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Hafnium Oxide thin films has had growing attention due hafnium oxide being used as 

a gate dielectric for MOSFET transistors and a potential next generation photoresist 

for sub 20 nm patterns. Extreme Ultra-Violet (EUV) lithography has been identified 

as the primary candidate technology for generation of sub-20 nm patterns. Current 

polymer based resists exhibit significant limitations at these resolutions due to high 

edge roughness, low etch resistance and high aspect ratio. Inorganic resists have 

gained much attention recently due to the high achievable resolution, high etch 

resistance and low edge roughness but generally suffer from low sensitivity to EUV 

photons. The low intensity of current EUV sources necessitates significantly higher 

sensitivity than what has been demonstrated for purely inorganic high resolution 

resists. A hybrid organic/inorganic approach shows significant promise for potential 

next generation resists by binding photo sensitive organic ligands onto a metal oxide 

to produce a negative tone photoresist. In this study we sought to characterize the sol-



 

 

gel deposition of HfO2 thin films and the interactions of molecular and atomic species 

from carboxyl functionalized HfO2 thin film to gain insight into the thermal and 

radiation induced desorption characteristics that ultimately enable sensitivity 

improvement of inorganic films. Two different carboxylic acid ligands (Methacrylic 

Acid and Benzoic Acid were used in this surface characterization study. The Hafnium 

Oxide films with a self-assembled monolayer of carboxylic acids were characterized 

via ATR FT-IR, water droplet contact angle, X-ray photoelectron spectroscopy 

(XPS), Temperature Programed Desorption (TPD) and Electron Stimulated 

Desorption(ESD). 
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1.  Introduction 

  

Extreme ultraviolet (EUV) lithography has been identified as a promising 

technology for generating sub-20-nm patterns that will be required for semiconductor 

manufacturing in the future. However, current polymer-based photoresists have 

significant limitations at sub-20-nm resolution, including high line edge roughness, low 

etch resistance, and pattern instability. A new photoresist technology is required that can 

achieve pattern sizes in the sub-20-nm range while minimizing these limitations of by 

means of EUV. 

 A particularly promising material for EUV lithography are hybrid 

organic/inorganic-nanoparticle films composed of HfO2 and ZrO2 with photosensitive 

ligands.
1-2

 These resists have been shown to maintain high aspect ratios in the 30-40 nm 

range without collapse. Hafnium is of particular interest for EUV due to its high 

absorption cross-section and its ability to make uniform defect-free thin films.
3,4

  For 

these films to be useful as photoresists, however, they must also demonstrate high 

sensitivity and optimum absorbance. Fortunately, their hybrid nature allow high control 

of the deposited film density and absorbance by varying the organic-to-inorganic content 

ratio during synthesis.
5
  

Several different ligand functional groups are able to bind to the HfO2 surface, 

such as phosphates and various thioates and carboxylates.
6
 Of these, carboxylates are 

particularly sensitive to EUV and provide a direct mechanism for changing film 

solubility.  Thermal-stability studies of carboxylate bound ligands on HfO2 surfaces can 
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provide information about which temperatures should be avoided during processing to 

minimize decomposition of the hybrid photoresist. 
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2.  Analytical Techniques 

 

2.1 Temperature-Programed Desorption (TPD) 
 

Temperature-programmed desorption (TPD) is a thermal technique for 

characterizing the surface kinetics and chemical stability of thin films. In a typical TPD 

setup, a sample is heated in an ultra-high vacuum (UHV) chamber and the desorption 

products are monitored by a quadrupole mass spectrometer. At the desorption 

temperature, the species on the surface has sufficient thermal energy (typically referred to 

as desorption energy, Ed) to desorb from the surface and escape into the gas phase and be 

analyzed by the mass spectrometer. Figure 1 shows a photo of the TPD system. 

The rate of desorption can be described by the Polanyi-Wigner equation , where 

the desorption rate (rd) is related to the rate change of surface coverage with time (dθ/dt). 

The most general form given below relates the desorption rate to the pre-exponential 

factor (vn), chemical process order (n), desorption activation energy (Ed), and surface 

temperature (T), and Boltzaman’s constant (Kb) and gas constant (R).  

𝑟𝑑 =  
−𝑑𝜃𝑎

𝑑𝑡
=  −𝑣𝑛𝜃𝑛exp (

−𝐸𝑑

𝑘𝑏𝑇
)     (Eq. 1) 

Substituting a linear ramp rate (β) while applying the assumptions that the pre-

exponential factor and desorption energy are independent of coverage gives the reaction 

equation (2).
8
 

−
𝐸𝑑

𝑅𝑇𝑝
2 =  

𝑛𝑣𝑛

𝛽
𝜃𝑛−1exp (

−𝐸𝑑

𝑅𝑇𝑝
)      (Eq. 2) 

The resulting TPD desorption data peaks, when analyzed with respect to equation 

(2), can allow determination of the order of the desorption process. A first-order 

desorption has desorption peak temperature (Tp) for the maximum desorption rate, which 
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is independent of coverage and results in an asymmetric peak shape, while a second-order 

reaction has Tp shifted to lower temperature for increasing coverage and a symmetric 

desorption peak.
8
 

 

 

Figure 1: Image of ultra-high vacuum chamber for TPD. Top of the sample is the quadrupole 

mass spectrometer while the sample rests on a stage heater. 
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2.2 X-ray Photoelectron Spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is a widely used surface-analysis technique for determining 

the chemical composition of surfaces. XPS was developed in the mid-1960s by Kai 

Siegbahn and his research group at the University of Uppsala, Sweden.
9
 

The XPS technique is based on the photoelectric effect
10,11

 where a sample is 

irradiated with monoenergetic X-rays and emitted photoelectrons are detected. The two 

most common X-ray sources are Mg Kα (hv= 1253.6 eV) and Al Kα (hv= 1486.6 eV), 

although a wide variety of additional sources can be used, including Zr, Ag, Ti, Cr, and 

many others. Mg and Al are most commonly used because the resulting  Kα radiation has 

small line widths (0.7 and 0.85 eV, respectively
12

 ) and these X-rays are high enough in 

energy to emit core-level photoelectrons from all elements. X-rays incident on a sample’s 

surface have limited penetration depths of just a several micrometers.
12

 Figure 2 shows 

the process by which, at a material’s surface, X-rays interact with atoms resulting in 

emission of photoelectrons. The kinetic energy of the resulting photoelectrons is 

measured by an electron energy analyzer. The kinetic energy of the electron (Ek) is 

related to the photon energy (hv) in equation (3). 

𝐸𝑘 = ℎ𝑣 − 𝐸𝑏 −  𝜙𝑠      (Eq. 3) 

The atomic orbital binding energy (Eb) relative to the Fermi energy of the sample 

and work function of the spectrometer (ϕs) are defined. The binding energy is referred to 

the energy difference of the initial and final states of the photoelectron process. Atoms 

have several different atomic orbitals and, will produce a variety of photoelectrons with 
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different kinetic energy. Each atomic orbital has a different binding energy and 

differential ionization cross-section giving different kinetic energy along with different 

probabilities of producing a photoelectron.
12

 Each element exerts a different set of 

effective nuclear charge on each of their atomic orbitals, this translates to a unique 

photoemission spectrum. This unique fingerprint of elements is then used to identify 

elements and determine elemental concentration of the surface material.  

XPS spectra are very surface sensitive due to the short inelastic mean free paths of 

the generated photoelectrons, where the typical mean free path of electrons from a 

substrate is ~2nm.
13

 By orientating the sample for grazing emission angle, the relative 

analysis depth can be reduced to a much lower depth from the surface of the sample. This 

method diminishes the signal from the bulk of a film while increasing the relative signal 

intensity of the very top surface atoms. The sampling depth is limited to the distance 

electrons can travel through the solid material with no energy loss. Over a characteristic 

thickness (d) the fraction of electrons that leave the surface without energy loss (Ik) is 

related, flux of electrons (I0), inelastic mean free path (λ), film thickness (d), and take off 

angle from sample (θ). 
12

 

𝐼𝑘 =  𝐼0 ∗ exp (−
sin (𝜃)𝑑

𝜆
)     (Eq. 4) 

After identifying the elements on the surface high-resolution spectra are used to 

obtain chemical state information for atoms in the material.
12,14 

These high-resolution 

spectra are taken over a narrow binding energy range, with low pass energy, and small 

step size to differentiate chemical shifts for the same atomic transition. Chemical shifts 

are a result of the difference in chemical potential and polarizability of the compound.
12
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For example, a carbon-fluoride bond results in a shift of the C 1s spectrum to higher 

binding energy. Conceptually this is due to the high electronegativity of fluorine which 

causes a net transfer of carbon valence electrons to Fluorine. This results in the inner 

carbon core electrons moving closer to the carbon nuclei thus producing the higher 

binding energy of the C 1s electrons.
14

 Chemical shifts can be used to identify the 

chemical state of atoms at the surface of a material. 

For p-orbitals, d-orbitals and f-orbitals the resulting spectra produces a doublet 

peak. This splitting of the binding energy in these orbitals is a result of spin-orbit 

coupling. The electromagnetic interaction between the electron’s spin and the magnetic 

field generated by the electron’s orbit causes a shift in the atomic energy level of the 

electron. The resulting split peaks will have a specific area ratio based on the degeneracy 

of each spin state.
12

 

Auger electrons are also subsequently emitted during the photoemission process.
15

 

The presence of unique Auger peaks enhances the spectral fingerprint for each element.  

Auger electrons are produced when an electron from a higher orbital fills a lower orbital 

vacancy, while simultaneously a second electron is emitted, as illustrated in Figure 2 

The resulting emitted electron will have kinetic energy (Ek) equal to the difference 

in orbital energies as described in equation (5). Where Eb,a, Eb,b, and Eb,c are binding 

energy levels of three atomic orbitals and (ϕsp) is the work function of the spectrometer.  

 

 

 

 



8 
 

 

 

Photoelectron 

 

 

 

   Auger electron 

 

 

 

 

Figure 2: A) photoemission process of X-ray light generating core holes and an 

emitted photoelectron. B) Auger electron process in which excess energy from 

filling a core electron hole is transferred to emitting a valence electron.  

 

Quantitative interpretation of XPS spectra requires a model for predicting the 

intensity of photoemission peaks. The photoelectron intensity of each peak can be 

estimated using the X-ray flux (J), sample area irradiated (A), solid angle to the detector 

(Ω), detector efficiency (D), atomic density (ρ), differential photoelectron cross section 

(dσ/dΩ), and photoelectron inelastic mean free path (λ). All contribute to the measured 

intensity of each photoelectron peak for a uniform semi-infinite thick sample. 
12

 

𝐼𝑖 =  𝐽 • 𝐴 • 𝛺 • 𝐷 • 𝜌 • (dσ
dΩ⁄ ) • 𝜆    (Eq.5) 

  

  

  

     2p 

2s 

1s 

  

  

 

    

 

2p 

2s 

1s 
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Equation (7) can be rearranged to solve for a general atomic percentage of each 

atomic species by solving for the atomic density. The resulting terms in the denominator 

can be lumped together to give a relative sensitivity factor of each photoemission peak. 

𝜌 = 𝐼𝑖/ 𝐽 • 𝐴 • 𝛺 • 𝐷 • (dσ
dΩ⁄ ) • 𝜆    (Eq.6) 

 These sensitivity factors are only appropriate for homogeneous samples and 

correct for the differential cross section and inelastic mean free path, detector efficiency, 

solid angle and vary by element and appropriate core level. An approximate 

concentration of species (xi) in a semi-infinite solid can be used in equation (8).
14

 In order 

to determine elemental concentration the samples must be homogeneous and distinct 

from other photoemission peaks. Correction to peak intensity may be required if the 

photoelectron is attenuated through an over layer.
12

  

𝒙𝒊 =  
𝑰𝒊

𝑺𝒊
⁄

∑
𝑰𝒋

𝑺𝒋
⁄𝒏

𝒋=𝟏

        (Eq. 7) 

To ensure accuracy of XPS spectra obtained on a newly acquired PHI 

5600 Multitechnique XPS at Oregon State University (shown in Figure 3) an 

analyzer focal point and pass energy alignment calibration was required. After 

installation, the analysis focal spot, X-ray sources, and Ar
+
 ion gun required 

alignment to the same location on the sample. The spectrometer focal point was 

determined using a silver slotted sample holder shown in Figure 4. During this 

process the chamber camera is not effective at determining the analysis spot area. 

Instead, the across the slotted sample is moved until a reduction in the Ag 3d peak 

intensity is observed thus indicating that the analysis spot area is at a slot location. 

This process is subsequently repeated locating the 1000 μm slot to the 200 μm 
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slot and ultimately locating a 200 μm hole in the silver sample using the smallest 

analyzer aperture lens. The ion gun and monochromatic X-ray sources were 

aligned to the analyzer focal point using a phosphor screen that shows a bright 

visible luminescence at X-ray or ion beam location.  

The PHI 5600 spherical analyzer pass energy calibration was performed 

for pass energies off 187.9 eV to 11.75 eV. To ensure that the analyzer was 

properly energy calibrated (i.e that the binding energy for a photoelectron peak), 

from a well-defined sample remains constant for each pass energy. When the pass 

energy linearity is out of calibration, the spectra may be shifted from their true 

positions which will complicate analysis. To calibrate the spectrums we used the 

ASTM procedure
16

 on a gold and copper film which possess high intensity peaks 

over a broad range of binding energies as shown in Figure 5. The high intensity 

peaks of interest are the Au 4f7/2 83.9 eV and the Cu 2p3/2 932.6 eV as shown in 

Figure 6 and Figure 7. The survey spectrum indicates that carbon and oxygen 

impurities are present at the surface as indicated by the C 1s and O1s 

photoemission peaks which have binding energies of 285 eV and 531 eV 

respectively. Sputtering cleaning of the sample was performed until the C 1s peak 

and O 1s peak were less than 3% of the metal photoemission peaks to ensure that 

pure Cu and not copper oxide was observed in the spectra.
16

 The higher pass 

energies have a greater offset potential than the lower pass energy. Fine tuning, 

using the XPS analyzer potentiostat, allowed for calibration of photoemission 

peaks between pass energy settings that can result in a constant peak position for 

Au 4f7/2 at 83.9 eV and Cu 2p3/2 peak at 932.6 eV (Figure 8 and Figure 9). 
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Once the Au 4f7/2 peak was aligned to the same binding energy, the 

scaling of the instrument was set such that the difference between Cu 2p3/2 and Au 

4f7/2 was 848.7 eV. Once the scaling of the spectra has been calibrated, the 

binding energy of the peaks was linearly offset to the accepted values by adjusting 

the spectrometer work function. 

 

Figure 3: PHI Multitechnique 5600 XPS at Oregon State University. 

 

 

Figure 4: Silver slotted plate on recessed holder that is used for determining analyzer 

focal point.  



12 
 

 

 

Figure 5: XPS survey spectra of gold and copper substrate. Au and Cu sample is used for 

binding energy calibration. 
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Figure 6: High-resolution Au 4f  XPS spectra using 29eV pass energy 
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Figure 7:  High-resolution Cu 2p XPS spectra using 29eV pass energy 
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Figure 8: High-resolution Au 4f XPS spectra over high and low pass energies. 
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Figure 9: High-resolution Cu2p XPS spectra over high and low pass energies. 
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A depth profile compositional study of a thin film can be achieved by slowly 

etching the surface of a sample using an ion gun. Once the high energy ion hits the 

surface it will transfer kinetic energy to the surface atoms causing a collision cascade 

which results in atoms being removed from the surface. This allows for the controlled 

removal of substrate material from the surface. Depth profile scans be obtained by taking 

XPS spectra after different beam etch times to obtain compositional map of the sample. 

 

2.3 Fourier Transform Infrared Spectroscopy (FT-IR) 

 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR FT-IR) 

was used to study substances and identify molecular bonds. FT-IR is ideal for 

identification of functional groups on organic molecules.
17

 The theory of FT-IR is that 

molecular bonds have characteristic vibrational frequencies that absorb certain 

wavelengths of radiation. This leads to spectra having different peaks associated with 

molecular bonds from various elements and bond strengths. With an attenuated total 

reflectance attachment shown in Figure 10, the analysis of organics bound to a surface can 

be greatly increased due to the radiated light reflecting several times through the top 

surface. Each additional reflection provides additional absorbance of radiated light from 

surface adsorbates making observable peaks better defined.
18
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Figure 10:  ATR cell used on FT-IR for surface analysis.  

 

2.4 Spectroscopic Ellipsometry (SPE) 

 

Spectroscopic Ellipsometry (SPE) is a crucial technique for thin film 

characterization. SPE is a nondestructive optical technique that is able to obtain 

information on the optical constants, film thickness and uniformity.
19

 SPE uses planar 

polarized light of varying wavelengths from the UV-visible to IR range incident on the 

sample, schematic of SPE is shown in Figure 11.  At each interface a fraction of the 

incident light will either be reflected or refracted. Fresnel
19

 described the amount of light 

that would be reflected or transmitted between the interface of materials. Interactions 

with the interface will cause both the phase and amplitude of the reflected light to change. 

This results in the planar polarized light to become elliptically polarized and attenuated. 

The two components of reflectivity, for p-waves (Rp) and s-waves (Rs) can be used to 

produce a complex reflection coefficient (ρ). The fundamental optical equation for 

ellipsometry is given by equation (9).
19

 

𝜌 =  
𝑅𝑝

𝑅𝑠
= tan (𝛹)𝑒𝑖𝛥       (Eq. 8) 
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Where the complex reflection coefficient (ρ) is a function of the polarization 

phase (Ψ) and the polarization amplitude (Δ). The Ψ and Δ are dependent on wavelength 

of light (λ), angle of incidence (θi), refractive index (n) and  extinction coefficient (k), and 

the film thickness.
19

 Typically data is obtained over multiple angles of incidence to 

reduce ambiguity for analysis. Although Ψ and Δ vary the values of the optical constants 

remain the same.  

 

In order to model the thickness of a film, the index of refraction n must be 

approximated for transparent films. The Cauchey model is an empirical approximation 

for determining the index of refraction over all wavelengths.
19

 The Cauchey equation 

reduces the number of parameters required to match the experimental data and is given 

below. 

  

𝑛(𝜆) = 𝐴𝑛 +  
𝐵𝑛

𝜆2⁄ +
𝐶𝑛

𝜆4⁄     (Eq. 9) 

 

Care must be taken when generating models to match the optical data, and for the 

Caughey generated model that parameters An, Bn and Cn are varied to approximate the 

index of refraction. Care be be takes so that a local minima is not the best fitwhen 

comparing the mean square error of the model to the experimental data. Several iterations 

of varying values of the parameters in the Cauchey model are needed to find a global 

minima mean square error while obtaining a physically realistic model. It is also crucial 

to verify the index of refraction to the light wavelength so that the generated model is 
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physically accurate, as the index of refraction should decrease with increasing 

wavelength.
19

 

 

 

  

 

Figure 11: Incident light path over a sample showing the change in polarization. 

 

2.5 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) can be used to characterize the surface 

roughness of films.
20

 AFM images and surface roughness is measured through the 

deflection of a silicon nitride (Si3N4) tip that is approximately 15-40 nm across. The 

movement of the cantilever is precisely measured with a position sensitive photodiode 

which collects the reflection of a laser beam off the cantilever shown in Figure 12. AFM 

can be operated in several modes including contact, friction force, tapping and 

noncontact.
20

 For these studies the tapping mode was used. The tapping mode uses a 

piezoelectric drive that oscillates the cantilever at a known resonant frequency. The tip is 

brought down towards the surface to until a set voltage is reached between the tip and the 

surface after each cantilever oscillation.
20

 The resulting topographic image is produced by 

 
1) Single polarization 
light incident on 
surface 

2) Reflect off 
sample 

3) Elliptically 
polarized 
reflected light 
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measuring the changes in the oscillation amplitude or phase as the tip is scanned across 

the surface. 

 

 

 

 

Figure 12: AFM tip in tapping mode over a surface where the displacement in measured by an 

optical laser.  

 

 

2.6 Contact angle 

 

Surface droplet contact angle measurements were taken with a Goniometer. Water 

drop contact angle experiments are used to measure surface energy.
21

 When a drop of 

water is in contact with a surface, the droplet will spread across the solid surface 

depending on the surface energy. The interface where solid, liquid and air co-exist is 

referred to as the “three phase contact point”. 
21

At this three phase point (see Figure 13) 

the liquid contact angle follows Young-Dupré equation (11)
22

, which balances the solid 

vapor surface tension (γsv), with liquid vapor (γlv) and solid liquid (γls) tension. 

𝜸𝒔𝒗 =  𝜸𝒍𝒔 +  𝜸𝒍𝒗𝒄𝒐𝒔𝜽     (Eq. 10) 

 

Cantilever 

Position sensitive 
detector 

Laser 

Sample 
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 Optical measurements are used to determine the contact angle (θ) at the three 

phase contact point. For example, a small contact angle is obtained for a high energy 

surface. While a large contact angle is obtained for a low energy surface. Since the extent 

that a drop spreads on a solid is dictated by the energy of a surface, species located solely 

on the surface between solid and liquid. The spatial resolution of measurements is 

dictated by the droplet size and is typically around a few square millimeters area.  

The presence of an adsorbate monolayer on a solid surface can greatly change the 

contact angle of a water drop on a surface. The presence of non-polar adsorbates on a 

metal oxide surface will greatly increase the droplet contact angle compared to the polar 

surface hydroxyls present on metal oxide surfaces.
21

 A general idea of an adsorbate 

surface coverage can be made by obtaining contact angle measurements over a period of 

adsorbate deposition times or concentrations.
21

 

 

 

Figure 13: Diagram of three phase point that is used to determine surface droplet contact angle. 

Displayed are the three tension vectors that contribute to the ultimate liquid angle on the surface 

Solid 
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2.7  Electron Stimulated Desorption (ESD) 

Electron stimulated desorption (ESD) experiments are performed by exposing 

surface to electrons. The incident electron beam can promote various chemistries at the 

surface.
23

 These changes can promote desorption of species from the surface, alter 

bonding of surface species, and result in desorption form the surface.
23

 The incident 

electrons can excite electrons into nonbonding and anti-bonding states.
23

 Once in an 

excited state an adsorbate can relax through many different competing mechanisms. 

Some of these mechanisms will result in desorption of species from the surface while 

others will result in transfer of potential energy to kinetic energy resulting in desorption 

of an adsorbate. The Menzel-Gomer
24

 desorption model describes the probabilities of 

ionic and total desorption which are exponentially dependent on the mass of the 

desorbing species.  

 ESD experiments are done in ultra-high vacuum with a pressure of 2x10
-9 

torr or 

lower. An electron beam energy of 200 eV was used in these studies. During the 

experiment data was collected 10 minutes prior to surface beam exposure to obtain 

background pressure. The electron beam was incident on the surface for 10 minutes to 

achieve complete surface desorption. The desorption of surface adsorbates occurred 

quickly within the first two minutes of beam exposure. The desorption rate of species is 

dependent on the electron cross section for excitation.
23
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3 Amorphous Hafnium-Oxide Film Synthesis 

3.1 Introduction 

  

HfO2 thin films are used for laser-optic coatings
25,26

 as well as gate dielectrics in 

complementary metal-oxide semiconductor devices.
27,28

 Their high dielectric constant 

and wide band gap, ~5.7 eV
29

, allows HfO2 to offer superior performance to SiO2 as a 

gate dielectric. 

For these applications HfO2 films need to be uniform and dense film for thicknesses 

between 10 nm up to several hundred nanometers. HfO2 thin-film deposition techniques 

that can obtain thicknesses within this range include the following: electron beam 

evaporation
30

, chemical vapor deposition
31

, sputter deposition
32

, atomic layer 

deposition
33

, and sol-gel spin-coating.
34,35

 These conventional deposition techniques, 

except for sol-gel spin-coating, require the use of vacuum equipment.  

Alternatively, sol-gel deposition enables high-speed printing and coating of thin films 

and low energy input to the process.
36

 Sol-gel processes for HfO2 films are widely used in 

high-quality ceramics and for certain thermocouples.
37

 A potential problem, particularly 

for its use as gate dielectrics, is that HfO2 films can have two crystalline phases—cubic or 

monoclinic—when heated to 550
ᵒ
C.

38
 Crystallization can produce grain boundaries that 

are associated with unwanted leakage current in the gate dielectric.
29

 However, the crystal 

structure
34

 as well as the density
36

 and thermal properties
39,40,41

 of sol-gel deposited HfO2 

films can be controlled by the annealing process. 
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HfO2 thin films are often prepared through sol-gel procedures where precursors of a 

hafnium ethoxide or hafnium chloride use stabilizing ligands to produce a spin coatable 

solution.
42

 These stabilizing ligands produce large sol particles and/or a metal-organic 

reagent. 
36

 This results in films requiring a higher energy for densification and can result 

in highly porous films. HfO2 thin films have also been formed using an inorganic 

aqueous precursor to alleviate these issues.
36

 These inorganic precursors promote the 

hydrolysis and condensation of the hafnium species and prevent formation of large 

colloids that often result in a porous film. This study demonstrated that smooth dense 

films could be formed by the sol-gel processes with properties comparable HfO2 films 

formed using atomic layer deposition. 

HfO2 films were prepared from inorganic reagents,
36

 spin coated on 100 nm thermal 

oxide silicon, then characterized by temperature programmed desorption (TPD), X-ray 

photoelectron spectroscopy (XPS), and atomic force microscopy (AFM). The films were 

annealed at temperatures up to 800
ᵒ
C and examined for surface roughness and film 

dehydration. 

 

3.2 Procedure 

 

The colloidal sol-gel solution was prepared by dissolving HfOCl2•8H2O (Alfa Aesar, 

98+%) in water to obtain a 0.12 M hafnium solution concentration. The addition of 6.7 

mL of 1 M NH3OH(aq) produces a basic solution that will convert the hafnium precursor 

to a hafnium hydroxide precipitate. The resulting Hf(OH)4 precipitate was washed 

thoroughly in a centrifuge until all Cl
-
 anions had been removed. Full removal of Cl

-
 was 

verified by the addition of AgNO3(aq) to the supernatant. The silver nitrate will form a 
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silver chloride precipitate signifying that Cl
-
 anions are still in the hafnium hydroxide 

solution. After the Hf(OH)4 precipitate no longer had chlorine present the precipitate was 

dissolved in 5 mL of 10 M H2O2(aq) and 1.4 mL of 2 M HNO3(aq). The solution was stirred 

for 12+ hours to obtain a clear solution with no precipitate. The final solution has a 0.2 M 

Hf concentration with a NO3
-
/Hf ratio of 1.2. The end resulting precursor solution 

contains [Hf4(OH)12(O2)2• (y)H2O](aq), the value of “y” represents hydration of the 

complex at the end of the synthesis. 

Thin film deposition was performed on 100 nm thermally oxidized silicon coupons 

that went through a surface cleaning treatment of acetone, methanol, and de-ionized 

water, followed by a 15 min UV-ozone treatment. The resulting silicon coupons were 

hydrophilic and the precursor solution completely wetted the surface. The 0.2 M Hf 

solution was spin coated at 3000 rpm for 60 seconds and produced ~8 nm thick films 

after a thermal cure on a hot plate of 110 °C for 1 minute to evaporate any remaining 

solvent. Multiple spin-coating cycles were performed to generate films ~24 nm in 

thickness. 

 

3.3 Film Dehydration 

 

 

During the pre-annealing process the hafnium film’s water may not be fully removed. 

Water can desorb from the hafnium film due to hafnium hydroxide remaining in the film 

or from trapped H2O within micropores of the film (Figure 14). 
39

The water content in the 

films can play an important part on the film characteristics. TPD is an excellent 



27 
 

 

experimental technique for the analysis of adsorbed water and subsequent dehydration of 

the film.  

 

Figure 14: Representation of H2O desorption from HfO2 films. A) Hf-OH bonds from 

sol-gel film B) Water desorption from hydroxyl recombination. 

 

The relative water content of the hafnium oxide films changes with the pre-

annealing temperature following the sol-gel coating process. Figure 15 shows the 

desorption of water from hafnium oxide films which were pre-annealed between 200°C 

through 700°C for one hour. Film thickness was measured to be ~30nm post annealing 

for all conditions. TPD spectra were taken shortly after films had cooled to minimize the 

presence of physisorbed water or other contaminates on the surface. As shown in Figure 

15, films annealed below 400°C had a broad water desorption feature indicating that the 

films contained substantial hafnium hydroxide that recombines to form hafnium oxide 

and water.
43

 The peaks observed at 600 K can be attributed to water trapped in 

micropores that diffuses out of the film.
43

 The absence of peaks at 350 K and 470 K for 
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films annealed above 400°C shows that there is no remaining hafnium hydroxide in the 

film, but it still has water trapped in micropores that is evolved at 650 K. 

The resulting hafnium oxide thin films were analyzed using XPS depth profile on a 

24 nm thick film to determine film purity and relative Hf-OH concentration and free 

water determination. The resulting spin coated sol-gel film was pre-annealed to remove 

nitric acid catalyst and oxidize the hafnium hydroxylate clusters to form HfO2. The 

primary elements observed in the spectra are hafnium, oxygen, carbon, and nitrogen 

shown in Figure 16. An elemental nitrogen N 1s peak would be expected at 399 eV. The 

carbon signal at 285 eV is typical for substrates exposed to atmospheric conditions and 

are only present of the very top layer of the film.  In Figure 16 we see the Hf 4f7/2 peak at 

16 eV which is typical for hafnium oxide.
44

 The O 1s spectra in (Figure 17) can be 

separated into two different chemical states by using a Gaussian-Lorienzian fit. The first 

chemical state at 529 eV, is associated with Hf-O.
43,44

 The second chemical state at 532 

eV is from hydroxyl groups or other impurities.
43

 The very top layer of the film had an O 

1s peak that is fit to 75% metal oxide to 25% hydroxide peak ratio. After etching into the 

film the O 1s peak area ratio shifts toward the metal oxide signal to reach 95%/5% within 

the bulk of the film. The annealing process is able to uniformly oxidize the hafnium 

hydroxylate to hafnium oxide.
 34,38,43

 But due to the amorphous nature of the film, not all 

the hafnium hydroxylates are converted and water can be trapped within the film 

following annealing process 

High-resolution O 1s XPS spectra shows the relative intensity of hydroxyl oxygen 

to metal bound oxygen for the hafnium oxide thin films. In the high-resolution spectra, 

the O 1s spectra for different pre-annealed conditions results in a photoemission peak that 
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can be fitted to the same Hf-O and O-H components (Figure 18). The atomic ratio of O-H 

to O-Hf decreases from 58% in unannealed films to 36% in films annealed above 400°C. 

This is consistent with the TPD spectra in the amorphous hafnium oxide films having 

decreased water content after higher temperature anneal. A XPS depth profile of a 

hafnium oxide film annealed at 400°C, (Figure 17) gives a compositional view of the 

entire film. At the very top surface hafnium oxide film will have surface hydroxyl and 

other impurities at the solid-gas interface. The first spectra at 0 seconds etching shows a 

large hydroxyl to metal oxide peak ratio that is only seen at the very top layer. After 

etching, the film is exposed to incident X-rays for photoelectron emission. The bulk of 

the hafnium oxide film showed a significantly reduced hydroxyl to metal oxide ratio 

throughout the film until the silicon oxide substrate is exposed after 360 seconds of 

etching. Carbon was only found on the surface of the sample. Carbon is a common 

surface contaminate from substrates being exposed to ambient conditions.
14

 As a 

reminder the hafnium clusters produced in solution were not stabilized by organic ligands 

and no carbon was observed within the film. 
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Figure 15: TPD spectra of water desorption from HfO2 films at varius pre-anneal temperatures. 
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Figure 16: Survey XPS spectra from of HfO2 film immediately after soft-bake from spin-coating 

using an Al Kα X-ray source. 
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Figure 17:  Depth profile XPS spectra of O 1s core-level from HfO2 film annealed at 400ᵒC. 

Film thickness was determined to be 24 nm prior to etching. 
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Figure 18: XPS spectra of O 1s core-level during annealing process. Two distinct peaks 

associated with hydroxyl and metal oxide binding shifts are indicated. 
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Anneal Temp. Peak Eb (eV) FWHM (eV) (Hf-O)/(H-O) 

110°C Hf-O 531.0 1.9 1.15 

 H-O 532.8 1.9   

 N-O 534 1.9  

200°C Hf-O 531.1 1.9 1.40 

 H-O 532.6 1.9   

300°C Hf-O 531.1 1.9 2.52 

 H-O 532.6 1.9   

700°C Hf-O 531.1 1.9 1.67 

 H-O 532.6 1.9   

Table 1: O1s XPS hydroxide to hafnium oxide peak ratio for several  pre-anneal 

temperatures.  
 

 

 

3.4 Nitric Acid Desorption 

Annealing at elevated temperatures results in the removal of nitrogen making higher 

purity hafnium oxide films. Nitric acid is used to dissolve the hafnium hydroxide and 

produce a hafnium hydroxide complex in solution that is capable of producing a sol-gel 

film.
36

 Temperature programmed desorption from the hafnium films had a m/z: 44 

desorption peak that was only observed on the lower annealed films (Figure 19), and the 

m/z: 30 spectra are shown in (Figure 20). Shown in Figure 21, m/z: 30 spectra are 

showing that m/z: 30 is leaving the lower temperature annealed film. The annealing 

process up to 300ᵒC results HfO2 film removal of species that would produce the m/z: 44 

and m/z: 30 observed peaks. The nitric acid has previously been reported to be fully 

removed from the HfO2 film up to 350 ᵒC.
36,43 

 No observable O2 peaks were observed 

over the desorption range of m/z: 44 and m/z: 30, indicating that there is no 

deoxygenation of nitric acid to produce N2 and O2. Instead the nitrate would be desorbing 

from the film by 300ᵒC. CO2 desorption from the film can be from contaminates that 
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have been adsorbed to the film during the multiple spin coating processes that occurred in 

lab while the desorption of m/z: 30 can be attributed to nitrogen removal in the form of 

nitric oxide. The observed desorption of m/z: 28 can be related to the fragmentation of 

CO2 within the quadrupole mass spectrometer. 

XPS spectra were taken at the different annealing temperatures to contrast the 

TPD data. The high-resolution spectra over the N 1s region would elucidate the 

desorption fate of the nitric acid (Figure 22). In the survey spectra (Figure 16) of a freshly 

spin-coated film oxygen and hafnium were present, along with an expected small peak 

from carbon contamination. Nitrate with an oxidation of +5 has a large chemical shift has 

been previously found to binding energy between 407.3 eV to 408.2 eV.
45,46

 For our 

spectra the N 1s peak has a Eb = 408 eV and is in the chemical shift region which can be 

assigned to nitrate in the film. Nitric acid plays a crucial role in forming a hafnium 

hydroxylate cluster to provide a soluble precursor and produce species small enough to 

form a sol-gel solution that capable of spin-coating.
36

 The nitrogen left in the hafnium 

oxide film is due to this small cluster being trapped in the film and is not fully removed 

during the film soft bake that densifies the film. For HNO3 catalyzed sol-gel films the 

nitric acid has been thought to leave the below 350ᵒC.
34, 36, 43

 Hafnium oxide films 

annealed at higher temperatures show the gradual removal of nitrogen in the film to 

reduce nitrogen containing impurities in the hafnium oxide film. After a 300°C anneal 

process all of the nitrogen is removed from the film as indicated by the absence of signal 

in Figure 19 and Figure 22.  
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Figure 19: TPD spectra of m/z 44 desorption from HfO2 film at different pre-annealing 

temperatures. Spectra obtained using ramp rate of 15ᵒC / min. 

 

 

Figure 20:  TPD spectra of m/z 28 desorption from HfO2 film at different annealing 

temperatures. Spectra obtained using ramp rate of 15ᵒC / min. 
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Figure 21: TPD spectra of m/z 30 desorption from HfO2 film at different pre-annealing 

temperature. Spectra obtained using ramp rate of 15ᵒC / min. 
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Figure 22: High-resolution N 1s XPS spectra over peak at various pre-annealing 

temperatures. 

 

 

 

 

3.5 Surface Roughness 

Topographical information on the amorphous hafnium oxide films were obtained by 

AFM. The sol-gel derived films obtained by these chemistries are very smooth as shown 

in AFM topographical image in Figure 23. The AFM results from films annealed at 400
ᵒ
C 

showed comparable surface roughness of 0.314 nm to previously reported values.
36

 

Increasing the annealing temperature of the films resulted in an increase of surface 

roughness of 0.366 nm for 500
ᵒ
C anneal 0.399 nm for 600

ᵒ
C, and 0.609 nm for 700

ᵒ
C 

films and is shown in Figure 24. This increased surface roughness is due to crystallization 

producing grain growth and grain boundaries in the film.
38
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Figure 23: AFM topographical image of smooth HfO2 film annealed at 400
ᵒ
C 

 

 
Figure 24: Surface roughness of different HfO2 graph after different pre-annealing 

temperatures. 
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3.6  HfO2 Sol-Gel Film Conclusion 
 

Hafnium oxide films were atmospherically deposited through aqueous precursor that 

produced a smooth and dense film.  The sol-gel deposition process enabled precise 

control of film thickness through either the concentration of hafnium hydroxide clusters 

in solution or through the spin speed during spin-coating. Annealing of the films up to 

400
ᵒ
C resulted in the complete removal of the nitric acid used to produce sol-gel solution 

for spin-coating. However, the films had remaining water content either from trapped 

water in the porous film or through recombination of remaining hafnium hydroxide. TPD 

and XPS analysis of films annealed up to 700 
°
C showed gradual disappearance of the 

water signal. 
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4 Carboxylic Acid On HfO2 Surface 

4.1 Introduction 

 

Inorganic nanoparticle-based materials with photosensitive ligands are of growing 

interest in the semiconductor industry as potential sub-20-nm photoresists.
47,48,49

 Two 

different ligands were examined in this study: benzoic acid (BZA) and methacrylic acid 

(MAA) (structures shown in Figure 25). 

Carboxylic acids have shown promising effects with respect to line-edge roughness 

and photon sensitivity during EUV lithography.
47

 The low intensity of current EUV 

sources requires that the next generation of photoresists will need high sensitivity and 

optimum absorbance at 13.5-nm wavelengths.
50

 Carboxylic acids bound to inorganic 

HfO2 nanoparticles can provide either negative or positive tone photoresist by controlling 

the desorption of the carboxylic ligands to promote changes in solubility. However, little 

research has previously been performed on the desorption mechanism of carboxylic acids 

from HfO2 surfaces.  

 

 

 

MAA- Methacrylic Acid        BZA- Benzoic Acid     

Figure 25: Chemical structure of Left) methacrylic acid Right) benzoic acid 
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Hf is a group IV transition metal and is chemically similar to Zr and Ti. Of these, 

much more research has previously been performed on the photochemistry and thermal 

chemistry of carboxylic acids on TiO2 films than on HfO2 films, due largely to the greater 

number of commercial applications of TiO2 films. For example, carboxylates on TiO2 

films have been used as tethers for dye sensitizers in solar cells,
51

 for degradation of 

atmospheric pollutants,
52

 and as heterogeneous catalyst systems for carboxylates.
53,54,55

  

Due to the chemical similarities of Hf and Ti, similar processes are predicted to 

occur on both. Adsorption of carboxylic acids on TiO2 and ZrO2 surfaces occur through 

dissociative adsorption on the metal oxide surface.
53

 This adsorption involves  

dissociation of the acid proton from the organic acid, where the adsorption site for the 

proton is terminal oxygen at coordination vacancies in the film.
56,57,58,59

 Once bound to 

the surface, the carboxylic acids are chemically, and thermally stable. There are three 

different binding modes that carboxylates can form on a metal oxide surface. These 

binding modes are monodentate, chelating, or bridging as shown in Figure 26. The 

thermal decomposition of bound carboxylic acids can undergo a monomolecular reaction 

of dehydration, decarboxylation, and unselective deoxygenation. The most commonly 

observed mechanism is the decarboxylation of carboxylates, as was seen for the thermal 

decomposition of BZA on rutile TiO2 (110)
60

. This same pathway was observed for 

smaller carboxylic acids on the TiO2 (110) surface.
61,62

  

 

 



43 
 

 

 

Figure 26:  Carboxylate binding modes on metal oxide surface. Left to Right,  

monodentate binding, bridging binding, chelating binding modes on metal oxide surface 

4.2  Synthesis 
 

BZA and MAA carboxylic ligands were deposited on the hafnium oxide thin 

films which were characterized in the previous section. A 0.01 M ligand solution was 

formed in propylene glycol monoether acetate (PGMA) solvent. The carboxylic acids 

formed a self-assembled monolayer (SAM) of organic ligands on the hafnium oxide 

surface. A self-assembled monolayer is a molecular assembly that spontaneously forms 

by immersion of the metal oxide substrate into dilute solutions of adsorbates in an 

organic solvent.
21

 A SAM can be formed on a metal oxide surface either through gas 

phase or liquid phase deposition. However, liquid phase deposition will have a lower 

sticking coefficient of adsorbate contact with the substrate surface.
63

 The solvent can 

interfere with adsorbate binding in two ways. First, the solvent may interact with the 

substrate surface and must be displaced prior to adsorbate binding. Second, a solvation 
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shell surrounds the dissolved carboxylic acid.
21

 In the latter case, the carboxylic acid 

adsorbate must shed the solvation shell prior to adsorbing to the metal oxide surface. 

Once a SAM has been formed, it is stable to rinsing with solvents without removing the 

chemisorbed molecules.  

Carboxylic acid adsorption occurs dissociatively to metal oxide surfaces through 

an acid-base mechanism. The carboxylic acid bonds directly to under coordinated cations 

on TiO2 films.
60, 64,65,66

 The acidic proton attaches to surface oxygen forming a surface 

hydroxyl.  Subsequently the basic carboxylate ligand binds in a bridging fashion over two 

coordination sites of surface metal cations. Equation (12) and (13) show the proposed 

reaction mechanism for mono carboxylic acid adsorption on a metal oxide surface. This 

mechanism has been observed for simple mono carboxylic acids such as acetic acid
67

, 

propionic acid
58

, trimethyleacetic acid
62

, and benzoic acid.
60,68,69,70,71

 

 

𝑅𝐶𝑂𝑂𝐻(𝑙𝑖𝑞)   →  𝑅𝐶𝑂𝑂𝐻(𝑎𝑑)   (12) 

𝑅𝐶𝑂𝑂𝐻(𝑎𝑑) + 𝑂(𝑙𝑎𝑡)  →  𝑅𝐶𝑂𝑂(𝑎𝑑) + 𝑂𝐻(𝑙𝑎𝑡)   (13) 

 

For our HfO2 films the annealing process can remove water and surface 

hydroxyls from the surface that block potential adsorption sites of the carboxylic acids. 

The surface hydroxyls will recombine and desorb as water leaving vacant coordination 

sites for the carboxylate to bind. 
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4.2 FT-IR Analysis 

 

Carboxylic ligand deposition occurred post annealing, after annealing the films to 

a given temperature they were then heated on a hot plate to 150
ᵒ
C for 15 minutes to 

ensure that surface hydroxyls were removed. The surface hydroxyls recombine during 

heating to produce water which subsequently desorbs from the film surface. The ligand 

deposition process was performed in a 0.01 M in PGMA solvent. The solution was heated 

to 70
ᵒ
C on a hot plate for 24 hours during deposition. Once the films were removed from 

solution they were rinsed in PGMA solvent following ligand deposition to remove any 

physisorbed material from the surface. The presence of chemisorbed carboxylates was 

verified using ATR FT-IR as shown in Figure 27 and Figure 28. The deposited HfO2 

films were transparent without a major absorbance peak. After the carboxylate ligand 

deposition absorbance peaks were observed associated with the vibration bands observed 

in the FT-IR spectra of pure carboxylic acid species. Carboxylic ligands that are 

physisorbed to the surface will still have the O-H stretching frequency at around 3000 

cm
-1

 which has been shown for chemisorption of carboxylates to a range of metal oxide 

surfaces.
17-72
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Figure 27: ATR FT-IR spectra of BZA on hafnium oxide. Pre-annealed at 400ᵒC 

 

Figure 28: ATR FT-IR spectra of MAA on hafnium oxide. Pre-annealed at 400ᵒC 
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The dissociative binding of carboxylates on metal oxides result in a shift of the 

vibration frequency of the carboxylate head group.
 72,73

 The first peak at ~1660 cm
-1

 

shown in Figure 27 is identified as the carbonyl asymmetric stretching band for COOH 

and the 1420 cm
-1 

is assigned to COOH asymmetric vibration bands. 
72,74

  The later peaks 

around 1325 cm
-1

 and 1290 cm
-1

 are related to the phenyl ring C=C bond vibration. A 

decreased difference between the symmetric and asymmetric vibration bands is indicative 

of higher symmetry of the carboxyl head group. 
72,73 

This increased symmetry of the 

carboxyl group is related to the improved resonance of the C-O bonds that are formed 

over a bridging conformation shown in Figure 26. 

Upon adsorption to the HfO2 surface the benzoate assumes a bridging or bidentate 

configuration on the surface. This configuration results in the carboxylate vibration 

frequencies to be 1570 cm
-1 

and 1420 cm
-1

.
72

 This alteration of carboxylate vibration 

frequencies is due to the increased symmetry of the carboxylate head group which results 

in the wavenumber difference between the asymmetric and symmetric peaks being 

reduced, an indication of the bridging configuration.
 72,73

  The broad hydroxyl peak above 

2600 cm
-1

 is indicative that benzoate is bound to the surface and no further physisorbed 

benzoic acid remains on the surface after rinsing. 

The FT-IR spectrum for methacrylic acid is shown in Figure 28. A large vibration 

band for C=O was only seen in the unbound carboxylic acid and was not observed when 

methacrylate was bound to the HfO2 surface. The COO asymmetric and symmetric 

stretching bands experienced a reduced gap when compared to the pure MAA spectra. 

The reduction in the wavenumber difference between the asymmetric and symmetric 
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bands supports the bridging configuration. The complete disappearance of the C=O band 

is indicative that both BZA and MAA are not adsorbing in a monodentate binding mode 

on the amorphous HfO2 surface. 

 

Ligand Peak Position (wavenumber) Identification 

BZA (solid) 2400-3500 O-H 

  1660 C=O 

  1600 C-C  

  1582 COO(asym) 

  1495 C-C  

  1450 C=C  

  1430 C-C  

  1420 COO(sym) 

  1285 C-C  

BZA (ads) 1607 C=C 

  1570 C-O (asym) 

  1420 C-O (sym 

MAA (liq) 2400-3500 O-H 

  1690 C=O 

  1630 COO(asym) 

  1455 COO(sym) 

  1425 C=C 

  1296 C-C 

MAA(ads) 1636 C-C 

  1540 COO(asym) 

  1455 COO(sym) 

  1425 C=C 

  1240 C-C 

Table 2: ATR FT-IR peak identification table
17, 72-75
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4.4  Contact Angle Measurements 
 

An isotherm study of comparable surface coverage was done using contact angle 

measurements. Contact angle measurements provide a rapid approach to determine the 

saturation conditions of adsorbates on a surface. A 1μL drop of deionized water was used 

to determine the hydrophobicity of the resulting monolayer film. Samples were prepared 

on HfO2 films that were annealed at either 400
ᵒ
C or 700

ᵒ
C. The ligand deposition was 

done using 0.01M solution in PGMA and heated to 70
ᵒ
C for times ranging from 1 minute 

to 1000 minutes. The contact angle measurement after each deposition time is shown in 

Figure 29. HfO2 films that were soaked in PGMA exhibited a high surface energy with a 

contact angle of 17ᵒ.  A higher surface coverage of carboxylic acid adsorbed on the 

amorphous HfO2 surface results in an increase of the droplet contact angle. The 

adsorption of benzoate and methacrylate increases the contact angle of the surface as the 

organic phenyl and propene groups are orientated away from the surface.
60

 It is expected 

that BZA would result in a higher water droplet contact angle due to the bulky phenyl 

ring compared to MAA. The maximum surface coverage for HfO2 films annealed at both 

400
ᵒ
C and 700

ᵒ
C were observed for deposition times after 100 minutes. For MAA there 

was a large difference between annealing temperatures and the potential surface coverage 

on HfO2 films. In contrast BZA exhibited only a slight rise in droplet contact angle. This 

is perhaps due to the bulky phenyl ring that provides steric hindrance to adsorption sites 

adjacent to the adsorbed benzoate. The increased annealing temperature will then expose 

more available binding sites to MAA compared to BZA. 
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Figure 29: Contact angle measurements of 0.01M BZA and MAA in PGMA 
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4.5  TPD of Carboxylates 
 

The thermal decomposition of the carboxylate ligands was analyzed using TPD. 

Ligand deposition was performed on HfO2 films annealed at 400
ᵒ
C or 700

ᵒ
C. Films were 

heated prior to ligand deposition to remove surface hydroxyls that may block adsorption 

sites. Ligand deposition times were done for 12 hours which correlates to the maximum 

surface coverage observed through contact angle measurements (Figure 29). Films were 

rinsed in PGMA solvent and air dried with N2 gas following the ligand deposition. 

Samples were placed in a load-lock chamber for 30 minutes and then held in the main 

chamber for another 30 minutes in order to recover water signal to normal levels in the 

UHV chamber. The species tracked during TPD measurements were determined from 

common cracking patterns of carboxylic ligand and any alternative fragments that were 

observed in preliminary survey scans performed on HfO2 films with carboxylate 

adsorbates. The primary fragments of BZA thermal decomposition are shown below in 

Figure 30. For BZA, fragments m/z: 77 and m/z: 78 were used for the phenyl ring as the 

decarboxylation of benzoate forms a phenyl radical. The m/z: 121 was used to monitor 

the benzoate desorption that may occur without any chemical reactions on the surface. To 

verify the presence of benzoate, the m/z: 39 was also tracked as this is the most common 

fragment from a phenyl ring in a quadrupole mass spectrometer.
60

 Neither benzoic acid 

nor biphenyl was observed in a comprehensive search between m/z: 2 through m/z: 300. 

During the thermal desorption of the benzoate, distinct peaks for benzene (C6H6) and 

benzaldehyde (C6H5CO) fragments at 750 K were observe (Figure 30). In conjunction 

with the organic fragments, the m/z: 28 signal which is attributed to CO was also 



52 
 

 

observed (Figure 30 and 31). There was, however, no peak related to CO2 at 750 K. The 

decomposition pathway of benzoate adsorbed on amorphous HfO2 is to form benzene and 

CO while leaving an oxygen atom on the surface, as shown in equation (14). This is 

similar to the results of benzoic acid thermal desorption from rutile TiO2 (110) films.
60

  

 

𝑹𝑪𝑶𝑶(𝒂𝒅𝒔) → 𝑹 •(𝒗𝒂𝒑)+ 𝑪𝑶(𝒗𝒂𝒑) + 𝑶(𝒍𝒂𝒕)   (Eq. 14) 

 

The cleavage of the R-COO bond produces benzene radical that quickly 

scavenges hydrogen from phenyl ring decomposition, carbon contamination or surface 

hydroxyls. This process results in the benzene peak having higher intensity compared to 

the phenyl radical. Oxygen vacancies within the surface have been known to contribute to 

the reduction of other carboxylates on titanium surfaces.
61

 These oxygen vacancies 

contribute to the reduction of benzoate to form benzene and CO.  Water was not observed 

in the TPD spectra of benzoate. Figure 31 showed no water desorption peak during the 

desorption of benzoate indicating a dehydration mechanism was not occurring 

simultaneously to the decarboxylation.
60
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Figure 30: TPD spectra of BZA adsorbed on HfO2 film pre-annealed to 400
ᵒ
C 

 

 

 

 

 

Figure 31: TPD spectra of BZA adsorbed on HfO2 film pre-annealed to 700
ᵒ
C 
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Figure 32: TPD spectra of MAA adsorbed on HfO2 film pre-annealed to 700ᵒC 
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Figure 33: TPD spectra of MAA adsorbed on HfO2 film pre-annealed to 700
ᵒ
C. 

 

The thermal decomposition of MAA on amorphous HfO2 film is shown in Figure 

32 and Figure 33. There are two distinct desorption peaks at temperatures 620 K and 670 

K. During the first desorption process, the methacrylate ligand undergoes 

decarboxylation by the presence of CO2 and CO simultaneously with the backbone 

fragment of C3H5. A condensation pathway is present in the thermal decomposition of 

MAA as indicated by the water desorption peak at 620 K in Figure 32.  

 

 

4.6  XPS of carboxylates 
 

The XPS survey spectra of benzoate on HfO2 surface is shown in Figure 33. XPS 

spectra were taken with Al kα X-ray source with a take off angle of 45
ᵒ
. The survey 

spectra shown below in figure 34 shows strong peaks associated with OKLL auger peak, O 

1s, C 1s and Hf 4f , Hf 4d and Hf 4p peaks. The C 1s binding energy in Figure 34 and 

Figure 35 were referenced to C 1s peak at 284.5 eV, which is reported in literature for the 

benzene ring of adsorbed benzoate on TiO2 surfaces. 
59,60, 62,76
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Figure 34: XPS survey spectra of BZA adsorbed on HfO2 film pre-annealed to 700ᵒC  

 

The use of X-ray photoelectron spectroscopy provides supporting evidence of 

benzoate bound the hafnium oxide surface. XPS spectra had two C 1s peaks, the first at 

284.5 eV and the second at 289 eV. The peak at 285 eV is associated with the phenyl 

ring, while the chemically shifted peak at 289 eV is associated with the carbon in the 

carboxylate head group. These peaks were fitted to ~6.4:1 ratio which is comparable 

atom ratio in benzoate of 6:1. The XPS spectra of MAA adsorbed on hafnium oxide film 

showed a C=O to C-C ratio of ~4.19:1, which is closely related to the expected 3:1 ratio.  

The C=O bond is attenuated through the methacryl group diminishing the C=O peak 

intensity. This electron attenuating can account for the offset of peak ratios and any 

additional carbon contamination.
12
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Figure 35: High resolution XPS spectra of C 1s peak of BZA adsorbed on HfO2. 

 

Peak BE (eV) FWHM (eV)  % Area 

C-C 285.7 1.8 86.52 

C=O 289.7 1.8 13.48 

Table 3: Peak fit parameters used in C 1s spectra of BZA in Figure 35.  
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Figure 36: High-resolution C 1s XPS spectra of MAA adsorbed on HfO2 

 

Peak BE (eV) FWHM (eV)  % Area 

C-C 285.6 1.8 80.73 

C=O 289.3 1.8 19.27 

Table 4: Peak fit parameters used in C 1s spectra of MAA in Figure 36. 
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4.7  Electron Stimulated Desorption of Carboxylates 
 

Adsorbed carboxylates are known to undergo decarboxylation upon desorption 

from transition metal oxides.
53,

 
58,60,62,77,78,79

 The adsorbates follow the reaction  

mechanism shown below in reaction equation (15). In which the radiative desorption of 

the carboxylate follows the cleavage of the R-COO bond.  

𝑅𝐶𝑂𝑂(𝑎𝑑) + 𝑒−  → 𝑅(𝑔) + 𝐶𝑂2(𝑔) +  𝑂(𝑣𝑎𝑐) +  𝑒−    (Eq. 15) 

The TPD spectra of MAA and BZA show the appearance of m/z: 44 desorbing at 

the same temperature as the primary fragment from each adsorbate (MAA m/z: 39, BZA 

m/z: 77). Similar results are observed in electron stimulated desorption experiments 

where a significant amount of CO2 is observed while several main fragments of each 

molecule are simultaneously being desorbed.  

 

 



60 
 

 

 

Figure 37: ESD of BZA on HfO2 pre-annealed at 700ᵒC, with 200eV beam, 1µA 

emission 

 

Figure 38: Figure 37: ESD of BZA on HfO2 pre-annealed at 700ᵒC, with 200eV beam , 

1µA current 
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The electron stimulated desorption (ESD) of BZA ligands on amorphous HfO2 

films showed a strong evidence of the decarboxylation event. The 200eV electrons were 

incident on the substrate causing the cleavage of the carbon dioxide from the benzoic acid 

phenyl ring as shown in Figure 37. Only the fragments related to the phenyl ring were 

observed and no mass fragments were observed associated with complete ligand 

desorption or a benzaldehyde desorption (Figure 38).  

 

 

 

Figure 39: ESD of MAA on HfO2 annealed to 700ᵒC, 200eV beam , 1µA emission 
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Figure 40: ESD of MAA on HfO2 pre-annealed at 700ᵒC, with 200eV beam , 1µA 

current. 

 

The ESD of methacrylic acid ligands on the amorphous HfO2 films showed the same 

decarboxylation event as seen for BZA. In figure 39, the strong presence of CO2 is observed 

immediately after beam exposure and quickly fades after the ligand surface coverage is depleted. 

The presence of CO can be attributed to quadrupole mass spectrometer cracking of CO2. In 

Figure 38, there was a slight desorption of water that was not observed in Figure 36 of benzoic 

acid. The desorption product of water was also observed from the smaller carboxylate ligand.
53

 In 

Figure 39, the common fragments of C2H3 and C3H3 are observed while the secondary radical 

produced from decarboxylation quickly undergoes hydrogenation to produce a primary radical 

that is resonance stabilized to produce the m/z 41 peak of C3H5. Similar to BZA there was no 

observation of a complete methacrylate ligand desorbing (m/z: 85), but a small increase of m/z: 

69 was seen immediately after beam exposure which corresponds to the aldehyde form of MAA. 

This may be evidence that MAA is adsorbed on the hafnium oxide surface is in a monodentate 

form along with the bridging binding mode but in much lower concentrations then could have 

been observed by FT-IR. The aldehyde form would only be observed with a single adsorbate 

oxygen bond being made with the hafnium oxide film. 
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5 Conclusion and Future Work 
 

 

The adsorption of carboxylic acids on amorphous HfO2 film occurs via a dissociative 

mechanism in which a carboxylate binds in a bridging fashion over two metal centers, producing 

a surface hydroxyl. Carboxylate adsorption can occur either via condensation reaction with a 

surface hydroxyl or via an oxygen vacancy that results in the production of a surface hydroxyl. 

The primary binding mode of carboxylates on an amorphous HfO2 surface is bridging binding. 

The carboxylate ligands are stable up to 400
ᵒ
C once chemisorption occurs. The chemisorbed 

carboxylates desorb primarily via a decarboxylation event where the R–COO bond is cleaved, 

producing CO2 and an organic radical. 

Further work on the subject of adsorbates on thin films can include investigation of the in 

situ process where carboxylic acids undergo adsorption in vacuum instead of in aqueous solution. 

Progress on constructing a gas-dosing manifold on the TPD/ESD system was made to support 

this further work. The benefits of a gas-dosing system are that it eliminates solvation effects and 

improves the cleanliness of the metal-oxide surface for chemisorption. 

In addition, more accurate studies can be done to probe differences in binding sites as 

they relate to the amount of carboxylic acid that is dosed into the chamber. A similar system on 

the XPS will also provide a surface-coverage-intensity relationship that can be used to determine 

the relative surface coverage at different ligand dosages. Further studies on the ligand-exchange 

mechanism can be better controlled in an in situ environment to gain better insight into the 

ligand-exchange process can be fine-tuned to provide the optimal ratio for lithography.
49

 Future 

use of sum-frequency spectroscopy and high-pressure XPS adsorption of molecules under more 

technologically realistic conditions will provide better insight into ligand interactions on 

amorphous HfO2 films. 
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