RAPID COMMUNICATIONS

PHYSICAL REVIEW B 94, 041113(R) (2016)

Intrinsic carrier scattering mechanism in anatase TiO, investigated by
ultraviolet-pump terahertz-probe spectroscopy
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We measured the optical conductivity &(w) spectra caused by photocarriers in anatase TiO, by applying
ultraviolet-pump terahertz-probe spectroscopy on epitaxially grown thin films. Drude model analyses of & (w)
spectrareveal that, in the terahertz region, the reduced mass (7i) of the carriers is greater and their damping constant
(y) is smaller than those in the infrared region. With regard to the extended Drude model, these differences can
be attributed to the frequency dependence of 771 and y originating from carrier-phonon scatterings. Furthermore,
the interaction between carriers and Ti-O stretching modes in the 500—1000-cm™! region strongly influences the

intrinsic carrier scattering mechanism in anatase TiO,.

DOLI: 10.1103/PhysRevB.94.041113

Titanium dioxide (TiO,) is a promising material for
applications in photocatalysis [1] and solar cells [2]. TiO,
has three crystalline phases: anatase, rutile, and brookite. The
anatase phase of TiO,, shown in the inset of Fig. 1(a), is ther-
modynamically unstable in comparison with the other phases.
However, the pulsed laser deposition (PLD) method enables us
to obtain good-quality single-crystalline thin films of anatase
TiO, [3]. In anatase TiO, films, electron doping is possible
by substituting Ti with niobium (Nb) or tantalum [4-6].
Furthermore, the mobility of Nb-doped anatase TiO, exceeds
20cm? Vs~ at room temperature [4], which is higher than
that in the rutile phase [7]. Optical spectroscopy from 0.2
to 1.2 eV on Nb-doped anatase TiO, reveals that doped
carriers show Drude responses, and the electron effective
mass m. is 0.2-0.6m¢ (mg: the mass of electron) along the
[100] direction [8]. More recently, pump-probe absorption
spectroscopy from 0.1 to 2.0 eV has been performed on anatase
TiO,. Analyses of transient absorption spectra with the Drude
model revealed that both electron carriers and hole carriers are
mobile [9].

In order to consider potential applications of anatase
TiO, in optoelectronic devices, the scattering mechanism
of photocarriers (electrons and holes), which dominate car-
rier mobility, must be fully investigated. Transient tera-
hertz (THz) spectroscopy is the most effective approach
to accomplish this since responses in the terahertz region
directly reflect the carrier transport mechanism as com-
pared to those in the IR region. However, there are very
few reports of such spectroscopy performed on anatase
TiO,.

Based on this information, in the present Rapid Communi-
cation, we measure the complex optical conductivity & (w)
spectra due to photocarriers in anatase TiO, by transient
terahertz spectroscopy. From analyses of the obtained & (w)
spectra with the Drude model, we evaluate the reduced mass
(m) and damping constant (y) of carriers in the terahertz
region. The carrier scattering mechanism in anatase TiO,
is described and clarified by comparing both the s and
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the y values in the terahertz region with those in the IR
region.

An anatase TiO, epitaxial film fabricated on a LaSrAlO4
(001) substrate using the PLD method is the sample used in this
Rapid Communication. The quality of the film is verified with
x-ray-diffraction measurements. The thickness of the film is
about 100 nm. For the measurements of transient & () spectra,
we perform ultraviolet-pump terahertz-probe spectroscopy
[Fig. 1(b)]. A Ti-sapphire regenerative amplifier (RA) with
a pulse width of ~130 fs, photon (ph) energy of 1.55 eV,
repetition rate of 1 kHz, and pulse energy of 0.8 mlJ, is used
as the light source. The output pulse from the RA is divided
into two paths. One is used for the generation and detection
of terahertz pulses. The other is used for the generation
of ultraviolet-pump pulses with 4.65 eV. Terahertz pulses
(0.7-2.7 THz) are generated by an air-plasma method [10]
and detected by electro-optical sampling using a ZnTe crystal.
Further details of the setup are described in the Supplemental
Material [11]. The electric field of a terahertz pulse transmitted
through the sample with [E,,(¢)] and without the pump pulse
[Eof(1)] is recorded.

In Fig. 1(c), the absorption coefficient (atio,) spectrum of
the anatase TiO, film is shown by the solid line, which is
in good agreement with that previously reported (the broken
line) [12]. The penetration depth [,(=1/aTi0,) of the pump
light (4.65 eV) is 18 nm, which is sufficiently smaller than
the film thickness (100 nm). Therefore, all of the pump light
is absorbed in anatase TiO,. Because of large absorption
coefficients above 2.7 THz due to the LaSrAlQ, substrate [13],
the measureable frequency range is limited to 2.6 THz and
below.

The solid line in Fig. 1(d) shows the time evolution in
the photoinduced change AOD = —log;o(1 + AT7i0,/TTi0,)
of the optical density (OD), which is derived from
the photoinduced change in the electric-field amplitude
[AE(t) = Eqn(t) — Eo(2)] at the peak of the terahertz electric
field. This AOD is roughly proportional to the change in
transmissivity averaged from 0.7 to 2.6 THz. It increases
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FIG. 1. (a) A crystal structure of anatase TiO,. (b) Schematic of
the ultraviolet-pump terahertz-probe spectroscopy f-BaB,O4 (BBO),
off-axis parabolic mirror (PM), silicon wafer (Si), quarter-wave plate
(QWP), Glan laser prism (GLP), and balanced detector (BD). (c)
Absorption (ario,) spectra of the anatase TiO, film measured in this
Rapid Communication (solid line) and in a previous report (broken
line [12]). (d) Time evolutions of photoinduced absorption changes
in the terahertz region (2.8-10.4 meV) (AODry,: solid line) and at
0.15 eV (AODg: broken line) [9].

sharply within 0.2 ps after photoexcitation and decreases in
a few hundreds of picoseconds. These changes are attributable
to the generation and recombination of photocarriers. The
observed dynamics is in good agreement with that for
the IR (0.15-eV) probe previously measured in the similar
excitation condition [9]. The analyses of AOD in the IR
region reveal that the relaxation process of the photocarri-
ers is dominated by three-carrier Auger recombination [9].
Furthermore, the agreement of the AOD dynamics between
the terahertz and the IR regions means that absorption
of the same photocarriers is detected as AOD in both
regions.

In order to measure the 6 (w) spectra due to the photocarriers
in the terahertz region, we choose a delay time of 1 ps after the
photoexcitation where photocarrier recombination is almost
negligible. In the analysis, we assumed that the photoexcited
TiO, film consists of two layers, the excited layer and the
unexcited layer for simplicity. In this assumption, a metallic
state with the thickness [, is initially formed from the surface
of the TiO; film, and the carrier density is homogenous within
the thickness [,. The rest of the sample is unexcited. This
assumption was used in the analysis of the photoinduced
absorption spectra in the midinfrared to near-infrared region
in the TiO, film [9]. On the basis of this assumption, we
obtained 6 (w) spectra from the Fourier components Eon(w)
and Eyi(w) of Eon(t) and Eox(2), respectively, using the
following equation [14,15]:

gocn + 1) AE(w)

ol == lp Eof(w)’

ey

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 94, 041113(R) (2016)

Frequency (THz) Frequency (THz)

0 1 2 1 10 100
— e L U AL
'?gg_ ____________ N (e_‘) T 28, (©
5 "1 8 N = 0.015 ph/Ti
é I Regrh, | @ | Reim \\\Nph P '_
g Nyp=0.0156ph/Ti | £ y
S 1 ph Pt S 1k ,‘\T\ |
o o

103G7g, (S cm™)

0 .
0 5 10 102 10" 10°

Photon energy (meV) Photon energy (eV)

FIG. 2. (a) and (b) Transient Re &1y,(®w) and Im &1y, (w) spectra
at (a) Ny, = 0.015ph/Ti and (b) Ny, = 0.0022 ph/Ti. (c) and (d)
Logarithmic plots of (c) Re 6y, (w) and Im &y, (w) and (d) AODry,
(Npn = 0.015 ph/Ti) and AODyg (Np, = 0.0165 ph/Ti). Broken lines
show fitting curves in the Drude model.

where AE(w) is Egn(w) — Eoe(w), € is the permittivity of
a vacuum, c is the speed of light, and n (= 6.71 [16]) is the
refractive index of anatase TiO,. Figures 2(a) and 2(b) show
& (w) spectra for the photoexcitation densities of Np, = 0.015
and 0.0022 ph/Ti, respectively. The calculation method of Ny
is described in the Supplemental Material [11] where a free
electron-hole pair is assumed to have been generated from one
photon. With a decrease in frequency, the real part of 6 (w)
[Re 6 (w)] monotonically increases, whereas the imaginary
part of 6(w) [Im &(w)] decreases [Figs. 2(a) and 2(b)]. We
analyze these spectra with a two-carrier Drude model in which
6 (w) is expressed by the following equation:

Nph6‘2 1

Me Ve — I

Nphe2 1

. 9 (2)
my Yh—iw

6(w) =

where e is the electron charge, m. and my; are the effective
masses of the electron and the hole, respectively, and y. and
¥h are the damping constants of the electron and the hole,
respectively. Here, we assume . = y,(= y) and introduce re-
duced mass i = m.my/(m. + my). Then, Eq. (2) is simplified
to
2
O P —— 3)

m Yy —iw

In this formula, the fitting parameters are 7z and y. Hereafter,
we discriminate parameters in the terahertz and IR regions by
subscripts THz and IR, respectively.

The fitting results of Re &y, (w) and Im &y, (w) with
Eq. (3) are indicated by broken lines in Figs. 2(a) and 2(b),
which are good representations of the experimental data. In
Fig. 2(c), the experimental and fitted curves are shown in
a logarithmic plot of the photon energy. Although Gry,(w)
data correspond to the low-frequency parts (w < y) of
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FIG. 3. (a)—(c) Carrier-density dependences of (a) ritty,/mo and
mr/mo, (b) hym, and hyr, and (¢) pry, and uf (the electron
mobility in Ti;_Nb, O, [5]).

the Drude dispersion, the parameters were uniquely deter-
mined because Re 61y, (w) and Im Gy, (w) are simultane-
ously fit. The parameters we obtain are rity, = 0.96mg
and hyry, = 0.044 eV for Ny, = 0.015ph/Ti and sy, =
0.63mg and hyry, = 0.03 eV for Npn = 0.0022 ph/Ti. From
ity and yryg, the mobility wrp[=petn. + MhtH, =
e/(merHz YetHZ) + €/ (MuTH ViTH) = €/(MH,V'TH,)] 18 calcu-
lated to be 27cm*V~'s™! for N, =0.015ph/Ti and
61cm?V-!s! for Npn = 0.0022 ph/Ti. We analyze &ru.(w)
spectra for various excitation densities in the same way and
obtain excitation-density dependences of riity, /mg, AyTH,, and
Uth, which are shown in Figs. 3(a)-3(c), respectively. We
checked the validity of this analysis method by using two
other analysis methods [11].

Atlow carrier densities, fiiTy;, is equal to 0.62m [Fig. 3(a)],
which is larger than the value (71 = 0.46m) evaluated from
the band calculation (m. = 0.6mq and my, = 1.9m¢) [17]. The
reason for the larger rity, is discussed later. With an increase
in Npy, iy, monotonically increases. This tendency was also
observed in chemically doped samples [5] and can be explained
by the anharmonic band dispersion [18]. yry, exhibits a slight
increase with an increase in Ny, [Fig. 3(b)]. A similar tendency
is reported from the analyses of &ry,(w) spectra in rutile
TiO, and attributed to the increase in the Fermi velocity due
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to the increase in Ny, which enhances the carrier-phonon
scattering [19].

The decrease in riity, and yry, increases (ry; as shown in
Fig. 3(c). In the same figure, we show the values of the electron
mobility uS determined from the transport measurement of
electron-doped anatase TiO; (Ti;_,Nb,O,) [5]. In the lower
carrier-density range (Npn < 0.01 ph/Ti), wth, is larger than
uS. This is significant although pry, includes the mobility
of photoholes. Its contribution should be less than one-third
of the mobility of photoelectrons due to the larger effective
mass of holes [17]. However, in the lowest carrier density
(Npn = 0.0022 ph/Ti), ptH, is more than twice as large as
uS. This cannot be explained by the hole mobility included
in pury, and suggests that the introduction of Nb would
increase extrinsic disorders, reducing uec. On the other hand,
at carrier densities higher than Ny, = 0.015ph/Ti, prh, is
slightly smaller than u$. This is possibly due to the presence
of electron-hole scatterings, increasing yry;.

Next, we compare optical responses in the terahertz and
IR regions. In Fig. 2(d), we show AOD spectra with the
carrier densities 0.015 ph/Ti (THz) and 0.0165 ph/Ti (IR)
together with the fitting curves in the Drude model (broken
lines) [20]. Although the carrier densities are almost the
same, the two fitting curves are significantly different. This
spectral difference cannot be attributed to the difference in
Npn, suggesting that 72 and y actually depend on frequency.
To ascertain this, we also plot the carrier-density dependence
of riiir /m¢ and hyg for the IR region [9] in Figs. 3(a) and 3(b),
respectively. According to the previous report, #ig is almost
constant (0.37my) in this carrier-density region, whereas yr
increases with increasing Npp [5,9]. Thus, the carrier-density
dependencies of g and ypr are considerably different from
those of riity, and yry;.

To understand these discrepancies between mity,(yru,)
and MR(yr), we use parameters for Np, — 0. In this
limit, the Np, dependence of 1 and the effect of electron-
hole scatterings in y can be neglected, and only electron-
(hole-) phonon scatterings should be taken into account.
In Figs. 4(c) and 4(d), we show with the shaded areas
the values of hyry,(=0.038¢eV), Ayr(=0.11+£0.04eV),
(= 0.62mg), and Mr(= 0.37mg) for Ny, — 0 obtained
from Figs. 3(a) and 3(b) [21].

To explain the results, we introduce the extended Drude
model in which the dependences of 71 and y on frequency are
taken into account. This model is widely used in simple met-
als [22], transition-metal compounds [23], heavy-electron sys-
tems [24], and high-T¢ cuprates [25,26]. When considering the
frequency dependence of y, y is expressed as 7 (w) = y1(w) +
iy»(w). By introducing the renormalized Drude parameters
y*(w) = yi(w)/[1+ AMw)] and m*(w) = m[1 + A(w)] with
AMw) = ya(w)/w, Eq. (2) is expressed as follows [26]:

Nphe? 1

6(@) = m*(w) y*(w) —iw

“

Here, yi(w) and A(w) are related to each other by the
Kramers-Kronig relation,

71(£2)
Q2 — 2’

where P denotes the Cauchy principal value.

Mw) = ;P/dQ 4)
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FIG. 4. (a) Phonon DOS evaluated by the first-principles calcula-
tion [29]. Arrows show energy regions A—E used for the calculation of
m*(w) and y*(w). In each region, the width is 0.062 eV, and a constant
phonon DOS is assumed (A: 0.062-0.124 eV, B: 0.054-0.116 eV, C:
0.046-0.108 eV, D: 0.031-0.093 eV, and E: 0.015-0.077 eV). The
thin solid line denotes a DOS for region E. (b) A(w) calculated for
phonon DOSs of A-E. (¢) y*(w) calculated for photon DOSs of
A-E. (d) m*(w) calculated for phonon DOSs of A-E. Shaded areas in
(c) and (d) show the experimental 771 /m and hy values.

Now, we can consider the carrier-phonon scattering in the
extended Drude model [27,28]. When phonons contribute
to carrier scattering processes, the frequency dependence
of the damping constant is described by the following
formula [27,28]:

hyi(@) = %T/dﬁ O(£2)

hQ ho+hQ
X 2w coth — 2(w + 2) coth heothtd
s T s T
(@ — Q) coth 1@< (6)
— CO I — .
@ 2T

Here, ®(w) represents the weighted density of states of
phonons [27], and T'is the temperature, and kg is the Boltzmann
constant. In anatase TiO,, the phonon density of states (DOS)
is derived by the first-principles calculation, which is shown in
Fig. 4(a) (thick solid line) [29]. Asin Ref. [25], we approximate
®(w) using a constant DOS p,

£0 (wmin <w< a)max)a
0 (w < Wmin OF Wmax < a))

Ow) = { %)

In order to simulate frequency dependence of m*(w) and
y*(w), we select five energy regions (A-E) with the widths of
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0.062 eV indicated by arrows in Fig. 4(a) and assume that each
region corresponds t0 wmin < @ < Wmax and pg is constant. In
this case, ®(w) is rectangular as shown by the thin solid line
in Fig. 4(a) for region E.

Using Eqs. (5)—(7), we can calculate A(w). In this cal-
culation, we select the py value for each region of phonon
DOSs A-E so that hiy*(w) is equal to the experimental
value hAyry, = 0.038eV at 1 THz. The resulting A(w) and
hy*(w) are shown in Figs. 4(b) and 4(c), respectively. The
five lines in these figures correspond to the five regions (A-E)
indicated by arrows in Fig. 4(a). Using those A(w) values,
we also calculate m*(w) = m[1 + A(w)]. We then select the
m value which satisfies the condition that m*(w) is equal to
My, (= 0.62mg) at 1 THz. m*(w) obtained for A—E is shown in
Fig. 4(d).

Figure 4(c) shows that y*(w) increases after passing
through the respective frequency region (A-E) where phonons
are assumed to exist. This can be explained in the following
way. In the case that a carrier’s motion is perturbed by
an electric field of light with a high frequency, the carrier
obtains enough energy to excite a phonon through an inelastic
scattering. This leads to the increase in y*(w) in the energy
region above the phonon energy, that is, the IR region. As seen
in Fig. 4(d), m*(w) decreases in the energy region above the
phonon energy. A(w) is related to y;(w) via Eq. (5) such that
m*(w){= m[l + A(w)]} decreases in the region with higher
energies than the phonon.

Finally, we discuss what kinds of phonons dominate the
frequency dependence of m*(w) and y*(w). Our approach is
to compare the calculated values of m*(w) and y*(w) with their
experimental counterparts /g and iy in the IR region. Only
the choice of region A can come close to reproducing both
mr and Ayr in the IR region. This suggests that phonons in
region A [0.062-0.124 eV (500—1000 cm™!)] play important
roles in carrier-phonon scatterings and dominate the frequency
dependence of m*(w) and y *(w) [30]. Details about the phonon
modes in region A were reported previously [29,31] and are
shown in the Supplemental Material [11]. All of the phonons in
region A are classified as Ti-O bond-stretching-type vibrations,
whereas phonons in the lower-frequency regions are O-Ti-O
bond-bending-type vibrations [31]. This indicates that Ti-O
bond-stretching-type vibrations especially contribute to the
scattering of carriers.

To summarize, we measured optical conductivity spectra
of the photocarriers in anatase TiO, by ultraviolet-pump
terahertz-probe spectroscopy. From the fitting analyses of the
obtained spectra with the Drude model, we evaluated the
reduced mass and damping constant that depend on the pho-
tocarrier density. These parameter values were considerably
different from those in the IR region. Such differences were
attributed to the scattering of photocarriers by phonons of Ti-O
bond-stretching-type modes. The experimental approach pre-
sented here should be effective for the understanding of carrier
scattering mechanisms in various kinds of semiconductors.

This work was supported, in part, by a Grant-in-Aid by the
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