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A B S T R A C T

A crucial step in developing new and/or more ecient devices relies on the detailed knowledge o the properties
o their main (elemental or combined) parts. The same applies to titanium dioxide TiO2 that orms the basis o
today numerous applications whose perormances are determined by the presence or relative amount o the
Anatase (A-) and Rutile (R-) most common phases o TiO2. Whereas the basic structural characteristics o these
two polymorphs are very well-established, some o their optical aspects still deserve attention. With these ideas
in mind this work presents a comprehensive investigation o the optical bandgap Egap o TiO2 under the Anatase
and Rutile phases. The study considered pure A-TiO2 and R-TiO2 samples in the orm o powder, and optical
refectance and Raman spectroscopy in the 83–823 K temperature range. In addition to reliable Egap values the
study explores their temperature-dependent Egap(T) behavior that is expected to assist uture advancements in
the eld o TiO2-based materials and devices (thin lms, interaces, low-dimensional systems, and photocatalytic
and solar cells, or example).

Introduction

Titanium dioxide TiO2 is a chemically-inert, relatively low-cost
semiconductor material that has been inspiring research in the
academic-technological areas or years [1]. In spite o its modest atom
composition TiO2 can exhibit distinctive atomic arrangements and,
thereore, it is able to present completely dierent properties. When
adopting the tetragonal crystal structure, or example, TiO2 can exist
under the Anatase A- (space group l41/amd, a = 3.7845 Å and c =
9.5143 Å) or Rutile R- (space group P42/mnm, a = 4.5937 Å and c =
2.9587 Å) phases [2]. Regarding the electronic properties there is
certain consensus that the optical absorption edge o TiO2 stays around
400 nm and that, whereas the bandgap o A-TiO2 is indirect, most o the
optical processes taking place in R-TiO2 are o direct nature [3,4].
Moreover, it is known that the precise optical bandgap Egap values are
subject to sample details (morphology and purity, or example) as well
as to the method-conditions o measurement. In act, this is a matter o
concern since small variations in the structure and composition o TiO2
can lead to signicant variations o Egap [5–8], and because A-TiO2 can
be irreversibly transormed into R-TiO2 above approx. 850 K - depend-
ing on several experimental conditions [9].

In addition to all o these characteristics, A-TiO2 and R-TiO2 repre-
sent the two most important polymorphs o TiO2 and are at the origin o

many successul achievements involving: photo- or solar-driven pro-
cesses [10–13], environment sensors [14], energy storage [15], control-
manipulation o biomolecules [16], and cosmetics, paints and coatings
[17], just to mention a ew o them. Actually, it is the combination o the
structural and optical properties o the A-TiO2 and R-TiO2 phases that
decides the application target and, specially, the perormance o uture
TiO2-based devices. A classical example o such infuence reers to TiO2-
containing dye-sensitized solar cells where the presence o R-TiO2 can
act either improving the short-circuit current and number o photo-
generated electrons [18,19], or partially compensating variations in
the photo-electrode areas [20]. As a result, it seems clear that the
development o new and/or improved TiO2-based applications is
conditioned to the precise identication-quantication [21,22] and
detailed knowledge o the properties o the A-TiO2 and R-TiO2
polymorphs.

Specically related to the temperature-dependent optical bandgap
Egap behavior o the Anatase and Rutile phases o TiO2 the literature is
still incomplete and very scarce. Apparently, there are three reports on
the subject that, despite presenting some theoretical work, perormed
experiments basically with A-TiO2 [23,24] or with (very thin) lms
[23,25] - in all cases, only above room-temperature.

Motivated by the basic-applied interest in TiO2, as well as by the
need o supplementary inormation, this work presents a comprehensive
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study o the temperature-dependent optical bandgap Egap(T) o the
Anatase and Rutile polymorphs o TiO2. In addition to the Egap(T)
investigation (which also includes its analysis with some theoretical
models) the work also presents the main structural-compositional data
o the A-TiO2 and R-TiO2 samples.

Experimental details

The studied A-TiO2 and R-TiO2 correspond to commercial (Sigma-
Aldrich 99.99 % pure) samples in the orm o powders. The chemical
(stoichiometric) composition o the samples was conrmed by energy
dispersive x-ray (EDX) measurements, and the analyses o scanning
electron microscopy images indicate that the samples present average
grain sizes, typically, in the range o hundreds o nm (see
SuppMater_Fig. S1).

Optical refectance measurements were carried out in a system
comprising a portable spectrometer (Ocean Optics HR4000), a deute-
rium-halogen UV–VIS-NIR light source (Mikropack DH-2000-BAL), and a
biurcated optical ber (Ocean Optics BIF600-UV–VIS). The sample
measured areas and the spectral resolution stayed around 3 mm2 (2 mm
spot diameter) and below 10 nm, respectively, and all spectra were
corrected by the optical response o the system to ensure 100 % light
refection rom a diuse refectance standard.

The structure o the A-TiO2 and R-TiO2 powders were investigated by
Raman scattering spectroscopy (Renishaw RM2000) [22]. The mea-
surements considered ~ 80 μm2 sample surace areas and they were
perormed with low power (30 μW) HeNe 632.8 nm laser radiation.

The optical refectance and Raman scattering spectra were acquired
in the 83–823 K range (in steps o either 25 or 50 K) ater leaving the
samples at the desired temperature or 5 min. In this case a computer-
controlled, nitrogen gas-purged T-stage (Linkam THMS600) was
employed. Beore each measurement the powders were assembled in a
copper-made sample holder and gently pressed in order to obtain a
compact and smooth sample surace. Even though the temperature-
dependent measurements considered a rather small sample amount
(150 mm3) and a mild temperature rate (10 K/min), additional spectra
were taken at 83, 173, 273, 523, and 773 K ater 30 min. As will be
shown, since the use o dierent dwelling times originated no appre-
ciable changes in both refectance and Raman spectra, it is reasonable to
state that all measurements were obtained with the samples under
thermal equilibrium conditions.

Experimental results

The optical diuse refectance spectra o the A-TiO2 and R-TiO2
samples, at some selected temperatures, are shown in Fig. 1. In the
225–550 nm range, where the optical absorption edges o TiO2 are ex-
pected to occur [4], it is evident the evolution o the spectra as the
temperature omeasurement increases. These changes originate because
omodications in the (temperature-dependent and phonon-dependent)
optical transitions that, ultimately, will determine the bandgap Egap o
the samples. (The complete set o diuse refectance spectra can be seen
in SuppMater_Fig. S2.).

The Raman spectra o the very same samples are shown in Fig. 2 that,
additionally, indicate the main phonon modes relating the A-TiO2 [at
approximately 144 cm1 (Eg), 196 cm1 (Eg), 395 cm1 (B1g), 518 cm1

(A1g + B1g) and 639 cm1 (Eg)] and R-TiO2 phases [at 143 cm1 (B1g),
235 cm1 (combination omodes), 448 cm1 (Eg) and 609 cm1 (A1g), in
addition to some background in the ~ 75–750 cm1 range] [22,26].
(The complete set o Raman spectra can be seen in SuppMater_Fig. S3.).

As expected, it is clear rom the spectra o Fig. 2 the shit and
broadening o the Raman lines at increasing temperatures [27]. Most
importantly, these Raman results demonstrate that the observed
temperature-induced modications in the diuse refectance spectra o
Fig. 1 are exclusively due to optical-electronic processes, and do not
involve any structural transormation o the TiO2 samples. In act, the

ensemble o experimental results suggests that the samples are (and
remain) pure along the 83–823 K range [22], despite the diuse
refectance and Raman spectra were acquired at increasing or
decreasing temperatures and rom dierent regions o the sample,
thereore, conrming the appropriateness o the data.

Discussion

Among the various dierent eatures that a semiconductor material
can exhibit its optical bandgap Egap is o paramount importance. In
combination with some theoretical work the Egap (value and optical-
related processes) can help to unravel the electronic structure o most
materials, and knowing Egap is essential to decide the purpose and
operating range o semiconductor devices - specially the photon-based
ones [28,29]. Investigating the temperature-dependent Egap(T)
behavior provides additional inormation regarding the photon-elec-
tron–phonon interaction that, again, can improve the understanding and
eventual application o several semiconductors. In practice, the Egap
values o nearly all materials can be obtained by means o optical
measurements that take into account the energy range o interest as well

Fig. 1. Optical diuse refectance spectra, at some selected temperatures, o the
(a) A-TiO2 and (b) R-TiO2 samples. The gures highlight the spectral region
(225–550 nm range) where the optical absorption edges o TiO2 typically occur.
The 100 % refectance curves (as obtained rom a diuse refectance standard)
are also shown.

Fig. 2. Raman scattering spectra, at some selected temperatures, o the (a) A-
TiO2 and (b) R-TiO2 samples. The gures show the most prominent phonon
modes taking place in the Anatase and Rutile phases o TiO2 (see text). In (a) the
scattering intensities in the 300–900 cm1 range were multiplied by 5. All
spectra were normalized and vertically shited or comparison reasons.

A.R. Zanatta



Results in Physics 60 (2024) 107653

3

as details o the materials. The specics o these measurements also
infuence the proper way to transorm the experimental data into optical
absorption spectra that, ultimately, will provide the corresponding Egap.

In the case o powder-like samples, the optical diuse refectance
spectra o Fig. 1 should be converted in a pseudo-absorption unction F
(R∞) through the Schuster-Kubelka-Munk approximation:[30]

F(R∞) =
(1  R∞)2

2R∞
(1)

where R∞ is the refectance o the samples (as reerred to a diuse
refectance, non-absorbing standard). The results o this procedure can
be seen in Fig. 3 that shows the F(R∞) o the A-TiO2 and R-TiO2 samples
at 83, 523 and 773 K, in the 2.5–4.0 eV photon energy range (or ~
300–500 photon wavelength range).

At this point, the F(R∞) spectra are urther processed in order to
determine the Egap(T) o the TiO2 samples. Considering that F(R∞)
corresponds to the optical absorption coecient α [30], and given the
indirect nature o the optical transitions o the A-TiO2 sample its Egap is
obtained, traditionally [31], by extrapolating the linear least squares t
o α1/2 to zero, in a “α1/2 versus photon energy E” plot [32]. A similar
reasoning applies to the direct bandgap o R-TiO2 in which its Egap de-
rives rom a “α2 versus photon energy E” plot [33].

A more convenient way to obtain the Egap values involves the tting
o the F(R∞) (~absorption coecient α) spectra with sigmoid-
Boltzmann unctions. The approach is straightorward (based on very
ecient and reliable empirical relationships) and it is known to be
exempt rom errors due to experimental spectra acquisition and data
processing [34]. Accordingly, the Egap(T) o the present TiO2 samples
were achieved, ater tting the F(R∞) spectra with sigmoid-Boltzmann
unctions (as shown in Fig. 3, or example), by considering:

Egap = Etype
Boltz = E0  ntype × δE (2)

where E0 and δE correspond, respectively, to the central energy and
slope o the sigmoid-Boltzmann unction [35], and ntype stands or the
indirect or direct character o the optical transition (or bandgap), such
that: nIND = 4.3 and nDIR = 0.3 [34].

Fig. 4 shows the Boltzmann-related E0 energy and δE slope o the A-
TiO2 and R-TiO2 samples in the whole 83–823 K temperature range.
According to the gure, it is clear the variations experienced by E0 and

δE as the temperature o measurement increases. In the rst case E0
downshits and, in the latter, δE augments - both o them being associ-
ated with the (temperature-dependent) phonon-assisted processes tak-
ing place in the TiO2 samples [31].

In combination with Eq.(2) - i.e., EINDBoltz = E0 4.3× δE or A-TiO2 and
EDIRBoltz = E0 0.3× δE or R-TiO2 - the data o Fig. 4 provide the Egap(T) o
the TiO2 samples. These results are shown in Fig. 5, along with the
Egap(T) values available rom the literature. As can be seen, the Egap’s
seem to be practically constant rom 83 to ~ 300 K, with Egap = 3.24 ±
0.03 eV or A-TiO2 and Egap = 3.16 ± 0.03 eV or R-TiO2 and, then, the
results indicate decreasing Egap values as the temperature advances.

Regarding the data rom literature, it is evident the overall
decreasing Egap(T) behavior presented by both phases as well as some
deviation between the experimental Egap values (except or those pre-
sented by Re [24]). In this case the divergences may arise due to the use
o lms (with thicknesses below 100 nm) [23,25] or because o distinct
measurement and/or Egap evaluation methods. Being aware o these
issues the present study considered TiO2 samples with very well-
established atom composition and structure, and sample-

Fig. 3. Pseudo-absorption F(R∞) spectra (solid lines), at some selected temperatures, o the (a) A-TiO2 and (b) R-TiO2 samples. The gures also display the cor-
responding sigmoid-Boltzmann ttings (dashed gray lines) and their corresponding E0 (Boltzmann energy) and δE (Boltzmann slope) values.

Fig. 4. Boltzmann-related energy E0 and slope δE o the (a) A-TiO2 and (b) R-
TiO2 samples, in the 83–823 K temperature range. The E0 and δE values were
obtained by tting the experimental F(R∞) spectra with sigmoid-Boltzmann
unctions, rendering error bars that denote the typical dispersion o the data.
Notice the dierent energy ranges in (a) and (b).
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measurements conditions that guarantee thermal equilibrium and e-
cient light refection–absorption - namely, the samples are thick enough,
densely-packed, and constituted by randomly-shaped particles whose
sizes are in the order o the wavelength o the incoming radiation
[30,34]. Furthermore, or comparison reasons, the Egap(T) o the A-TiO2
and R-TiO2 samples were additionally obtained by means o the con-
ventional methods (i.e., linear extrapolation o the “α1/2 or α2 versus
photon energy E” plots). As a result, within the experimental error (Egap
± 30 meV), no appreciable dierences were observed in the present Egap
values - neither involving the use o dierent methods to estimate Egap
nor by adopting dwell times o 5 min or 30 min. (The Egap(T) results by
applying dierent evaluation methods, along with those relating
dierent dwell times, can be seen in SuppMater_Fig. S4.)

Still relating to the results o Fig. 5, so ar, dierent approaches have
been considered to investigate the shit o the energy levels in semi-
conductor materials and, thereore, to explain their temperature-
dependent Egap behavior. Among them, one can mention the pioneer-
ing work involving the contraction–expansion o semiconductor crystal
lattices and their respective electron–phonon interaction [36,37] that,
allied to meticulous experimental results [38], advanced the under-
standing o Egap(T). Given its practical importance the Egap(T) behavior
has been described in terms o (semi-)empirical models as well. As a
result, some o the existing Egap(T) approaches are very popular (in spite
o serious conceptual faws) [39], others depend on (not always readily
available or reliable) specic quantities [40], whereas a ew ones (based
on simple-reasonable groundings) [41] provide exceptional agreement
with the experimental data - Res [42,43] present good reviews on the
subject. Within this context it is believed that the access to consistent
Egap(T) databases (ideally involving dierent materials and extended
measurements conditions) can contribute to unravel the mechanisms
behind the temperature-dependent photon-electron–phonon in-
teractions. For that reason, the current Egap(T) data o the A-TiO2 and R-
TiO2 samples were analyzed by considering the three-parameter (ther-
modynamic) unction:[37,41]

Egap(T) = Egap(0) S〈ħω〉


coth
(〈ħω〉

2kBT

)
 1


(3)

where Egap(0) is the optical bandgap value at T = 0 K, S is a
dimensionless coupling constant, 〈ħω〉 is the average phonon energy,
and kB stands or the Boltzmann constant.

As can be seen rom Fig. 5, Eq.(3) perectly ts the experimental
Egap(T) data in the 83–823 K temperature range by providing Egap(0)’s
equal to 3.23(6) and 3.16(2) eV or A-TiO2 and R-TiO2, respectively.
Regarding the average phonon requency, or both polymorphs, 〈ħω〉

stays around 50–80 meV which is in the same range (approx. 450–650
cm1) o the Raman results (Fig. 2), and close to the Boltzmann-related
δE slopes (Fig. 4). Obviously, this association is not ortuitous and more
investigations (including other semiconductor materials and distinct
optical characterization techniques) are under way to make it clear.

For comparison purposes the Egap(T) data o Fig. 5 were also
analyzed according to the standard (Varshni’s) expression
Egap(T) = Egap(0)αT2

β+T where α and β are tting parameters (such that, as
it was originally proposed [39], β ~ Debye temperature). Even though
the Varshni’s expression reproduced the experimental Egap(T) with good
precision and retrieved Egap(0) values similar to those achieved with Eq.
(3), the obtained β parameters are ar rom the supposed TiO2-related
Debye temperatures θD. More precisely, whereas the literature indicates
θD’s in the 500–600 K range, or both phases o TiO2 [2], the tting
procedure yields β(A-TiO2) = 800 K and β(R-TiO2) = 4150 K (see
SuppMat_Fig. S5).

In view o that, according to the present experimental results, the
temperature-dependent optical bandgap o the A-TiO2 and R-TiO2
samples can be properly described by:

EATiO2
gap (T) = 3.24 0.12


coth

(0.057
2kBT

)
 1


(4)

and

ERTiO2
gap (T) = 3.16 0.18


coth

(0.083
2kBT

)
 1


(5)

The current work could be complemented by extending the range o
temperatures and/or by measuring TiO2 in the orm o bulk (waer)
samples or thick lms, allowing to explore the eects due to the Anatase-
to-Rutile phase transormation as well as those originating rom disor-
der, or example. Anyway, in its present orm, this work investigated
TiO2 powder-like samples o very well-known composition and struc-
ture, considered optical refectance and Raman scattering measurements
(over a considerable temperature range), and perormed a rather critical
data analysis-discussion. As a result, it was possible to obtain (or the
rst time) reliable Egap values and to establish accurate mathematical
expressions that describe the temperature-dependent Egap behavior o
the Anatase and Rutile phases o TiO2.

Concluding remarks

The Anatase and Rutile polymorphs o titanium dioxide TiO2 occupy
a very privileged position in the area o photon-related or solar-driven
applications such as those involving, or instance: pigments, optical
coatings, energy production-storage processes, etc. Much o this success
derives rom the singular properties o TiO2 as well as rom its systematic
investigation along the years. Yet, the temperature-dependent optical
bandgap Egap(T) behavior o A-TiO2 and R-TiO2 was still incomplete or
has not been explored adequately. In view o that, this work shows a
detailed Egap(T) investigation, in the 83–823 range, by considering
powder-like A-TiO2 and R-TiO2 samples o recognized chemical
composition and atomic structure. The experimental data were analyzed
thoroughly (by exploring dierent methods to evaluate Egap and the
Egap(T) results) rendering the ollowing expressions
EATiO2gap (T) = 3.240.12

[
coth


0.057
2kBT


 1

]
and ERTiO2gap (T) = 3.160.1

8
[
coth


0.083
2kBT


 1

]
that precisely describe the temperature-dependent

Egap behavior o A-TiO2 and R-TiO2. Taking into consideration all o
these aspects, the present work is expected to contribute with the study
o new materials and/or devices based, total or partially, onto the
Anatase or Rutile phases o TiO2.

CRediT authorship contribution statement

A.R. Zanatta: Writing – review & editing, Writing – original drat,

Fig. 5. Temperature-dependent optical bandgap Egap(T) o the (a) A-TiO2 and
(b) R-TiO2 samples, as obtained rom diuse refectance measurements. The
gures also display the results rom other works [23–25], as well as the tting
o the Egap(T) data with Eq.(3). The energy ranges in (a) and in (b) were kept
the same or comparison reasons.

A.R. Zanatta



Results in Physics 60 (2024) 107653

5

Validation, Resources, Methodology, Investigation, Funding acquisition,
Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing nancial
interests or personal relationships that could have appeared to infuence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

This work was nancially supported by the Brazilian agencies CNPq
(Grant 304569/2021-6) and FAPESP.

Appendix A. Supplementary data

Supplementary data to this article can be ound online at https://doi.
org/10.1016/j.rinp.2024.107653.

References

[1] See, or example, F. Parrino and L. Palmisano, Introduction, in Titanium dioxide
(TiO2) and its applications, Edited by F. Parrino and L. Palmisano (Elsevier 2021).
Chap. 1. https://doi.org/10.1016/B978-0-12-819960-2.00018-3.

[2] Howard CJ, Sabine TM, Dickson F. Structural and thermal parameters or Rutile
and Anatase. Acta Cryst 1991;B47:462. https://doi.org/10.1107/
S010876819100335X.

[3] D. R.Coronado, G. R. Gattorno, M. E. E. Pesqueira, C. Cab, R. Coss, and G. Oskam,
Phase-pure TiO2 nanoparticles: Anatase, Brookite and Rutile. Nanotechnology 19
(2008) 145605. http://doi.org/ 10.1088/0957-4484/19/14/145605.

[4] Zhu T, Gao SP. The stability, electronic structure, and optical property o TiO2
polymorphs. J Phys Chem C 2014;118:11385. https://doi.org/10.1021/
jp412462m.

[5] Zanatta AR, Cemin F, Echeverrigaray FG, Alvarez F. On the relationship between
the Raman scattering eatures and the Ti-related chemical states o TixOyNz lms.
J Mater Res Technol 2021;14:864. https://doi.org/10.1016/j.jmrt.2021.06.090.

[6] Echeverrigaray FG, Zanatta AR, Alvarez F. Reducible oxide and allotropic
transition induced by hydrogen annealing: synthesis routes o TiO2 thin lms to
tailor optical response. J Mater Res Technol 2021;12:1623. https://doi.org/
10.1016/j.jmrt.2021.03.082.

[7] Zanatta AR. Assessing the amount o the Anatase and Rutile phases o TiO2 by
optical refectance measurements. Res Phys 2021;22:103864. https://doi.org/
10.1016/j.rinp.2021.103864.

[8] Zanatta AR, Echeverrigaray FG, Cemin F, Alvarez F. Gradual and selective
achievement o Rutile-TiO2 by thermal annealing amorphous TixOyNz lms. J Non-
Crystal Solids 2022;579:121375. https://doi.org/10.1016/j.
jnoncrysol.2021.121375.

[9] Hanaor DAH, Sorrell CC. Review o the Anatase to Rutile phase transormation.
J Mater Sci 2011;46:855. https://doi.org/10.1007/s10853-010-5113-0.

[10] Fujishima A, Honda K. Electrochemical photolysis o water at a semiconductor
electrode. Nature 1972;238:37. https://doi.org/10.1038/238037a0.

[11] Fujishima A, Zhang X, Tryk DA. TiO2 photocatalysis and related surace
phenomena. Sur Sci Rep 2008;63:515. https://doi.org/10.1016/j.
surrep.2008.10.001.

[12] J. Nowotny, Applications, in Oxide semiconductors or Solar energy conversion:
Titanium dioxide (CRC Press, Boca Raton, 2012), Chap 8. ISBN 978-1-4398-4839-5.
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