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A B S T R A C T

This study explores the effect of titanium (Ti) doping on the optical constants of nanocrystalline gallium oxide

(Ga2O3) films (GTO). Co-sputtering of the Ga2O3 and Ti targets with a variable sputtering power to Ti allowed

the fabrication of GTO films with a variable Ti-content from 0 to ∼5 at%. The optical constants, namely index of

refraction (n) and extinction coefficient (k), and their dispersion profiles determined indicate that the n profiles

are sensitive the Ti content while all the GTO films were transparent. The n values at 632 nm varies in the range

of 1.78–1.84 due to gradual increase of Ti concentration from 0 to 5%. Lorentz-Lorenz analysis of the optical

constants data indicates the gradual improvement in the packing density coupled with structural transformation

accounts for the observed optical quality of the Ti-doped Ga2O3 films as a function of Ti concentration. A

correlation between the material composition, Ti concentration and optical constants is discussed.

1. Introduction

Gallium oxide (Ga2O3), which is regarded as an ultra-wide band gap

material, has been receiving recent attention of scientific and research

community for its interesting physical, chemical and electronic prop-

erties, which can be readily utilized in numerous technological appli-

cations [1]. β-Ga2O3 based materials find technological applications in

chemical sensors [2–4], magnetic memories [5], and solar-blind deep

UV detectors [6,7]. Excellent, deep transparency in the ultraviolet (UV)

region of the electromagnetic spectrum coupled with a wide band gap

(Eg∼4.8 eV) and high thermal stability of β-Ga2O3 makes it interesting

for transparent electrodes in UV-based photovoltaics [8–10]. solar-

blind deep UV detenctors, optoelectronics [3,8,11,12], and luminescent

displays [12]. The relatively large value of electric field breakdown

field strength (8 MVcm−1) makes β-Ga2O3 attractive choice for the

design and development of high-power electronic devices [1]. How-

ever, a detailed fundamental understanding of the structure-optical

property relationship is important for utilization of intrinsic and doped

β-Ga2O3 thin films in all of the aforementioned device applications.

The properties and device applications of β-Ga2O3 can be tuned or

controlled by doping with certain metal ions which can significantly

alter the physical and electronic properties. From the view point of an

optical material, efforts documented in the lietrature for doping of Sn,

Cr, Cu, Ti, Mo and W into β-Ga2O3 suggest changes in the optical ab-

sorption and band gap [3,8,12–15]. Similarly, Sn- or Cr-doped Ga2O3

nanowires were shown to exhibit tailored properties for application in

luminescent display devices [12]. Doping certain type of metal ions,

such as Ni, Zn, and Pb, enhances the photocatalytic activity of Ga2O3

[16–19]. The obvious relevance and impetus for the present work on Ti-

doped Ga2O3 films is derived from the following considerations. First of

all, the efforts directed towards Ti-doped Ga2O3 films in the literature

are meager; therefore, understanding the fundamental science of ma-

terials from the Ga-Ti-O system is most compelling. Also, from applied

science perspective, understadning the effect of Ti-doping into Ga2O3

may enhance our ability to design and development of novel functional

materials for optical, optoelectronic and photo-catalytic applications.

Note that TiO2, similar to Ga2O3, has been widely used in solar cells,

photo-catalysis, and chemical sensors. Therefore, a fundamental sci-

entific understanding of either single phase or composite materials

derived from Ga-Ti-O system may offer unique properties and phe-

nomena useful for a wide range of optical and photo-catalytic appli-

cations. Previously, we demonstrated the direct relationship between

the structure and band gap of Ti-incorporated Ga2O3 films in a com-

munication [13]. However, a more detailed account of fundamental

understanding of the structure-composition-optical constants relation-

ship is quite important to understand the optical and electrical prop-

erties and also to establish a road-map for practical utlization of Ti-

doped Ga2O3 (GTO) films. Most importantly, determining the optical

constants, namely index of refraction (n) and extinction coefficient (k),

along with band gap (Eg) is important for UV-transparent oxides, such

as Ga2O3 in this case. Furthermore, for thin films and nanomaterials,

these optical characteristics are sensitive to the microstructure. Sur-

face/interface structure, crystal quality, packing density, lattice para-

meters, and defect structure strongly influences the Optical parameters
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of thin films and nanomaterials.. On the other hand, tailoring the op-

tical constants and their dispersion profiles open the door for en-

gineering modern electronic and optical devices. Therefore, in the

present work, optical constants of sputter-deposited GTO thin films

were evaluated using spectrscopic ellispometry, which allowed us

probing the optical quality of the films as a function of Ti doping as

presented and discussed in this paper.

2. Experimental details

Intrinsic and Ti-incorporated Ga2O3 nanocrystalline (nc) films (re-

ferred to as GTO hereafter) were deposited onto silicon (Si) (100) wa-

fers by radio-frequency magnetron sputtering. All the substrates were

thoroughly cleaned by ultrasonication using ethyl alcohol. The sub-

strates were then dried with nitrogen and then introduced into the

vacuum chamber Co-sputtering of the Ga2O3 (99.999%) and Ti

(99.95%) targets (2 in. diameter; Plasmaterials Inc.) was performed to

produce GTO films with a variable Ti content. The Ga2O3 and Ti targets

were placed on 2-in. sputter guns, which were placed at 8 cm from the

substrate. The base pressure was ∼10−6 Torr. A sputtering power of

25W was initially applied to the targets while introducing high-purity

argon (Ar) into the chamber to ignite the plasma. The sputtering power

was then increased to the desired or set values for Ga2O3 and Ti targets,

respectively.. A constant sputtering power of 100W was maintained for

the Ga2O3 target. The Ti-target sputtering power was varied in the

range of 0–100W to change the Ti concentration (x) in the films. The

argon and oxygen flows were controlled using MKS mass flow meters.

The reactive deposition atmosphere was achieved by flowing 30 sccm of

argon and 10 sccm of oxygen through separate mass flow controllers.

The working pressure of argon was held at 2.0 mTorr, corresponding to

a constant pumping speed of 190 L/s, prior to the introduction of

oxygen. A constant pumping speed was achieved by locking the posi-

tion of the gate valve between the turbomolecular pump and the de-

position chamber. The total working pressure and the corresponding

oxygen partial pressure (PO2) were monitored using a capacitance

manometer.

Before each deposition, the Ga2O3 target was pre-sputtered for

10min with the shutter above the gun closed. The samples were de-

posited at substrate temperature (Ts) of 500 °C. This deposition tem-

perature was optimum for producing nanocrystalline β-phase Ga2O3

films [13,20]. The substrates were heated by resistive heating, and the

desired Ts was controlled by an Athena X25 controller. In all experi-

ments, the deposition time was 3 h. The incorporation of Ti increases

the film thickness continuously from 190 to 290 nm. This is expected

because the Ga2O3 target is being sputtered at a constant power re-

sulting in a constant thickness (∼190 nm) while the amount of Ti in-

corporation increases the overall material flow and thickness of the

GTO samples. The characterization of the samples and related analyses

conidered all these factors.. The GTO sample identification numbers

were generated based on the sputtering power applied to the Ti target.

The optical constants and surface/interface characteristics were

probed by spectroscopic ellipsometry (SE), which measures the relative

changes in the amplitude and phase of the linearly polarized mono-

chromatic incident light upon oblique reflection from the sample sur-

face. The experimental parameters obtained by SE are the angles Ψ

(azimuth) and Δ (phase change), which were determined over the

wavelength range of 200–1600 nm at 300 K in the air on a J. A.

Woollam vertical variable-angle spectroscopic ellipsometer with com-

puter controlled Berek wave plate compensator (J.A. Woollam Co,

Lincoln, NE). The selected angles of incidence are 60°, 65°, and 70°. The

ellipsometry data analysis was performed using commercially available

WVASE32 software [21]. The optical properties of Ga2O3 and GTO

films were evaluated using spectrophotometry measurements em-

ploying a Cary 5000 UV–vis–NIR double-beam spectrophotometer. GTO

films deposited on quartz were used for spectrophotometry measure-

ments. Theoretical details needed to understand how the optical

properties were calculated using the experimental data (ellipsometry

and spectrophotometry) are briefly presented in the following section.

3. Theory, model and calculations

Spectroscopic ellipsometry (SE), which is a nondestructive optical

method, allows the determination of optical constants and micro-

structure of thin oxide films. The SE measured angles (Ψ, the azimuth

and Δ, the phase change) are related to the sample microstructure and

optical properties as defined by Refs. [22–25]:

= =ρ R
R Ψ i∆tan exp( )p
s (1)

where Rp and Rs are the complex reflection coefficients of the light

polarized parallel and perpendicular to the plane of incidence, respec-

tively. For data analysis, the Levenberg-Marquardt regression algorithm

was used for minimizing the mean-squared error (MSE) [22]:
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where Ψexp, Ψcalc, and Δexp, Δcalc are the measured (experimental) and

calculated ellipsometry functions, N is the number of measured Ψ, Δ

pairs, M is the number of fitted parameters in the optical model, and σ

are standard deviations of the experimental data points.

Extracting meaningful physical and surface/interface information

from SE requires the construction of an optical model of the sample that

generally accounts several distinct layers with individual optical dis-

persions. Interfaces between these layers are optical boundaries at

which light is refracted and reflected per the Fresnel relations. Fig. 1

shows the stack model used to simulate the spectra for the purpose of

determining the optical constants of GTO films. The model contains,

from the top, Ti-doped Ga2O3 film, SiO2 interface, and Si substrate. The

fitting procedure also considered the surface and interface roughness

for accuracy.

Spectrophotometry measurements allow to determining the optical

transparency and band gap. The band gap calculations [2,3,13,15] were

done using optical absorption coefficient, α, of the films that is eval-

uated using the relation:

α=[1/t]ln[T/(1-R)2], (3)

where T is the transmittance, R the reflectance and t the film thickness.

The average film thickness values determined from both SEM and SE

data were employed to obtain the optical absorption coefficient of GTO

films. Further analysis of the optical spectra and calculations allow

understanding the effect of Ti incorporation on the optical properties..

Fig. 1. Stack model of the GTO sample constructed for ellipsometry data ana-

lysis.
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For β-Ga2O3 with a direct band gap [3,4,13,15] the absorption follows a

power law of the form:

(αhν)= B (hν-Eg)
1/2 (4)

where hν is the energy of the incident photon, α is the absorption

coefficient, B is the absorption edge width parameter, and Eg is the band

gap. The details of spectrophotometry measurements and detailed

analyses were reported elsewhere. However, comparison of the ellip-

sometry and spectrophotometry analyses made. Especially, the band

gap values determined by these two methods are compared and vali-

dated.

4. Results and discussion

The Cauchy dispersion model was used since the GTO films are

transparent in the respective wavelength region and also for other

reason that it was successful to fit the data and explain the optical

properties of intrinsic Ga2O3 films [26]. Also, this model was able to

account for the optical properties of other wide band gap oxides such as

La2O3 [27], Y2O3 [25], and HfO2 [28,29]. The Cauchy equation for

refractive index n as function of wavelength λ can be expressed as:

= + +n λ A B
λ

C
λ( ) 2 4 (5)

where A, B, and C are the Cauchy coefficients and specific to the ma-

terial. A is the constant that dominates n(λ) for long wavelengths, B

controls the curvature of n(λ) in the middle of the visible spectrum, and

C influences the n(λ) to the greater extent at shorter wavelengths. Also,

the principle behind Cauchy's model can also be used for the dispersion

function k(λ):

= + +k λ d e
λ

f
λ( ) 2 4 (6)

where d, e and f are constants specific to the material [25,29,30]. Thus,

the Cauchy model and fitting of the recorded experimental data allow

for the optical constants (n and k) determination as well as thickness

verification. The model/fitting parameters are presented in Table 1

while Fig. 2 shows the spectral dependencies of the SE functions, Ψ and

Δ, determined for GTO films. The spectral dependencies of Ψ and Δ

were fitted with appropriate models to extract film thickness and the

optical constants, i.e., the refractive index (n) and extinction coefficient

(k), based on the best fit between experimental and simulated spectra

[22,23]. The curves obtained for Ti-doped Ga2O3 films indicate (Fig. 2)

a reasonable agreement between the experimental and simulation data

for the entire range of Ti-concentration.

The microstructure information, specifically, film thickness,

roughness and interfacial oxide thickness of GTO films, was also ob-

tained from SE analysis. The film thickness variation as a function of Ti

sputtering power and/or Ti concentration is presented in Fig. 3. It is

evident that the film thickness is steadily increasing with Ti sputtering

power. Fig. 3 also, shows the variation of surface roughness of the Ti-

doped Ga2O3 films determined from SE analysis.

The dispersion profiles of the index of refraction (n) determined

from SE data for Ti-doped Ga2O3 films are shown in Fig. 4a. The ‘n’

dispersion profiles indicate a sharp increase at shorter wavelengths

corresponding to fundamental absorption of energy across the band

gap. The ‘structure and Ti-content’ dependence is evident in the dis-

persion curves (Fig. 4a), where a progressive increase of n value with

increasing Ti content (Fig. 4b) is evident in GTO films. The spectral

dependence of the extinction coefficient (k) determined from SE data

for Ti-doped Ga2O3 films is shown in the insert of Fig. 4a. It is evident

that the extinction coefficient values are low and very close to zero in

most parts of the spectrum (insert, Fig. 4a) which indicates very low

optical losses due to absorption. The onset or sharp increase in k at high

photon energy or short wavelength is due to the fundamental absorp-

tion across the band gap. The dispersion profiles of k(λ) reveal the

structural quality of Ti-doped Ga2O3 films. Specifically, the curves T
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(Fig. 4a) indicate that the k value of the Ti-doped Ga2O3 films is almost

zero in the visible and near-infrared spectral regions, while for photon

energies toward the ultraviolet region, the extinction coefficient in-

creases sharply. The k(λ) behavior is obviously related to the optical

quality of the films. Strong absorption with no weak shoulders or tailing

behavior for the Ti-doped Ga2O3 films can be attributed to their high

quality with a very high transparency, which was also confirmed by the

spectrophotometry analysis of films [13]. Rapid increase in k values

indicate the strong absorption across the band gap.

The structure and chemistry of the GTO films as a function of Ti

content explains the functional dependence of optical constants on Ti-

content. . Note that, for thin films and nanomaterials, the optical con-

stants are sensitive to the microstructure and chemistry [20,22,31–33].

It is widely accepted that the surface/interface structure, crystal

quality, packing density, lattice parameters, and defect structure

strongly influences the optical parameters [3,20,22,25,27,29,31–34].

Thus, the Ti incorporation induced changes in the n-values and their

dispersion profiles are directly correlated to the nanometric structure

and chemistry of the GTO films. The good optical quality of the intrinsic

Ga2O3 films (without any Ti) is due to their nanocrystalline structure

and chemical stoichiometry, as indicated by the structural and chemical

characterization. Usually, the low-packing density and/or stoichio-

metric defects can result in relatively low-values of optical constants

compared to the bulk of the crystalline materials [25,29,34]. For in-

stance, the optical constants of wide band gap HfO2 and Y2O3 films

Fig. 2. Spectral dependence of Ψ and Δ for GTO films. The experimental and modelling curves are shown. The data of GTO films with variable sputtering power to

the Ti target are shown in a (GTO-0), b (GTO-20), c (GTO-40), d (GTO-60), e (GTO-80), and f (GTO-1000), respectively.

Fig. 3. Thickness and roughness variation of Ti doped Ga2O3 films. Circles re-

present the thickness values while squares represent the roughness values.
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were strongly influenced by their structural quality [25,29]; amorphous

HfO2 and Y2O3 films were found to exhibit low values of n and k which

are explained on the basis of the structural disorder and low packing

density in the amorphous matrix [25,29]. Thus, the good optical quality

in terms of n and k values in nc-Ga2O3 films is attributed to the na-

nostructure, which is characterized by dense, randomly oriented na-

nocrystals. This leads to enhancement in packing density, which results

in enhanced index of refraction. The additional evidence for the pro-

posed mechanism comes from our earlier reports on the optical prop-

erties of nanocrystalline Y2O3 [25] and HfO2 [29] films and other re-

ports existing in the literature [27,32,34]. Furthermore, such behavior

was also noticed in nanocrystalline ZnO [35] and CeO2 [36]. Thus, the

increased n values in GTO films as a function of increasing Ti content

are due to the chemical changes.

As to chemical composition changes, the refraction variation me-

chanisms seems to be dominant in Ti-doped Ga2O3. It is known that

Ti4+ ion has a very high refraction and, respectively, the substitution of

“TiO2” for “Ga2O3” could increase the refractive index. The examples of

such analysis of several doped crystals could be found elsewhere

[37–39]. Perhaps, the dominance of Ti induced chemical effects are

more pronounced than structural effects to induce enhancement in n

values. Based on the results reported in the literature on the optical

quality of CeO2 [36], HfO2 [29] and Y2O3 [25] films, one would expect

to see a decrease in the n-values with progressive Ti content in GTO

films. This is due to the fact that the structural characterization em-

ploying XRD and SEM analyses indicate that Ti-incorporation induces

structural changes, where nanocrystalline GTO films eventually be-

comes amorphous at higher Ti content. However, the observed trend

i.e., n-value increase with Ti, is primarily due to the chemical changes

leading to the formation of Ga2O3–TiO2 composite. While the detailed

structural characterization is reported elsewhere [13], a brief summary

of the results in the context of understanding the present work on op-

tical constants variation with Ti doing is as follows. The GTO films

exhibit the thermodynamically stable and single-phase β-Ga2O3 for

lower Ti-content. However, structural transformation from crystalline

to nearly amorphous state occurs with increasing Ti. Higher end of Ti

content (∼5 at%) results in the formation of Ga2O3–TiO2 composite,

where the amorphization of the Ga-Ti-O films was due to the TiO2

generation. The Ga2O3–TiO2 composite formation was evident in both

crystal structure and chemical composition analyses. Thus, the ob-

served behavior in the optical constants of GTO films can be understood

based on the chemical changes. The index of refraction of TiO2 is higher

compared to that of Ga2O3. Therefore, increasing sputtering power to

the Ti target results in higher Ti content, which is responsible for

Ga2O3–TiO2 composite formation and hence the overall enhancement

in n values. Furthermore, such Ti-incorporation facilitated Ga2O3–TiO2

composite formation may also be affecting the physical density of the

films which in turn contribute to the n-enhancement. In order to vali-

date this hypothesis we considered further analysis of the GTO optical

data to determine the relative density of the films.

It is well known that the refractive index is closely related to the

physical properties and density of the films [29,34,37]. Thus, the ob-

served increase in refractive index of GTO films with addition of Ti may

be due to increasing packing density of the films. In order to further

confirm and validate this hypothesis, the relative density of the GTO

films is calculated using Lorentz-Lorenz relationship. The Lorentz-

Lorenz [40] equation is:

= = − +
+ −p

ρ

ρ

n n

n n

( 1)( 2)

( 2)( 1)

f

b

f b

f b

2 2

2 2
(7)

where p is the packing density, ρf is the density of the thin film, ρb is the

density of the bulk material, nf is mean refractive index of the film and

nb is the refractive index of the bulk material. The bulk refractive index

(nb) of β-Ga2O3 is 1.9201 [41,42] and the refractive index of the film

measured at 550 nm is employed in Lorentz-Lorenz equation to calcu-

late relative density of the film. The calculated relative density of GTO

films is presented in Fig. 5. The physical density of GTO film increases

with Ti content. Thus, the results and analysis of SE data confirm the

density increase in Ti incorporated GTO films and accounts for the

observed enhancement in n-values.

Finally, to understand the effect of Ti doping on the band gap (Eg) of

Ga2O3 films, Eg values determined from SE are presented and compared

with that of spectrophotometry analyses in Fig. 6. The Eg trend with Ti

content is evident in Fig. 6. The Eg value for intrinsic Ga2O3 (without Ti

incorporation) determined from absorption data is 5.40 (± 0.03) eV,

which then continuously decreases to 4.41 (± 0.03) eV with increasing

Ti content in the films. The effect of Ti doping and the physics and

chemistry of the electronic structure changes leading to a substantial

red shift in Eg can be understood as follows. We first consider the

crystallographic data of Ga and Ti oxides separately, and we then

consider the Ti doping-induced changes in the crystal structure of

Ga2O3. Most important to note is the fact that both Ga2O3 and TiO2

exhibit polymorphism. While Ti oxide exhibits rutile or anatase phases

routinely, the monoclinic structure is thermodynamically favorable for

Ga2O3 [20,43]. If the ionic size and other structural parameters are

compatible or comparable, a solid solution without any structural

change can be expected for Ti doping into a Ga2O3 lattice, i.e., Ti atoms

Fig. 4. a) Refractive index (n) dispersion profiles of GTO samples; b) Variation

of ‘n’ values of GTO samples at different two wavelength. Ti-induced increase in

n values is evident.
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can occupy the lattice positions of Ga inside the β-phase Ga2O3. In fact,

no evidence of a secondary phase or peak distortion for the parent β-

Ga2O3 is seen in crystal structure analyses [13] when Ti concentration

is≤ 1.5 at%. Therefore, for the set of conditions employed in this work,

the Ti-doped Ga2O3 films accommodate Ti without any structural dis-

tortion up to 1.5 at%, at which point the onset of Ti-induced changes

result in the composite formation, as seen in the chemical analyses

[13]. The reason for the Ti–Ga2O3 single phase system could be the

comparable ionic radii of Ga3+ and Ti4+ ions, which are 0.062 nm and

0.069 nm, respectively [44]. Therefore, Ti ions can occupy the Ga2O3

structure without any perturbation only up to a certain limit. Exceeding

this limit might result in Ti occupying interstitial positions, leading to

changes in crystallography. Important to note that, as shown in Fig. 6, is

Eg∼3.2 eV for Ti oxide (TiO2) [13]. The measured Eg is not even close

to this value, which is an indication of the composite film being

predominantly Ga2O3 in the matrix, while the presence of TiO2 may be

only as a minor component.

5. Conclusions

The effect of Ti doping on the optical characteristics, namely the

index of refraction, optical absorption coefficient, and band gap, of

nanocrystalline Ga2O3 films were investigated in detail using spectro-

scopic ellipsometry. The results shed light on the optical behavior of Ti-

doped Ga2O3 films, where the Ti-induced changes are visible in terms of

the dispersion profiles of n and k and the Eg-composition dependence.

The Eg value decreases significantly to ∼4.2 eV for the 5 at% of Ti

doped Ga2O3 films. The n values at 632 nm increases from 1.78 to 1.84

with increasing Ti concetration from 0 to ∼5 at%. The n-value en-

hancement with Ti is attributed to the Ga2O3–TiO2 composite forma-

tion, where the chemical changes i.e., a composite formation, are more

dominant than the structural changes i.e., amorphization of the Ga-Ti-O

films with increasing Ti content. Titanium doping induced Ga2O3–TiO2

composite formation successfully accounts for the n-enhancement and

Eg-reduction in transparent GTO films. Additionally, Lorentz-Lorenz

analysis of the ellipsometry data indicates the gradual improvement in

the packing density coupled with structural transformation accounts for

the observed optical quality of the Ti-doped Ga2O3 films. A correlation

established between the structure, Ti-concentration and optical con-

stants of GTO films may be useful and provide a road-map for their

effective integration in practical optical and optoelectronic devices.
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