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Investigating lattice vibrations through Raman spectroscopy is a crucial method for studying crystalline materials.
Carriers can interact with lattices and influence lattice vibrations; thus, it is feasible to study the effect of photo-generated
carriers on phonons by analyzing changes in the Raman spectra of semiconductors. Rutile is one of the predominant
crystalline phases of TiO2, which is a widely utilized metal oxide semiconductor. In this work, rutile TiO2 is coated on a
thinned optical fiber to concentrate ultraviolet light energy within the material, thereby enhancing the generation of carriers
and amplifying the changes in the Raman spectra. A Raman detection laser with a wavelength of 532 nm is utilized to
collect the Raman spectra of rutile TiO2 during irradiation. Using this setup, the impact of photo-generated carriers on the
phonons corresponding to Raman vibrational modes is researched. The localization and non-radiative recombination of
photo-generated carriers contribute to a reduction in both the frequencies and lifetimes of phonons. This work provides a
novel approach to researching the effect of carriers on phonons.

Keywords: Raman spectroscopy, photo-generated carriers, rutile TiO2, phonons
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1. Introduction
Raman spectroscopy is an optimal non-destructive tech-

nique for investigating microscopic structures.[1–3] Each Ra-
man peak corresponds to a specific lattice vibrational mode
(phonon), while the alterations in the lattice structure can
be elucidated by analyzing the changes of Raman peaks.[4,5]

The generation of carriers in semiconductors through photo-
excitation can be applied in various fields, such as pollu-
tant degradation,[6] water decomposition,[7] sterilization,[8]

and solar cells.[9] Researching the behavior of photo-generated
carriers serves as a fundamental approach for elucidating
the working mechanisms of semiconductors. The localiza-
tion of carriers by lattices induces lattice distortions, which
are referred to as polarons.[10,11] The non-radiative recom-
bination of carriers also generates phonons, thereby gener-
ating phonon–phonon interaction known as the anharmonic
effect.[12,13] Therefore, theoretically, photo-generated carriers
can affect the Raman-active vibrational modes in semicon-
ductors, thereby resulting in changes of the Raman spectra.
The effect of photo-generated carriers on phonons can be re-
searched through the real-time monitoring of the Raman spec-
tra of semiconductors.

TiO2 is a wide bandgap (3.0–3.2 eV) metal oxide semi-
conductor that can be excited by ultraviolet light, offer-
ing advantages such as excellent chemical stability, cost-
effectiveness, and environmental friendliness.[14,15] Rutile is
the most common and stable phase of TiO2, characterized by a
tetragonal crystal structure with space group P4/mnm.[16] Ru-
tile TiO2 has four Raman-active vibrational modes: B1g, Eg,

A1g, B2g, with Eg and A1g being the most significant and ex-
tensively researched.[17,18] The position and full width at half-
maximum (FWHM) of Raman peaks are critical parameters
that reflect the frequency and relaxation time of corresponding
vibrational modes, respectively.[19] The primary factors influ-
encing the position and FWHM of the Raman peaks for ru-
tile TiO2 are temperature,[20,21] size,[22] and pressure.[23] In-
creasing temperature results in red-shifts (shift towards lower
wavenumbers) and broadenings of the Eg and A1g peaks. This
phenomenon is mainly attributed to the temperature-induced
thermal expansion of the lattice, which affects the phonon
frequencies and lifetimes. Lan et al. subjected rutile TiO2

to overall heating in a furnace.[24] They observed a signifi-
cant red-shift of the Eg peak, while the A1g peak exhibited a
slight red-shift, the FWHMs of both peaks increased signifi-
cantly. Zhang et al. increased the temperature of the detection
spot by elevating the optical power of the Raman detection
laser (785 nm), resulting in changes in both the positions and
FWHMs of the Eg and A1g peaks in the same manner.[25] Re-
ducing the size of rutile TiO2 nanocrystals also induces red-
shifts and broadenings of the Eg and A1g peaks, which can
be attributed to the phonon confinement effect.[26] Pressure
results in the positions of the Eg and A1g peaks moving to-
wards higher wavenumbers (blue shift), and concurrently the
FWHMs of the two Raman peaks increase. This effect is due
to the transformation of the crystal structure of rutile TiO2 to a
disordered baddeleyite structure under pressure.[27] Currently,
limited research explores the effect of photo-generated carriers
on the Raman spectra of rutile TiO2.
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Enhancing the interaction between ultraviolet light and
rutile TiO2 is essential for promoting the generation of car-
riers, thereby amplifying the changes in the Raman spectra.
Concentrating light energy in rutile TiO2 is an effective means
to achieve this enhancement. Rutile TiO2 is coated on a
thinned optical fiber, where the cross-sectional area is reduced.
A portion of the transmitted light can directly interact with ru-
tile TiO2.[28,29] Moreover, this configuration effectively con-
fines the light field within rutile TiO2, thereby enhancing the
interaction between the excitation light and the material.

In this study, we constructed a Raman testing system
aimed at enhancing the impact of photo-generated carriers on
Raman spectra by strengthening the interaction between ul-
traviolet light and rutile TiO2 utilizing thinned optical fiber.
The effects of irradiation duration and intensity on the Raman
spectra of rutile TiO2 were researched. The results demon-
strated that irradiation induced red-shifts and broadenings in
both the Eg and A1g peaks, indicating a decrease in the fre-
quencies and lifetimes of the corresponding phonons. The
red-shifts and broadenings of the two Raman peaks became
more pronounced with increasing irradiation intensity, while
the impact of irradiation duration was minimal. In conjunc-
tion with the density functional theory (DFT) calculations in
related references,[30–32] we deduced that the localization and
non-radiative recombination of photo-generated carriers were
the primary factors driving these changes.

2. Experimental details
Thinned optical fiber was fabricated by flame heating

and pulling to reduce the diameter of the silica optical fiber
(core/cladding diameters: 3/125 µm). During the flame heat-
ing and pulling process, the core and cladding of the optical
fiber melted, and the diameter of the thinned region was ap-
proximately 20 µm. TiO2 was coated onto the thinned op-
tical fiber using a hydrothermal method. Initially, the optical
fiber was immersed in a seed solution of tetrabutyl titanate dis-
solved in isopropanol at a concentration of 75 mM for 3 min,
followed by annealing at 450 ◦C for 1 h. The precursor so-
lution for the hydrothermal reaction was prepared by mixing
80 mL of concentrated hydrochloric acid, 80 mL of ultrapure
water, and 3.2 mL of tetrabutyl titanate. The hydrothermal
reaction was carried out at 180 ◦C for 5.5 h. Subsequently,
the optical fiber coated with TiO2 was annealed at 500 ◦C
for 1 h to remove organic residues and improve crystallinity.
Scanning electron microscopy and transmission electron mi-
croscopy (TEM) were used to analyze the morphology and
lattice structure of TiO2. The optical properties of TiO2 were
characterized using UV-visible absorption spectroscopy. The
light field distribution of the optical fiber coated with TiO2 was
acquired using optical microscopy.

The Raman spectra of TiO2 were collected by a confo-
cal Raman spectrometer with a detection laser wavelength of
532 nm. The spectral resolution and repeatability of the Ra-
man spectrometer were less than 0.65 cm−1 and ±0.2 cm−1,
respectively. The photon energy of the detection laser was
2.33 eV, which is significantly lower than the bandgap of TiO2,
and is thereby incapable of exciting photo-generated carriers.
The optical fiber coated with TiO2 was coupled to a fiber laser
source with an output wavelength of 405 nm. A schematic il-
lustration of the Raman testing system is presented in Fig. 1,
where the thinned region coated with TiO2 was positioned un-
der the 532 nm detection laser beam. The focused spot area
and optical power of the 532 nm detection laser were 314 µm2

and 0.025 mW, respectively. The Raman spectrum acquisition
range spanned from 350 cm−1 to 700 cm−1, covering the Eg

and A1g peaks of rutile TiO2. An infrared thermal imager was
utilized to monitor the temperature evolution of TiO2 coated
on the optical fiber during continuous irradiation. For compar-
ative analysis, TiO2 was also coated on a glass substrate using
the same hydrothermal method. In this case, TiO2 coated on
the glass substrate was irradiated by an LED emitting light
with a wavelength range of 395–415 nm (output optical power
was 12 W). Atomic force microscope equipped with a Kelvin
probe was used to investigate the surface photovoltage distri-
butions of the TiO2 coated on optical fiber and glass substrate.

Probe

532 nm laser

405 nm laser

Optical fiber

Thinned region coated with rutile TiO2

Fig. 1. Schematic illustration of the Raman testing system for rutile
TiO2 coated on an optical fiber.

3. Results and discussion
Figure 2(a) presents the light field distribution of the op-

tical fiber coated with TiO2, indicating that ultraviolet light
is predominantly confined around the TiO2 layer. Light en-
ergy is primarily concentrated within the TiO2 layer, as evi-
denced by its higher brightness compared with the surround-
ing air. Therefore, the interaction between 405 nm light and
rutile TiO2 is enhanced. Figure 2(b) presents the morphology
of TiO2 coated on the optical fiber, showing that TiO2 exists
in the form of nanorods. The lattice fringes with a spacing of
0.324 nm presented in Fig. 2(c) correspond to the (110) planes
of rutile TiO2, indicating that the nanorods grow along the
(110) crystal planes.[33] Figure 2(d) presents the UV-visible
absorption spectrum of TiO2, the onset absorption wavelength
is 413.1 nm. The calculated bandgap of the TiO2 is 3.002 eV,
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which closely aligns with the reported bandgap of rutile TiO2

(3.0 eV).[34] Light with a wavelength of 405 nm can induce
the photo-excitation of TiO2, thereby generating carriers.
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Fig. 2. (a) Light field distribution of the optical fiber coated with TiO2.
(b) Morphology of TiO2 coated on the optical fiber. (c) TEM image of
TiO2 lattice. (d) UV-visible absorption spectrum of TiO2.

As shown in Fig. 3(a), the two Raman peaks of rutile TiO2

coated on the optical fiber before irradiation (irradiation dura-
tion is 0 min) are situated at 442.1 cm−1 and 606.6 cm−1, cor-

responding to the Eg peak and A1g peak, respectively. Since
the output power (25 mW) of the 405 nm laser source sta-
bilizes after being turned on for 1 min, the Raman spectrum
of rutile TiO2 is initially collected after irradiation for 1 min.
The positions of the Eg and A1g peaks exhibit red-shifts under
irradiation, and the FWHMs of the two peaks increase (broad-
ening). Specifically, the red-shifts of the Eg and A1g peaks are
7.0 cm−1 and 1.9 cm−1, respectively. Additionally, the broad-
enings of the Eg and A1g peaks are 12.6 cm−1 and 11.3 cm−1,
respectively. The red-shifts of the Raman peaks indicate a
reduction in the frequencies of the corresponding phonons,
while the broadenings signify a decrease in the lifetimes of
the phonons.[13] Figures 3(b) and 3(c) present the correspond-
ing positions and FWHMs of the Raman peaks, comparing the
Raman spectra of rutile TiO2 acquired at different time points
during continuous irradiation. The positions and FWHMs re-
main relatively stable as irradiation duration increases, sug-
gesting minimal spectral changes. Furthermore, upon turning
off the 405 nm laser source, the Raman spectrum returns to
its initial state, i.e., the above changes are reversible. This in-
dicates that no new crystalline substances are formed and no
phase transformation occurs in rutile TiO2 during irradiation
because these changes are irreversible.
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Fig. 3. (a) Raman spectra of rutile TiO2 coated on the optical fiber at different time points during continuous irradiation (optical power is
25 mW). The position and FWHM changes as a function of irradiation duration: (b) Eg peak and (c) A1g peak.

It has been reported that both overall heating or local heat-
ing induced by high-power infrared Raman detection lasers
can induce similar changes in the Raman spectra of rutile
TiO2.[24,25] The increase in the macroscopic temperature of
rutile TiO2 results in red-shifts and broadenings of the Eg and
A1g peaks. According to the infrared thermal imaging results,

the macroscopic temperature of rutile TiO2 coated on the op-
tical fiber increases from 21.9 ◦C to 25.9 ◦C after continuous
irradiation for 5 min. Since the wavelength of the light trans-
mitted in the optical fiber is 405 nm, which falls within the
ultraviolet spectrum, its thermal effect is significantly weaker
compared with infrared light.[35] Furthermore, the thermal ef-
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fect of light exhibits a cumulative effect, whereas the Raman
spectra of rutile TiO2 coated on the optical fiber remain rel-
atively stable with increasing irradiation duration. Hence, in
this experiment, the thermal effect of irradiation is not the
primary factor contributing to the changes in the Eg and A1g

peaks.
In previous studies, temperature-induced changes in the

Eg and A1g peaks can be attributed to the transfer of en-
ergy to the lattice of rutile TiO2, thereby affecting the
phonons.[24,25] As previously discussed, light with a wave-
length of 405 nm can excite rutile TiO2 to generate carriers.
Therefore, it is plausible that the alterations in Raman-active
vibrational modes result from the interaction between carriers
and phonons, wherein the energy of the carriers is transferred
to the lattice. Initially, the photo-generated electrons and holes
are located at the bottom of the conduction band and the top
of the valence band of rutile TiO2, respectively. Subsequently,
the carriers can be trapped by the lattice, with the electrons and
holes localized at Ti atoms and O atoms, respectively.[36,37]

Both electrons and holes are situated within the bandgap af-
ter localization, transferring a portion of their energy to the
lattice, which has been confirmed by the DFT calculations in
related references.[31,32] Moreover, non-radiative recombina-
tion of photo-generated carriers can also transfer energy to
the lattice.[38] Hence, the changes of the Eg and A1g peaks in
this experiment are primarily attributed to the interaction be-

tween carriers and phonons. This analysis also explains why
the Raman spectra remain relatively stable during irradiation
and revert to their initial state after the cessation of irradiation.
Since the Raman spectra are collected in ambient air, recom-
bination emerges as the predominant fate of photo-generated
carriers in rutile TiO2. Under stable optical power, an equilib-
rium between carrier generation and recombination is main-
tained, ensuring a consistent carrier population within the lat-
tice. Consequently, a dynamic equilibrium is established in the
interaction between carriers and phonons, contributing to the
stability of the Raman spectra. Upon cessation of irradiation,
the short lifetimes (≤ 1 ns) of the carriers lead to the rapid dis-
appearance of carrier–phonon interaction,[39] resulting in the
recovery of the Raman spectrum to its pre-irradiation state.

Figure 4(a) presents the Raman spectra of rutile TiO2 un-
der varying optical power, while Figs. 4(b) and 4(c) present
the parameters of the Eg and A1g peaks, respectively. The red-
shifts and broadenings of the two Raman peaks become more
pronounced with increasing optical power, indicating an en-
hancement of carrier–phonon interaction. With the increase
of optical power (i.e., the number of photons), the number
of carriers generated in rutile TiO2 correspondingly increases.
Consequently, the energy transferred to the lattice due to the
localization and non-radiative recombination of carriers also
increases, thereby enhancing the carrier–phonon interaction.
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Fig. 4. (a) Raman spectra of rutile TiO2 coated on the optical fiber under varying optical power. The position and FWHM changes as a function
of optical power: (b) Eg peak and (c) A1g peak.

The strength of the chemical bonds associated with a Ra-

man vibrational mode correlates with the wavenumber, i.e., the

position of the Raman peak. The Hooke coefficient of a Ra-

man vibrational mode can be calculated using the following
equation:[40]

k = (2πcv̄)2
µ, (1)
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where k is the Hooke coefficient, c is the velocity of light, v̄ is
the corresponding wavenumber, and µ is the effective mass
of Ti–O bond. µ can be calculated through the following
equation:[25]

µ =
MTiMO

MTi +MO
, (2)

where MTi and MO are the atomic masses of Ti and O, re-
spectively. Figures 5(a) and 5(b) present the changes in the
Hooke coefficients of the Eg and A1g modes with varying op-
tical power, respectively. When the optical power increases
from 0 mW to 25 mW, the Hooke coefficient of the Eg mode
decreases from 1.384 N·cm−1 to 1.340 N·cm−1, while that of
the A1g mode decreases from 2.605 N·cm−1 to 2.589 N·cm−1.
The decrease in the Hooke coefficients of the Raman-active
vibrational modes signifies a weakening of the associated Ti–
O bonds, which can result in an elongation of the Ti–O bond
lengths. The DFT calculations in relevant references have vali-
dated that the lengths of the Ti–O bonds connected to the local-
ized site atoms increase after the localization of carriers.[30,41]

The increase in Ti–O bond lengths is associated with tensile
stress. The chemical states of the Ti atoms transform from
Ti4+ to Ti3+ after the localization of electrons, while the chem-
ical states of the O atoms transform from O2− to O− after
the localization of holes.[30] These changes in the chemical
states reduce the Coulomb attraction force between Ti and O
atoms, thereby weakening the Ti–O bonds and altering the
stress within the lattice.[42–44] The elongation of Ti–O bonds
aligns with the weakening of the Ti–O bonds associated with
the two Raman-active vibrational modes in this experiment,
substantiating that the localization of photo-generated carriers
contributes to the red-shifts of the Eg and A1g peaks.

The phonon lifetime of a Raman vibrational mode is in-
versely proportional to its FWHM. The phonon lifetime can be
calculated by using the energy–time uncertainty relation[45]

τ =
h̄
Γ
, (3)

where τ is the phonon lifetime, h̄ is the modified Plank con-
stant (5.3 cm−1·ps), Γ is the FWHM. Figures 6(a) and 6(b)
present the variations of the phonon lifetimes for the Eg and
A1g modes with optical power. When the optical power in-
creases from 0 mW to 25 mW, the phonon lifetime decreases
from 0.124 ps to 0.096 ps for the Eg mode and from 0.118 ps
to 0.094 ps for the A1g mode. The reduction in phonon life-
times can be attributed to the enhancement of phonon–phonon
scattering.[13] With the increase of optical power, the quantity
of photo-generated carriers increases, subsequently augment-
ing the number of phonons generated through carrier recombi-
nation and strengthening the phonon–phonon scattering. This
analysis substantiates that the non-radiative recombination of
photo-generated carriers contributes to the broadenings of the
Eg and A1g peaks.
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Fig. 5. Variations of calculated Hooke coefficients with optical power:
(a) Eg mode and (b) A1g mode.
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According to related references,[20,24,25] the changes in
the Raman spectra of rutile TiO2 due to external heating can be
attributed to the generation of hot phonons caused by a macro-
scopic temperature increase, which results in phonon–phonon
interaction. In this study, the non-radiative recombination
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of carriers generates phonons, which also results in phonon–
phonon interaction. It should be noted that the phonons gen-
erated by non-radiative recombination can increase the local
temperature of the TiO2 lattice. In contrast to previous stud-
ies, this temperature increase is a result of phonon generation
rather than its cause. Furthermore, the elevated local lattice
temperature can in turn contribute to the changes of Raman
spectra. The primary difference between this study and the ref-
erences lies in the causes of the changes in the Raman spectra.
The former is primarily attributed to photo-generated carriers,
while the latter is mainly attributed to the increase in macro-
scopic temperature.

To investigate the impact of light field distribution on
carrier–phonon interaction, rutile TiO2 coated on a glass sub-

strate is irradiated with a LED with a wavelength range of
395–415 nm. Figure 7(a) presents the Raman spectra acquired
at different time points during continuous irradiation, while
Figs. 7(b) and 7(c) present the corresponding positions and
FWHMs of the Raman peaks. After irradiation for 1 min, the
red-shifts of the Eg and A1g peaks are 0.6 cm−1 and 0.2 cm−1,
respectively, accompanied by the broadenings of 2.3 cm−1 and
0.9 cm−1, respectively. These changes are notably smaller
compared with rutile TiO2 coated on the optical fiber. Sim-
ilar to the optical fiber system, as the irradiation duration in-
creases, the positions and FWHMs of the Raman peaks re-
main relatively stable. The Raman spectrum reverts to its ini-
tial state after the cessation of irradiation, i.e., the changes are
also reversible.
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Fig. 7. (a) Raman spectra of rutile TiO2 coated on a glass substrate at different time points during continuous irradiation (irradiated by LED
with a wavelength range of 395–415 nm). The position and FWHM changes as a function of irradiation duration: (b) Eg peak and (c) A1g peak.
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Fig. 8. Surface photovoltage distributions of the rutile TiO2 coated on
(a) thinned optical fiber (optical power is 25 mW) and (b) glass substrate
(irradiated by ultraviolet LED).

Figures 8(a) and 8(b) present the surface photovoltage
distributions of rutile TiO2 coated on thinned optical fiber and
glass substrate (irradiated by ultraviolet LED), respectively.
The average surface photovoltage of the former is −183.2 mV,
while that of the latter is −75.8 mV. Since the absolute value
of the surface photovoltage reflects the accumulated quantity

of surface carriers,[46,47] the quantity of photo-generated car-
riers in rutile TiO2 coated on optical fiber is higher than that
in rutile TiO2 coated on glass substrate. This is attributed to
the concentrated distribution of light energy in TiO2 coated on
the optical fiber, which improves the generation efficiency and
quantity of carriers. This result is consistent with the signif-
icantly larger red-shifts and broadenings of the Raman peaks
for rutile TiO2 coated on the optical fiber, indicating that the
changes in the Raman spectra are caused by photo-generated
carriers. The increase in the quantity of carriers strengthens
the carrier–phonon interaction. Coating rutile TiO2 on thinned
optical fiber enhances the changes in Raman spectra, thereby
serving as an optimal platform for researching carrier–phonon
interaction. Combining a thinned optical fiber with an ultra-
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violet laser source enables the miniaturization of the testing
setup. Moreover, the use of laser source allows for precise
control over the optical power exerted on rutile TiO2.

4. Conclusions
In this study, the impact of photo-generated carriers on

the phonons in rutile TiO2 is investigated using Raman spec-
troscopy. Coating rutile TiO2 on thinned optical fiber can en-
hance the interaction between ultraviolet light and the mate-
rial. The Eg and A1g peaks in the Raman spectra of rutile
TiO2 exhibit red-shifts and broadenings under irradiation, in-
dicating a decrease in the frequencies and lifetimes of the cor-
responding phonons. The minimal macroscopic temperature
rise of rutile TiO2 during continuous irradiation excludes the
thermal effect of 405 nm laser as the primary cause of the
spectral changes. Based on the DFT calculation results in re-
lated references, it is speculated that the localization and non-
radiative recombination of photo-generated carriers contribute
to the decrease of phonon frequencies and lifetimes. More-
over, rutile TiO2 coated on the glass substrate exhibits similar
changes in Raman spectra under LED irradiation, but the red-
shifts and broadenings of the Raman peaks are much smaller
than that of the optical fiber system. This discrepancy is at-
tributed to the inefficient concentration of light energy within
rutile TiO2, resulting in lower generation efficiency and quan-
tity of carriers compared with the optical fiber system. Conse-
quently, the carrier–phonon interaction in rutile TiO2 is weak-
ened. This work provides new insights into the effect of carri-
ers on phonons and proposes a novel approach for researching
the behavior of photo-generated carriers in semiconductors.
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Appl. Mater. Interfaces 12 33058

[17] Mitev P D, Hermansson K, Montanari B and Refson K 2010 Phys. Rev.
B 81 134303

[18] Abdullah S A, Sahdan M Z, Nayan N, Embong Z, Hak C R and
Adriyanto F 2020 Mater. Lett. 263 127143

[19] Parkin W M, Balan A, Liang L, Das P M, Lamparski M, Naylor C H,
Rodrı́guez-Manzo J A, Johnson A T, Meunier V and Drndić M 2016
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