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Abstract: Typical titanium oxide (TiO2) films are transparent in the visible range, allowing for their 7 

index of refraction and thickness to be extracted by single-angle spectroscopic ellipsometry (SE) 8 

using a Cauchy model. However, TiO2 films grown by atomic layer deposition (ALD) from 9 

tetrakis(dimethylamino)titanium (IV) (TDMAT) and H2O at 350°C are absorbing in the visible range 10 

due to the formation of Ti-O-N/Ti-N bonds. Single-angle SE is inadequate for extracting the optical 11 

constants of these films, as there are more unknowns (n, k, d) than measurable parameters (ψ, Δ). 12 

To overcome this limitation, we combined SE with transmission (T) measurements, a method 13 

known as SE + T. In the process, we developed an approach to prevent the backside deposition 14 

on quartz substrates during ALD deposition. When applying a B-spline model to SE + T data, film 15 

thicknesses on quartz substrates closely matched those on companion Si samples measured via 16 

standard lithography. The resulting optical constants indicate a reduced refractive index, n, and 17 

increased extinction coefficient, k, when compared to purer TiO2 thin films deposited via a physical 18 

vapor deposition (PVD) method, reflecting the influence of nitrogen incorporation on the optical 19 

properties.  20 
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 22 

1. Introduction 23 

Coatings with specific optical and electronic properties are critical for many techno- 24 

logical applications including optoelectronics, photovoltaics, and sensors [1–4]. Atomic 25 

Layer Deposition (ALD) is a state-of-the-art technique that yields coatings with precise 26 

thickness control and a high degree of conformality. It is based on a self-limiting sequen- 27 

tial chemistry in which the surface is exposed to the vapor of two or more reagents, de- 28 

signed to react in a complementary manner, and separated by purge steps to minimize 29 

gas-phase reactions [5]. This approach accomplishes good coverage, even in high-aspect- 30 

ratio structures and inside porous networks [6]. ALD coatings are widely used in appli- 31 

cations such as anti-reflection and anti-glare coatings [7]. Therefore, the ability to charac- 32 

terize the optical properties of such coatings is fundamental to the advancement of the 33 

field. 34 

Spectroscopic ellipsometry (SE) is a non-destructive, inexpensive, and efficient tech- 35 

nique for characterizing thin films. It provides key properties such as thickness (d) and 36 

optical constants, including the index of refraction, n, and extinction coefficient (k), as a 37 

function of wavelength. The ellipsometric parameters, Psi (ψ) and Delta (Δ), are measured 38 

as functions of wavelength. They represent the change in polarization as light reflects 39 

from, or is transmitted through, a sample. The complex reflection ratio (Eqn. 1) is defined 40 

as the ratio of the reflectivity for p-polarized light (rp) to the reflectivity for s-polarized 41 

light (rs): 42 
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For transparent films, where k=0 in the visible range, film thickness and n can be 43 

extracted using an optical model, such as the Cauchy dispersion model [8,9]. However, 44 

for absorbing thin films, optical characterization is more complex due to a strong correla- 45 

tion between the optical constants and thickness [10]. Various approaches have been used 46 

for such cases, including determining the thickness in the region where k = 0, and then 47 

solving for n and d  in the absorbing region [10]. Alternatively, optical parametrization 48 

techniques, such as B-spline [11], or general oscillator-based models (Lorentz, Gaussian, 49 

Tauc-Lorentz, Drude, Cody-Lorentz [10, 12, 13], etc.) may be used. Oscillator models are 50 

useful for identifying absorption transitions, but the parameters can become correlated as 51 

the number of oscillators increases, resulting in a loss of physical significance. B-spline 52 

models provide a more flexible and simpler alternative for absorbing materials with com- 53 

plex absorption [14] but lack the physical insight of oscillator models.  54 

While these models can often provide plausible results, a high mean square error 55 

(MSE) and/or overfitting suggest that the solution may not be unique [15], especially when 56 

using ψ and Δ from a single angle measurement. Multiple-angle measurements can re- 57 

solve this issue but may require appropriate substrate selection [10]. Alternatively, inten- 58 

sity-based transmission (T) measurements can supplement the single-angle data to 59 

achieve a fully determined solution.  60 

In this manuscript, we apply the well-established SE + T technique [14, 15] to extract 61 

the optical functions of a series of absorbing TiO2 films deposited by ALD. Transmission 62 

measurements at normal incidence (90°) supplement the ψ, Δ measurements taken at a 63 

fixed angle of 70°, giving three independent parameters (ψ, Δ, T) to solve for the three 64 

unknowns (n, k, d). This method requires a transparent substrate, like quartz, and care 65 

must be taken to prevent deposition on the sample’s backside, which is challenging for a 66 

conformal deposition technique such as ALD. Backside deposition can interfere with the 67 

accuracy of SE + T measurements, leading to errors in the extracted optical functions. We 68 

present a sample mounting technique that minimizes the backside deposition on quartz 69 

substrates during the ALD process, ensuring accurate SE + T measurements and yielding 70 

physically meaningful optical functions. Reliable optical functions are critical for the de- 71 

sign and optimal performance of optical devices, photovoltaics, sensors, and antireflection 72 

coating applications [1–4]. 73 

2. Experimental Methods: 74 

2.1. Film Deposition 75 

Absorbing TiO2 films were grown using ALD, while control TiO2 films were depos- 76 

ited by a Physical Vapor Deposition (PVD) method. Films were grown on double-polished 77 

P-type/Boron-doped Si (100), and quartz. The silicon substrates were cleaved from larger 78 

4” wafers to assorted sizes and a mixture of quartz substrates cut from larger quartz sheets 79 

and pre-cut 1” by 1” pieces were used. The silicon-based substrates were cleaned sequen- 80 

tially in methanol (5 minutes) and acetone (5 minutes), and the quartz-based substrates 81 

were cleaned in acetone (10 minutes) and isopropanol (10 minutes). All substrates were 82 

rinsed in deionized (DI) water (5 minutes) and blown dry with N2 gas before being loaded 83 

into the deposition chambers.  84 

ALD TiO2 thin films were deposited using a custom-built stainless steel hot wall 85 

flow tube reactor. The ALD chamber is described by Hackley [16] and is modeled after 86 

the reactor described in Ylilammi and Becker et al. [17, 18]. The ALD films were depos- 87 

ited at a substrate temperature of 350°C with a 5-second purge time with a varying num- 88 

ber of cycles (thicknesses) using the tetrakis(dimethylamino)titanium (IV) (TDMAT) 89 

(Ti[N(CH3)2]4, 99.999%, Sigma-Aldrich) precursor and deionized H2O as the oxidizer. 90 

The TDMAT precursor was maintained at approximately 81°C, and H2O was kept at 91 

room temperature. Both reagents were delivered to the system using the fixed-volume 92 
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approach described by Hausmann et al. [19]. During the ALD process, ultrahigh-purity 93 

N2 was the buffer gas at an operating pressure between 260 – 290 mTorr. LabVIEW (Na- 94 

tional Instruments) was used to control the total number of cycles, dosage times, temper- 95 

atures, and purge times. The sample pairs (quartz and silicon) were mounted side by 96 

side on the sample holder to ensure the samples were identical. Table I provides a sum- 97 

mary of the films grown at 350°C.  98 

 99 

Control TiO2 films, referred to as “PVD TiO2” in this work, were grown using non- 100 

reactive radio frequency (RF) magnetron sputtering in a Denton Vacuum DV-502A sys- 101 

tem with an Advanced Energy RFX 600 and ATX 600 RF Generator, using a TiO2 target. 102 

Cleaned silicon and quartz substrates were mounted to a rotating chuck and kept at 103 

room temperature during depositions. The sputtering gas was 25 sccm of argon. Plasma 104 

was ignited at a power of 70W, and the power was slowly increased to its final RF power 105 

over 10 minutes. The target was cleaned with the shutter closed for 10 minutes before 106 

deposition. Films were not subject to any post-deposition treatment.  107 

 108 

2.2. Sample Composition, Morphology and Transmission 109 

X-ray photoelectron Spectroscopy (XPS) was used to study the composition of the 110 

resulting films. For this work, wide survey, and high-resolution elemental scans in the Ti 111 

2p, N 1s, C 1s, and O 1s regions were conducted using a Kratos AXIS 165 spectrometer 112 

with an Al X-ray source (1486.6 eV) with a 0.1 eV step size. Some samples were scanned 113 

in the same regions using a Kratos AXIS ULTRA DLD XPS system equipped with an Al 114 

Kα X-ray source and a 165-mm mean radius electron energy hemispherical analyzer. Sam- 115 

ples were analyzed as received. Spectra were fitted and the composition was extracted 116 

using CASA XPS. A JASCO V-570 UV/VIS/NIR Spectrophotometer measured the absorb- 117 

ance in the 200 nm – 2500 nm wavelength range.  118 

Fourier transform infrared Spectroscopy (FTIR) was used to evaluate the film crys- 119 

tallinity and purity in the bulk using a Nicolet 4700 FTIR spectrometer in transmission 120 

mode. Spectra of 512 scans with a resolution of 4 cm−1 for the samples were collected using 121 

a deuterated triglycine sulfate detector (DTGS) and potassium bromide (KBr) beam split- 122 

ter for the spectral range of 4000–400 cm−1 (mid-IR). A DTGS polyethylene (PE) detector 123 

with a solid substrate beam splitter was used for the spectral range of 600–50 cm−1 (far- 124 

IR). Data collection and analysis were conducted using the vendor-provided OMNIC soft- 125 

ware, and all spectra were ratioed to a native oxide silicon substrate. 126 

 127 

2.3. Spectroscopic Ellipsometry  128 

A J.A. Woollam alpha-SE Ellipsometer was used to measure ψ, Δ at 70° (‘Off-Sam- 129 

ple’) and intensity-based transmission measurements at 90° (‘Straight-Through’) on 130 

quartz substrates. Transmission measurements were taken by adjusting the lever arms 131 

of the ellipsometer to the marked 90° position and placing the sample in the path of the 132 

beam. This combined method on transparent substrates is referred to as SE + T. Only ψ, 133 

Δ measurements at 70° were taken for the silicon substrates. All measurements were 134 

taken in the 380 – 900 nm (1.4 – 3.3 eV) wavelength range at the standard acquisition rate 135 

in three different spots.   136 

Table I:  Summary of ALD deposited samples. Samples marked ‘A’ are downstream and 

samples marked ‘B’ are upstream. 
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For the most accurate SE measurements, the backside of the samples was covered 137 

with Scotch Magic Tape (cloudy finish), following the index-matching technique estab- 138 

lished in ref. [20]. This method suppresses backside reflections from the transparent sub- 139 

strate, as the refractive index of the Scotch tape is nearly equivalent to the refractive index 140 

of the quartz substrate; nscotchtape ≈ nquartz ≈ 1.5. The tape was removed using acetone and 141 

did not result in permanent damage to the film compared to other methods (i.e., rough- 142 

ening the backside). To minimize any errors related to tape contamination, the transmis- 143 

sion measurements were taken before the SE measurements. To ensure the index-match- 144 

ing approach works effectively, the film deposition must be limited only to the top side of 145 

the quartz substrate, as any backside coatings will alter the reflections, influencing the SE 146 

data and results. The sample mounting approach that we have developed provides at least 147 

a region without such backside coatings during the ALD deposition process, making it 148 

compatible with the SE + T approach for optical characterization.  149 

The combined SE and T measurements for each sample were then appended and 150 

simultaneously modeled [21]. For the ALD film, the 'Glass with Absorbing Film (with 151 

backside reflections)' model from the vendor-provided software was used. This model 152 

uses a '7059_Cauchy' substrate with a 1 mm thickness and a B-spline fitting layer [21]. The 153 

optical constants of this substrate layer sufficiently matched the optical constants of the 154 

substrates used in this work. Within the B-spline fitting layer, TiO2 was used as the starting 155 

material (‘Starting Mat’), and the resolution was set to 0.1 eV. Grading was applied within 156 

this layer. The 'Use KK mode' feature was enabled to ensure Kramers-Kronig consistency, 157 

while ‘Surface roughness' and 'angle offset' were not used as fitting parameters. This ap- 158 

proach provides the wavelength-dependent optical functions (n(λ), k(λ)) and film thick- 159 

ness, d. For the transparent films, the ‘Glass with Transparent Film’ model from the ven- 160 

dor-provided software was used. This model uses a ‘7059_Cauchy’ substrate with a Cau- 161 

chy model. For the transparent films on silicon, a Cauchy model is used on the Si_jaw 162 

substrate with a 1.70 nm native oxide layer. The film thickness is confirmed by creating a 163 

step using standard lithography approaches on samples deposited on Si (100) and then 164 

using a KLA-Tencor Alpha Step 500 Profilometer for a step height measurement.  165 

3. Results:  166 

3.1. Producing ALD films with Single-Side Deposition 167 

The approach we need to use for the extraction of the film’s optical functions requires 168 

that deposition be limited to the sample’s top side. One potential method to deal with 169 

backside coating was to use Kapton tape. However, adhesive residue is an issue. At tem- 170 

peratures above 300°C, tape burning and contamination of the films and deposition cham- 171 

ber are major concerns. Instead, a modified sample mounting approach was used, based 172 

on the idea of a ‘sacrificial piece.’  173 

More specifically, target quartz pieces were mounted on top of another quartz piece, 174 

or a polished silicon piece, and then the ALD process was executed. The idea behind this 175 

approach is that highly polished surfaces in contact limit the free space between the two 176 

stacked pieces substantially, which may suppress the conformal nature of the ALD pro- 177 

cess. Post-deposition, the presence of any backside deposition can be evaluated by per- 178 

forming appropriate measurements on the sacrificial pieces. If backside deposition has 179 

been suppressed, then the transmittance of a quartz sacrificial piece should be similar to 180 

that of a pristine quartz substrate. Similarly, for a Si sacrificial piece, SE measurements on 181 

the contact (top) surface should yield ψ and Δ values similar to those of pristine silicon.  182 

Images and data regarding these samples are shown in Figure 1. Visual inspection 183 

(Fig.1a) indicates that there is little to no deposition on the quartz sacrificial piece, except 184 

along the edges. The average transmission values of the quartz sacrificial piece match the 185 

transmission values of a bare quartz substrate (Fig. 1b), suggesting no backside coating 186 

on the top quartz piece. In contrast, the Si sacrificial piece shows color variation, indicating 187 

the presence of a non-uniform coating. The average ψ and Δ values from the silicon 188 
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sacrificial piece (not shown) differ from those of pure silicon at all points on the surface, 189 

confirming deposition on the Si sacrificial piece and indicating deposition on the corre- 190 

sponding top quartz piece. 191 

This is further supported by analyzing the respective quartz samples (Fig. 1a). The 192 

quartz sample mounted on the Si sacrificial piece appears darker, which indicates a larger 193 

optical thickness. Transmission measurements (not shown) confirm this observation: The 194 

‘quartz on silicon’ sample exhibited decreased and non-uniform intensity, which may be 195 

due to a greater optical thickness. Based on these observations and measurements, we 196 

chose quartz substrates as sacrificial pieces. 197 

 198 

3.2. Composition and Morphology of the Films 199 

The XPS survey scans for a PVD and an ALD sample (supporting information SI Fig. 200 

1) confirm that the films are TiO2 with varying concentrations of carbon and nitrogen- 201 

containing impurities. High-resolution spectra (Figure 2) for the Ti 2p region of the PVD 202 

TiO2 film (Fig. 2a) show the Ti 2p3/2 peak at ~458.5 eV [22] and the Ti 2p1/2 peak at ~464.3 203 

eV, associated with the Ti-O bond in TiO2. ALD films grown at 350°C with a 5-second 204 

purge time are outside the optimal ALD growth window determined for this reactor. 205 

These parameters were chosen to further encourage precursor decomposition in a quasi- 206 

chemical vapor deposition (CVD) process [23]. With this temperature and purge time, XPS 207 

confirmed the presence of Ti-O-N/Ti-N metallic bonding within the films. Specifically, in 208 

the Ti 2p region, (Fig. 2a), a shoulder is observed in the binding energy range of ~455 – 209 

457 eV [24] for the as-deposited ALD-grown films. This shoulder is absent in the PVD- 210 

grown films. Spectral deconvolution reveals two additional peaks – the feature at ~455 eV 211 

is associated with Ti-N bonding, while the peak at 457 eV is associated with TiOxNy [25]. 212 

Analysis of the N1s spectral region confirms this assignment.  213 

In the N 1s region (Fig. 2b), the corresponding Ti-O-N and Ti-N peaks for the ALD 214 

film are observed at 396 and 397 eV, respectively [24], consistent with the peak assignment 215 

in the Ti 2p region. The other lower intensity peaks between 399 – 402 eV can be related 216 

to chemisorbed nitrogen [24,25] or amine-precursor ligands [26]. The N1s region for the 217 

PVD-grown film lacks any spectral features, in agreement with the Ti 2p region.  218 

 

 

 

Figure 1: a.) Image of post-deposition samples and sacrificial pieces b.) Average transmission 

measurement through quartz sacrificial piece compared with average quartz substrate transmis-

sion intensity. 

  

b.  a.  
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Composition analysis [27] indicates that the nitrogen (N) content in the films with 219 

this type of bonding is ~4.5 atomic percent (at.%) for the 350°C sample, higher than previ- 220 

ously demonstrated [28], and 0% for the PVD TiO2 film. The compositional analysis also 221 

shows that the 350°C film contains 22.8%, 45.9%, and 5.6% of Ti, O, and bonded C, respec- 222 

tively, while the PVD TiO2 film contains 21.3%, 49.6%, and 2.8% of Ti, O, and bonded C, 223 

respectively. The PVD film contains less bonded carbon than the ALD film. This is illus- 224 

trated by the C 1s region (SI Fig. 2), which reveals the presence of carbonate species for 225 

both films. Metal oxide films are susceptible to post-deposition reactions with atmos- 226 

pheric moisture and carbon dioxide, forming hydroxycarbonate species [29]. The mid-IR 227 

spectrum for the PVD film (SI Fig. 3) confirms the presence of carbonate species and ad- 228 

sorbed water from the ambient. Since XPS is a surface-sensitive technique, and reactions 229 

with atmospheric components are usually limited to the film surface, the measured carbon 230 

content for the PVD films should be regarded as an upper limit to the true value. Such 231 

small abundances of carbon are typical for all coatings, and the measured optical constants 232 

reflect that.  233 

Figure 2: a. Ti 2p region b. N 1s region for as-deposited ALD (350°C) and PVD-grown TiO2 

samples. Sample fits are included for the peaks in grey. 
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Additionally, high ALD deposition temperatures may result in partial or full film 234 

crystallization [30,31]. The far-IR region was used to assess crystallinity, revealing that all 235 

films analyzed in this work are mainly amorphous, as evidenced by broad peaks in the 236 

spectrum (SI Fig. 4). When the 350°C ALD film is annealed at 900°C for 10 minutes in an 237 

argon environment, distinct peaks are observed at 181 cm-1, 375 cm-1 and 496 cm-1, indicat- 238 

ing the formation of the rutile phase of TiO2 [32]. Previous work [33] has shown that FTIR 239 

data are consistent with X-ray diffraction (XRD) results when identifying phases in TiO₂ 240 

films, supporting FTIR’s reliability for phase distinction in these samples. As a result, ob- 241 

served differences in optical functions can be primarily attributed to compositional differ- 242 

ences rather than differences in crystallinity.  243 

 244 

3.3. UV/VIS Absorption of the Films 245 

Absorbance data from ultraviolet-visible (UV-VIS) spectroscopy was collected for the 246 

ALD and control PVD TiO2 films. Transmittance was calculated from the raw absorbance 247 

data and the results are presented in Figure 3. Transmittance values of 100% indicate no 248 

absorption, while 0% indicates complete absorption. All ALD films deposited at 350°C 249 

show significant absorption in the visible range. In contrast, the PVD TiO2 film exhibits 250 

high transmission, as expected [8, 34-36]. The high absorption of the ALD TiO2 films can 251 

be traced to the presence of the oxynitride metallic bonding [37], confirmed by the XPS 252 

measurements. These results confirm that the ALD films are absorbing, necessitating ad- 253 

ditional information for extracting their optical functions.   254 

3.4. Extracting the Optical Functions of the PVD TiO2 Films 255 

To ensure the validity of the SE + T method, the approach was initially tested on the 256 

transparent PVD TiO2. A Cauchy model was used to model conventional ellipsometry 257 

measurements on Si (100) and for the SE + T approach on quartz. Both techniques returned 258 

similar values for the optical functions (Figure 4), with only slight differences at the lower 259 

wavelengths. Reported values for the refractive index (Fig. 4, green) can vary [38, 39] at 260 

the lower wavelengths due to differences in substrates and film growth [40]. The extinc- 261 

tion coefficient (Fig. 4, orange) is zero for the visible wavelengths [41-43], but nonzero at 262 

~400 nm, which is accurately described with both techniques.  263 

Figure 3: UV-Vis data for a series of TiO2 films. The data for a quartz substrate is shown for 

reference. 
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The Cauchy fitting parameters (Table II) obtained for both methods are similar. The 264 

thickness results are consistent with the measured profilometer thickness. For thick sam- 265 

ples, such as those in this work, MSE values around 10 are acceptable [21]. This bench- 266 

marks the SE + T method and ensures that SE + T can be used to determine accurate optical 267 

constants for the absorbing ALD TiO2 films. 268 

3.5. Extracting the Optical Functions of the ALD TiO2 films 269 

While the SE + T method is compatible with the ALD process and provides reasona- 270 

ble results for transparent films, it must be tested rigorously for absorbing films. This val- 271 

idation can be conducted by preparing samples with varied thicknesses (controlled by the 272 

number of ALD cycles) at 350°C with a 5-second purge and testing the sensitivity across 273 

three ALD samples. If there is no backside deposition and: i.) the SE + T measurements 274 

and modeling can simultaneously fit all ψ, Δ, and T measurements, ii.) accurately map 275 

thickness variations when compared to profilometry measurements, and iii.) yield a low 276 

MSE, then it is expected to provide reliable optical functions. 277 

When operating outside the optimal ALD conditions, and especially at elevated tem- 278 

peratures, there may be significant precursor decomposition, resulting in thickness varia- 279 

tions across the samples. To ensure consistency between the quartz and silicon measure- 280 

ments, we mounted quartz (on quartz SPs) and Si pieces side by side on the sample holder. 281 

Samples named “A” have been placed downstream of sample “B” on the sample holder 282 

for each deposition. For samples with no backside deposition, we evaluated the optical 283 

properties and thickness across three equivalent “spots” with multiple measurements for 284 

each spot. Sample fits of the SE and T experimental data are shown in Figure 5.  285 

Figure 4: The optical functions for the PVD TiO
2
 films on Si and Quartz. 

Table II: Summary of fit parameters for PVD TiO2 films using the Cauchy model  
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The simple graded B-spline optical model can fit the experimental data accurately, as 286 

the model-generated data lie on top of the measured data set, reproducing all the struc- 287 

tures and features simultaneously. The thickness obtained from the SE + T measurements 288 

and model on quartz can now be cross-checked with profilometer measurements on Si 289 

(100), as shown in Table III. 290 

 291 

Considering the uncertainties, the SE + T thickness measurements on quartz and the 292 

profilometry thickness measurements on Si (100) are within approximately 5%. 293 

Additionally, we observe that films downstream (ALD 2A) are thinner than films 294 

upstream (ALD 2B), as shown by both profilometer measurements and optical modeling 295 

on SE + T data. This consistency supports the reliability of the SE + T method and the 296 

optical model used. 297 

The optical functions between 380 – 900 nm for the three ALD samples are presented 298 

in Figure 6. The best fit for the data is obtained by assuming that the film is graded, with 299 

a non-constant index of refraction throughout the film bulk. Specifically, the film is di- 300 

vided into five sublayers, each with a linearly varying index of refraction. An average 301 

extinction coefficient is assumed for all layers, as varying it linearly does not improve the 302 

fit quality. Similar ALD films containing oxynitride bonds have been shown to exhibit a 303 

depth-varying composition due to ambient oxidation, validating the assumption of a var- 304 

ying index of refraction with film depth [28]. In contrast, grading the film did not change 305 

the optical functions of the as-deposited PVD TiO2 films (Figure 6). 306 

 307 

Table III: SE + T on Quartz and Profilometry on Si (100) Results for ALD TiO
2
 film at 350°C. 

Figure 5: Simultaneously fitted a.) SE transmission (T) data b.) SE Psi/Delta (ψ, Δ) data 

for samples ALD 1 and ALD 2. The colored solid and dashed lines show measured ex-

perimental data, and the black dashed lines show the model fits. 
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Comparing these results to the known physical characteristics of the samples can aid 308 

in evaluating the results. The ALD films contain TiO2, TiOxNy, and TiN, as confirmed by 309 

XPS, and absorb in the visible range, as confirmed by UV-Vis. This suggests that their 310 

optical functions should differ from those of PVD TiO2, which is indeed observed. The 311 

PVD TiO2  films (Fig. 6a, green) have the highest n of the films in this work and k = 0 in 312 

the visible range (Fig. 6b, green), consistent with their measured high purity and their 313 

high transparency in the visible range.  314 

For the ALD films, n decreases with wavelength until about 600 nm, then increases 315 

as a function of wavelength, while k only increases with wavelength. The measured re- 316 

fractive index n is somewhat higher and the extinction coefficient is somewhat lower than 317 

those reported for TiN films in the literature. Our films contain only about 4.5 at.% of Ti- 318 

N bonding; significantly less than the literature films. So overall, the optical functions are 319 

consistent with the composition of the films and the literature references [44]. Addition- 320 

ally, a lower n is measured for the bottom layers, which is compatible with a more TiN- 321 

like (greater oxynitride concentration) bottom layer, matching experimental observations 322 

[28].  323 

These results capture the physical behavior of the ALD films, falling within the ex- 324 

pected range between pure TiO2 and pure TiN, as expected for this composition. Further- 325 

more, the resulting MSE values are less than 3, which is reasonable for our experimental 326 

data. This further supports the reliability of the mounting approach, optical modeling, 327 

and resulting optical functions. 328 

4. Conclusions 329 

Single-angle spectroscopic ellipsometry is inadequate for extracting the optical func- 330 

tions of absorbing films because it provides an insufficient number of measurable param- 331 

eters. Additionally, absorbing films deposited by ALD may also have backside deposition, 332 

which further complicates their optical characterization. To address these challenges, we 333 

used the SE+T technique in conjunction with a sample mounting approach that effectively 334 

eliminates backside deposition, allowing for the accurate determination of the film’s op- 335 

tical functions and thickness. The method yields realistic optical functions and thickness 336 

values, which are validated by independent techniques.  337 

Figure 6: Optical functions a.) refractive index n, and  b.) extinction coefficient k obtained us-

ing the SE + T approach with a graded B-spline model for the absorbing ALD TiO2 films and 

a Cauchy model for the transparent PVD TiO2 film. The top layer is represented by a solid line 

while the bottom layer is shown by a dashed line of the same color for each sample.  
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