally through the hydroxyl groups or 

it can proceed via a radiation stimulated pathway through the decomposition of peroxide 

groups. For a fixed peroxide concentration, the amount of sulfate can be adjusted over a 

wide range. Increasing the amount of sulfate in the films reduces the number of oxide and 

hydroxide groups which drive condensation. Changing the amount of sulfate in the films 

is, therefore, one means to control film solubility and resist sensitivity. Similarly, resolution 

and other resist properties can be optimized through careful control of the coordination of 

the different ligands (peroxide, sulfate, oxide, and hydroxide). One limitation of the 

HafSOx system is the relatively small number of peroxide groups that can coordinate to 

hafnium. This likely limits the sensitivity which can be achieved with this material. Metal 

ions which can coordinate to multiple peroxide ligands such as chromium, molybdenum, 

or tungsten may be of interest for increasing the sensitivity of this family of inorganic 

resists.    
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Table 8.1.  Normalized atomic percent of Hf, O, S for HafSOx films with increasing 

sulfate:Hf molar ratios from XPS analysis. An approximate film stoichiometry derived 

from the XPS composition is also shown.   
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Conclusions 

 Peroxo hafnium sulfate clusters offer a promising approach to nanoscale patterning 

because the small cluster size enables high resolution and low line edge roughness. 

Peroxide groups are effective capping ligands which limit condensation in the films and 

increase solubility prior to exposure. Peroxide ligands are decomposed by photon and 

electron radiation, resulting in controlled condensation in exposed regions and formation 

of an insoluble hafnium oxide network. The resolution and sensitivity of the HafSOx 

system are easily tuned by changes in the sulfate content of the films, annealing 

temperature, and concentration of the basic developer.  
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Conclusions 

 

     The preceding body of work has explored a small part of the diverse chemistry of 

hafnium.  The focus on aqueous processing of hafnium for the purpose of thin-film 

applications has been shown to offer a sustainable approach to today’s problems.  The 

elucidation of the thermal mechanisms for two precursors and the incorporation of other 

elements into these systems show there is a nearly endless potential for the continuation of 

this work.  The uses of aqueous processed hafnium based thin films for the applications of 

preventing rehydration of a dielectric as well as the mechanisms behind the lithographic 

processes for HafSOx have also been covered.   

     For continuation of this work the incorporation of pulsed laser annealing or microwave 

annealing for the dehydration of films from the HafNOx solution is recommended.  For the 

alkaline hafnia precursor, further investigation into purification and film morphology are 

critical next steps to understanding this material.  This work should also be followed up 

with electrical characterization for investigation as a possible dielectric.   

     The work on HafSOx should focus primarily on the nature of the peroxide bonding 

environment and the removal of chlorine as a means to extend the shelf life of the precursor. 

     For all systems, an understanding of the transition from isolated cluster to continuous 

film should be studied using pair distribution function (PDF).  As this technique is new for 

thin-film analysis, the large Z of hafnium would make it a great material for early 

development of the technique. 
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Appendix 

Supporting Information- Chapter 5 

Aqueous process to limit hydration of thin-film inorganic dielectrics 

Cory K. Perkins, Ryan H. Mansergh, Deok-Hie Park, Charith E. Nanayakkara, Juan C. 

Ramos, Shawn R. Decker, Yu Huang, Yves J. Chabal, and Douglas A. Keszler* 

 

Figure S1. FTIR difference spectra obtained for as-synthesized AlPO film after 

annealing to 150 °C starting from 45 °C (black), after exposed to D2O (1.3 Torr × 60 s) 

(red) and after annealing to 150 °C by referencing to spectra after the previous treatment 

(blue). The absorbance spectra after 150 °C presented above were obtained by 

referencing the spectrum collected at 45 °C after annealing to 150 °C to the spectrum 

collected at 45 °C (before annealing). All the spectra were recorded at 45 °C. The 

thickness of the film was 42 nm after the in-situ treatment sequences of 150 °C anneal, 

D2O exposure, and 150 °C anneal steps.  
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The effect of having HfO2 capping layer on water reabsorption for 120 nm AlPO films was 

highlighted using FTIR (Figure S2). The samples were loaded in an environmental 

chamber and annealed to 350 °C prior to exposure to heavy water (D2O). There was a 

substantial loss of OH/H2O after annealing to 350 °C for the uncapped film in contrast to 

the capped film (Figure S3). The spectra show no water resorption for the AlPO layer of 

the capped sample, consistent with the TPD data, as the area under the OD absorption band 

is smaller than the amount of water found in 20 nm HfO2 only film. A higher uptake of 

water for the AlPO only film after the D2O exposure right after the 350 °C anneal was also 

observed, consistent with the TPD data.  
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Figure S2. FTIR difference spectra obtained for a 120 nm AlPO film, after annealing to 

350 °C (black), after exposed to D2O (1.3 Torr × 60 s) (red) and after annealing to 150 °C 

(blue) by referencing to spectra after the previous treatment. 
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Figure S3. FTIR difference spectra obtained for 20 nm HfO2-capped 120 nm AlPO film, 

after annealing to 350 °C (black), after exposed to D2O (1.3 Torr × 60 s) (red), and after 

annealing to 150 °C (blue) by referencing to spectra after the previous treatment. Note: 

there is little to no structural change in phosphate region for the capped film due to the 

lack of heavy water resorption. 
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Figure S4. FTIR difference spectra of 82 nm AlPO, after stepwise annealing to 350 °C 

referenced to spectra after the previous treatment. The absorbance spectra after 350 °C 

presented above is obtained by referencing the spectrum collected at 45 °C (pink dashed) 

after annealing to 350 °C (gold dashed) to the spectrum collected at 45 °C after annealing 

to 250 °C. All the spectra were recorded at 45 °C. Spectra were recorded for samples 

annealed to 80 (black), 150 (red), 250 (blue), and 350 °C (green). The dashed lines 

represent the absorbance spectra obtained for the film by referencing the spectrum of the 

film at 45 °C to a clean SiO2 on Si (100) wafer and the film after annealing to 350 °C to a 

clean SiO2 on Si (100) wafer at 80 °C. 
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Figure S5. Integrated area of bidentate phosphate gain for 82 nm AlPO film as a function 

of integrated area of OH/H2O loss. This spectrum highlights the condensation reaction 

taking place upon annealing. 
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Figure S6. TPD spectra for HfO2 control experiments. Both the thick and thin HfO2 film 

did not show signs of resorption after the 14 day period after being heated to 550 °C. 
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Figure S7. TPD data for each of the HfO2-capped AlPO films showing the shift to higher 

temperatures for the maximum water response signal for the 41 nm HfO2-capping layer 

(red) and the 10 nm HfO2-capping layer (blue). These results, with the TEM results, 

suggest that a thicker HfO2 layer hinders the loss of water. 
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Figure S8. TPD data for water loss of AlPO films, 142 (red) and 141 nm (blue) thick 

films. Data highlight reproducibility of the TPD experiment. 

 


