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In general, the photoelectric properties of TiO2 are highly dependent on its crystal directions and facets. How-
ever, the impact of initial momentum distributions, group velocity distributions, and spatial transport properties
of photoexcited carriers on the anisotropic photoelectric properties needs more study. In this work, we have thor-
oughly investigated these issues at the atomic and electronic scales for anatase and rutile TiO2 with homemade
code. It is meaningful to find that anatase and rutile TiO2 mainly produce high-energy electrons and holes upon
photoexcitation, respectively, which is beneficial for the efficient separation of carriers in the heterojunction sys-
tem of anatase and rutile TiO2. In addition, it is found that for both anatase and rutile TiO2, the initial momentum
and group velocity distribution of the photoexcited carriers is highly anisotropic, and anatase TiO2 has a better
directionality than rutile as a whole. Moreover, the transport properties of carriers in group velocity space also
exhibit high anisotropy. Notably, the crystal directions with excellent transport properties are consistent with the
group velocity distribution of carriers in anatase TiO2, which indicates the beneficial transport and accumulation
of photoexcited carriers. In contrast, the crystal directions with excellent transport properties are inconsistent
with the preferable group velocity distribution of carriers in rutile TiO2, which may result in unfavorable carrier
transport and accumulation properties. These results provide not only valuable thoughts for understanding related
experimental phenomena but also theoretical guidance for effectively collecting carriers in TiO2.
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I. INTRODUCTION

Semiconductor materials are crucial for photoelectric
applications [1–3]. Among many candidate semiconductor
materials, titanium dioxide (TiO2) is one of many potential
semiconductors that has found widespread use in photocatal-
ysis, photoelectrocatalysis, sensing, and photovoltaics due to
its favorable band-edge locations, high electron transport ef-
ficiency, long-term photochemical stability, and nontoxicity
[4–8]. Anatase, rutile, and brookite are the three main phases
of TiO2 in nature. Among them, anatase and rutile TiO2

have attracted much interest in both fundamental research and
industrial applications due to their stability and high photo-
electric performance [1,9,10].

In general, the photoelectric properties of TiO2 are highly
dependent on its facet and crystal direction. For example, most
of the works show that the (101) and (001) facets of anatase
TiO2 have higher photoelectric activity; electrons mainly ac-
cumulate to the (101) facets, and holes to the (001) facets
[11–15]. In addition, some studies indicate that anatase TiO2

with a higher proportion of (001) does not always have higher
photocatalytic activity [16,17]. The rutile TiO2 also has such
obvious facet-dependent photoelectric activities. For example,
(110) facets of rutile TiO2 have a higher level of photoelectric
activity than (111) facets, and (001) facets show stronger oxi-
dation power than that of the (111) facets [18–20]. In order to
explain the phenomenon of the facet-dependent results, many

*xcma@xidian.edu.cn

researchers have proposed possible mechanisms. Zhang et al.
investigated the electronic structures and effective mass of
anatase, rutile, and brookite TiO2, and revealed the connection
between the anisotropy of the effective mass of carriers and
the different crystal facet activities [21]. Di Liberto et al.
[22] as well as others suggest that (101) and (001) facets
have different surface energetics, which can cause electric
potential differences (band bending), thus permitting electrons
and holes to transfer to different crystal facets [6,14,15,22].
Using the TiO2 cluster model, Li and Liu [23] as well as
others show that its highest occupied orbit (HOMO) and low-
est unoccupied orbit (LUMO) locate on the facets of (001)
and (101), respectively, thereby causing reduction reactions
on the (101) facets and oxidation reactions on the (001) facets
[23,24]. From the perspective of specific facet chemistry and
kinetics, Selcuk and Selloni [25] and Heiz and co-workers
[26] report that the electron trapping features of different
facets of anatase TiO2 depend strongly on the surrounding
environment and the nature of electron donors. As can be seen,
almost all the previous studies mainly focus on the physical
and chemical properties of the surface, to understand the
dependence of photoelectric performance on crystal facets.
Theoretically, the initial momentum distributions and spatial
transport properties of the photoexcited carriers can also affect
the accumulation of carriers on different facets. However, up
until now, these factors have not been studied at the atomic
and electronic scales.

In this paper, based on first-principles calculations and
many-body perturbation theory, we perform systematic stud-
ies on the optical generation, initial energy distributions,
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initial momentum and group velocity distributions, and spatial
transport properties of carriers for both anatase and rutile
TiO2. We find that for both anatase and rutile, the initial mo-
mentum and group velocity distributions of the photoexcited
carriers are highly anisotropic, and anatase has a stronger
directionality than rutile as a whole. Moreover, the crystal
directions with excellent transport properties are consistent
with the group velocity distribution in anatase TiO2, which
indicates beneficial transport and accumulation of photoex-
cited carriers. In contrast, the crystal directions with excellent
transport properties are inconsistent with the group velocity
distribution in rutile TiO2, which may result in unfavorable
transport and accumulation properties. Our study provides
unique microscopic insights into the different photoelectric
properties of TiO2 facets that are beyond the scope of exper-
iments, which deepens the understanding of the physical and
photoelectric properties of anatase and rutile TiO2.

II. COMPUTATIONAL METHODS

A. Electronic and phononic properties

Firstly, the electronic structure, phonon spectrum, and
electron-phonon matrix elements are calculated from first
principles using density functional theory (DFT) as ap-
plied by the open-source code JDFTX software [27]. We
use full-relativistic norm-conserving pseudopotentials, the
generalized gradient approximation functional of Perdew,
Burke, and Ernzerhof (PBE) for describing the exchange-
correlation energy and truncated Coulomb interactions.
Fermi-Dirac smearing is 0.01 hartree and the plane-
wave cutoff energy is 30 hartrees. For the accurate den-
sity of states (DOS) calculations, a dense 27 × 27 × 27
(18 × 18 × 36) k-point mesh is utilized for anatase (ru-
tile) TiO2. A 9 × 9 × 9 (6 × 6 × 12) k-point mesh in the
Brillouin zone of anatase (rutile) TiO2 is used during struc-
tural and electronic properties calculations. Phonon calcula-
tions employ a 3 × 3 × 3 (2 × 2 × 4) supercell for anatase
(rutile) TiO2. Each of the parameters above has been put to the
test with well-converged results. Then, using maximally lo-
calized Wannier function (MLWF) basis representation [28],
all electron, phonon, and electron-phonon matrix elements
acquired by DFT are converted, respectively, and interpolated
to extremely fine electron wave-vector k and phonon wave-
vector q meshes. In particular, we use the 38 and 35 Wannier
bands for anatase and rutile TiO2, respectively, to precisely
reproduce the electron-phonon matrix elements, phonon ener-
gies, and orbital energies. The subsequent calculations employ
electron and phonon occupation factors at room temperature,
T = 298 K.

B. Optical and transport properties

We develop some codes to systematically evaluate the op-
tical response and transport properties of anatase and rutile
TiO2 by Monte Carlo Brillouin-zone integration and point
group transformation. Firstly, by applying MLWF to the k
point in the Brillouin zone, we obtain the corresponding elec-
tronic energies, phonon energies, momentum matrix elements,
and electron-phonon matrix elements. Then we evaluate the
single integral over the Brillouin zone in Eq. (1) by Monte

FIG. 1. The schematic conventional unit cells for anatase (a), and
rutile (b) TiO2. The green and red spheres represent Ti and O atoms,
respectively.

Carlo sampling of 1.5 × 105 (1.0 × 105) k points in the Bril-
louin zone and evaluate the double integral over the Brillouin
zone in Eq. (2) by Monte Carlo sampling of 2.25 × 106 (1.0 ×
106) (k, k′) pairs for anatase (rutile) TiO2. For the transport
properties, in Eqs. (6) and (7), the electronic states, phonon
modes, and electron-phonon matrix elements are computed
with the same method as for the optical properties; the
lowest-order scattering self-energies for electron-electron and
electron-phonon scattering are calculated with intensive sam-
pling of 14 × 14 × 14 (12 × 12 × 24) k points and 2.5 × 104

(3.0 × 104) k′ points to sufficiently resolve the summation in
the Brillouin zone for anatase (rutile) TiO2. All the parameters
mentioned above have been tested to give converged results
with negligible errors.

III. RESULTS AND DISCUSSION

A. Geometric and electronic structures

The conventional unit cells of optimized anatase and rutile
TiO2 are shown in Fig. 1. The space groups of anatase and
rutile TiO2 are I41/amd and P42/mnm, respectively. The cal-
culated lattice parameters (anatase: a = 3.80 Å, c = 9.59 Å)
and (rutile: a = 4.53 Å, c = 2.92 Å) are in good agreement
with the experimental measurements [29,30]. In order to clar-
ify the electronic properties of anatase and rutile TiO2, Fig. 2
shows the band structures, density of states (DOS), and pro-
jected density of states (PDOS) of anatase and rutile TiO2. The
band structures of anatase are calculated along Z-�-X-P-N-�
in the irreducible Brillouin zone (IBZ), and the band structures
of rutile calculated along A-Г-М-X-�-Z-R in the IBZ. The
valence band maximum (VBM), shown by a dashed line in
Figs. 2(a) and 2(c), is set to 0 eV. For anatase, an indirect
band gap of 2.15 eV is observed between the conduction
band minimum (CBM) at the � point and the valence band
maximum (VBM) near the X point. A direct band gap of about
2.5 eV is observed near the � point. For rutile, a direct band
gap of 2.0 eV is observed at the � point. The calculated band
characteristics are similar to previous results [21,31,32].

The lattice parameters and band gap of anatase and rutile
TiO2 obtained from the DFT calculation and experiment re-
sults are summarized in Table I. For anatase, our optimized
lattice parameters are consistent with the previously reported
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FIG. 2. Band structures of anatase (a) and rutile (c) TiO2; the black scatters represent band structures calculated by DFT, and the red lines
are obtained by MLWF interpolation; the valence band maximum (VBM) is set to 0 eV. Total and projected density of states (DOS) of anatase
(b) and rutile (d) TiO2.

result, so the calculated band gap is also consistent with the
previous report; for rutile, our optimized lattice parameters (a
and b) are smaller (1%–2%) than previously reported results,
so the calculated band gap also differs from the previously
reported results. The reasons for the difference in optimized
lattice parameters may be as follows: on the one hand, previ-
ously reported results were calculated using VASP or CASTEP,
whereas this article uses JDFTX. Due to the different pseu-
dopotential files used in VASP (projector augmented wave
method) and JDFTX (norm-conserving pseudopotentials), the
optimized lattice parameters are slightly different from each
other. On the other hand, the intrinsic structural characteristics
of anatase and rutile may lead to this difference in optimized
lattice parameters.

In Figs. 2(a) and 2(c), the scatters marked by black trian-
gles show the band structures directly calculated by DFT with
discrete k-point sampling in the IBZ, and the red curves show
the band structures calculated by MLWF interpolation, which
coincides with the scatters and provides an accurate basis for

the next calculations. As shown in Figs. 2(b) and 2(d), anatase
and rutile TiO2 have similar PDOS compositions, which is
in excellent agreement with previous calculations [32]. The
valence bands primarily consist of O 2p states and a few Ti
3d states, indicating the strong p − d hybridizations between
O 2p and Ti 3d states, which broaden the valence bands and
promote the transfer of photoexcited holes. The conduction
bands are mainly contributed by Ti 3d states, mixed with
a few O 2p and Ti 3p states, and strong hybridization also
appears between Ti 3d and O 2p states. As shown in Fig. 2(a),
anatase has a relatively weak dispersion near the edge of the
valence band, and the dispersion is anisotropic near the con-
duction band edge. Along the �-X direction, corresponding to
the [110] crystal direction, it has a strong dispersion, which
facilitates carrier migration. As shown in Fig. 2(c), rutile has
a relatively strong dispersion near the valence band edge, and
the dispersion is also anisotropic near the conduction band
edge. Along the �-A and �-Z directions, corresponding to
the [111] and [001] crystal directions, there is also strong dis-

TABLE I. Comparison of calculated parameter values with those in references.

Anatase Rutile

Method a (Å) b (Å) c (Å) Band gap (eV) a (Å) b (Å) c (Å) Band gap (eV)

Expt [29,30] 3.80 3.80 9.44 3.20 4.60 4.60 2.96 4.60
DFT-PBE [33] 3.78 3.78 9.51 1.94 4.59 4.59 2.96 4.60
DFT-PBE [21] 3.80 3.80 9.70 2.13 4.64 4.64 2.97 4.64
DFT-PBE [34] 4.65 4.65 2.97 4.65
DFT-PBE (this work) 3.80 3.80 9.59 2.15 4.53 4.53 2.92 4.53
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FIG. 3. Phonon dispersions of anatase (a) and rutile (b) TiO2.

persion. Figure 3 compares phonon dispersions of rutile and
anatase TiO2. The calculated phonon dispersions are in good
agreement with other calculations [35,36]. All the phonon
modes have no imaginary frequencies, proving the dynamic
stabilities of anatase and rutile TiO2.

B. Photoexcited carrier generation rates

Efficient and wide-range optical absorption are essential
conditions for the high-efficiency generation of carriers. In
order to completely quantify the generation of carriers, we
compute the relative contributions of direct interband and in-
direct phonon-assisted electronic transitions to the generation
of carriers. According to the perturbation theory and Fermi’s
“golden rule,” the imaginary part of the dielectric function

(IPDF) is calculated by Eq. (1) [37] for direct interband elec-
tronic transitions,

Imεdirect (ω) = 4π2e2

3m2
eω

2�

∫
BZ

2dk
VBZ

∑
nn′

[ fnk(T ) − fn′k(T )]

× δ(En′k − Enk − h̄ω)
∣∣〈P〉k

n′n

∣∣2
, (1)

where Enk and fnk are the Kohn-Sham energy and Fermi
occupations of the electronic state with wave vectors k and
band index n, respectively; |〈P〉k

n′n| is the momentum matrix
element; VBZ is the volume of the Brillouin zone; me is the
electron rest mass; ω is the frequency of incident light; and
h̄ω is the incident photon energy.

For phonon-assisted electronic transitions, according to
second-order perturbation theory [38] and first-principles cal-
culations, we calculate the IPDF by Eq. (2) [39–41],

λ̂Imεphononλ̂(ω) = 4π2e2

ω2

∫
BZ

dk′dk

(2π )6

∑
n′nα±

[ fnk(T ) − fn′k′ (T )]

[
nk′−k,α (T ) + 1

2
∓ 1

2

]
δ(En′k′ − Enk − h̄ω ∓ h̄ωk′−k,α )

×
∣∣∣∣∣λ̂

∑
m

(
gk′−k,α

n′k′,mk〈P〉k
mn

Emk − Enk − h̄ω + iη
+ 〈P〉k′

n′mgk′−k,α
mk′,nk

Emk′ − Enk ∓ h̄ωk′−k,α + iη

)∣∣∣∣∣
2

, (2)

where h̄ωk,α and nk,α are the energy and Bose occupations of
the phonon state with wave vector k and polarization index α,
respectively; λ̂ is a test unit vector along the field direction;
gk′−k,α

m′k′,nk is the electron-phonon matrix element. The sum over
± accounts for phonon absorption and emission; η is a small
Lorentzian broadening, which is set to 0.1 eV.

The IPDF at different photon energies is related to the
generation rate of photoexcited carriers. The higher the IPDF
is, the larger the generation rate of photoexcited carriers will
be. In addition, the IPDF depends to a large extent on en-
ergy. Figure 4(a) shows the IPDF as a result of the interband
electronic transitions for anatase and rutile TiO2. As can be
seen, the IPDFs for both anatase and rutile TiO2 are almost
equal to 0 at photon energies less than 2.5 and 2.0 eV, which
is consistent with their band structures. At the energy range
between 2.5 and 2.8 eV, the IPDF of anatase TiO2 is greater
than rutile TiO2, but when the energy is higher than 2.8 eV,
the IPDF of anatase is significantly smaller than rutile. In addi-
tion, the IPDF for both anatase and rutile TiO2 as a function of

energy is highly similar to the previous results [42–44], which
confirms the reliability of our theoretical results. Overall,
when the photon energy is below 2.8 eV, anatase has a higher
photoexcited carrier generation rate; when the photon energy
is larger than 2.8 eV, the photoexcited carrier generation rate
of rutile is significantly larger than that of anatase.

Figure 4(b) shows the IPDF due to phonon-assisted indirect
electronic transitions for anatase and rutile TiO2. The IPDFs
of anatase and rutile TiO2 are almost equal to 0 at energy less
than 2.15 and 2.0 eV, respectively, which is consistent with
their band structures. The IPDF values for both anatase and
rutile TiO2 are almost the same in the energy range below
2.8 eV. In the energy range above 2.8 eV, the IPDF values
of anatase and rutile TiO2 increase gradually, and the IPDF
values of rutile are significantly larger than that of anatase.
Overall, the IPDF of both anatase and rutile TiO2 originating
from phonon-assisted indirect electronic transitions is very
small, which is about two orders of magnitude smaller than
the IPDF of direct interband electronic transitions. Therefore,
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FIG. 4. The IPDF for anatase and rutile TiO2 due to direct interband electronic transitions (a) and phonon-assisted indirect electronic
transitions (b).

it can be concluded that the contribution of phonon-assisted
electronic transitions to the photoexcited carrier generation in
these two materials can be ignored. In the following discus-
sion, we only consider the effect of direct interband electronic
transitions.

The generation rate of photoexcited carriers can be further
reflected through the light absorption coefficients. The IPDF
ε2(ω) due to direct interband electronic transitions is obtained
from Eq. (1), and the real part of the dielectric function ε1(ω)
is obtained by Kramers-Kronig transformation [45]. Finally,
the optical absorption coefficient α(ω) is calculated by Eq. (3)
(where c is the speed of light in vacuum and ω is the frequency
of the photon) [46,47]:

α(ω) =
√

2
ω

c

[√
ε2

1 (ω) + ε2
2 (ω) − ε1(ω)

]1/2

. (3)

As shown in Fig. 5, The absorption coefficients for both
anatase and rutile TiO2 increase with the increase of photon
energy, and the initial absorption edges of anatase and rutile
TiO2 are located at 2.49 and 2.0 eV, respectively, correspond-
ing to 498 and 620 nm, which correspond to their direct band
gap values. In the energy range of 2.5–2.8 eV, the α(ω) of
anatase is larger than rutile, whereas in the energy range of
2.8–3.5 eV, the situation is just the opposite. The trend for

FIG. 5. The trend for the optical absorption spectra of anatase
and rutile TiO2 due to direct interband electronic transitions.

the optical absorption spectra of anatase and rutile TiO2 from
our theoretical calculations is consistent with the experimental
measurements [32,48].

C. Distribution of the photoexcited carriers in energy space

In practical nanoscale applications, the transport of carriers
is often quasiballistic. Therefore, the initial energy distribu-
tion of photoexcited electrons and holes is crucial for their
collection and utilization [37]. According to the specific phys-
ical process of photoexcited carrier generation, we analyze the
energy distribution of photoexcited electrons and holes from
direct interband electronic transitions, which is calculated by
histogramming the integrands in Eq. (1) [39] by the initial
(hole) and final (electron) state energies.

As shown in Fig. 6, the photoexcited carrier distribution
in anatase and rutile TiO2 is plotted as a function of both

FIG. 6. The energy distribution of photoexcited carriers gener-
ated by direct interband electronic transitions for anatase (a) and
rutile (b) TiO2. The panels show the energy distribution of photo-
generated hot electrons (positive energies relative to the middle of
the band gap) and hot holes (negative energies) for various photon
excitations. The color bar indicates the distribution probabilities of
carriers. Em indicates the middle of the band gap.
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FIG. 7. The photoexcited carrier energy distributions in anatase
and rutile TiO2 are plotted as functions of both photoexcited carrier
energy (vertical axis) and incident photon energy (horizontal axis).
The color bar indicates the distribution probabilities of carriers.

photoexcited carrier energy (horizontal axis) and incident
photon energy (vertical axis). The photoexcited carriers with
energies from 1 to 4 eV on the horizontal axis represent the
photoexcited electrons in the conduction band and from −4
to −1 eV on the horizontal axis represents the photoexcited
holes in the valence band. The color scale represents the
distribution probabilities of photoexcited electrons and holes.
The thresholds of photon energy are about 2.5 and 2.0 eV
for anatase and rutile TiO2, respectively, which is consistent
with the calculated optical band gaps. When the photon en-
ergy is greater than the threshold value, the distribution of
photoexcited electrons and holes of anatase and rutile TiO2

is highly localized in the energy space. With the increase
of incident photon energy, the photoexcited carrier energy
of anatase and rutile TiO2 gradually increases. Moreover, as
indicated by the double arrow segment between the vertical
dashed lines in Fig. 6, for anatase TiO2, when incident photon
energy increases from 2.5 to 4 eV, the energy distribution of
photoexcited electrons is wider than that of the holes, with
electrons covering about 1.4 eV and holes covering about
0.9 eV. Therefore, the proportion of high-energy electrons
generated is higher than that of holes. The situation for rutile
TiO2 is exactly the opposite.

Additionally, it is often acknowledged that the relative
relationship of electrons within the conduction band (CB)
and valence band (VB) can be quite accurately described
by DFT calculations; for the band gap, it is often underes-
timated owing to the well-known shortcoming of the GGA
functional in DFT calculations [12,49]. Our discussions of
the energy space and momentum space distributions of car-
riers are mainly based on the internal electronic structures
of conduction band and valence band edges, rather than the
band gap. As shown in Fig. 7, according to the experimental
results, the valence band edges of anatase and rutile TiO2

are close to each other, and the conduction band edge of
rutile is 0.2 eV lower than that of anatase [49,50]. Notably,

in practical nanoscale applications, the transport of carriers
is often quasiballistic, meaning that carriers can reach the
surface without losing energy. Therefore, according to the
experimental band alignment and the present results of en-
ergy distribution of photoexcited carriers, there should be
a certain relationship between the initial energy of carriers
and their corresponding reduction/oxidation ability. On the
whole, anatase TiO2 mainly produces high-energy electrons
with stronger reduction ability, whereas rutile TiO2 mainly
produces high-energy holes with stronger oxidation ability.
Furthermore, in the heterojunction of anatase and rutile TiO2,
some of the high-energy electrons produced by anatase TiO2

may transfer to the conduction band of rutile TiO2, and some
high-energy holes produced by rutile TiO2 may transfer to the
valence band of anatase TiO2; the recombination of photoex-
cited carriers is thus effectively restrained. This may further
explain that the heterojunction system of anatase and rutile
TiO2 exhibits better photoelectric activity than that of a single
system.

D. Distribution of photoexcited carriers in momentum
and group velocity space

The anisotropic effective mass of photoexcited carriers
and diverse electronic structures can result in different pho-
toelectric properties along different directions, resulting in
various optoelectronic properties on different facets [14,51].
The momentum space and group velocity space distribution
of photoexcited carriers may also result in different pho-
toelectric properties on different facets. In this section, we
characterize the momentum and group velocity distribution
of photoexcited carriers and discuss their potential effects on
photoelectric properties. It should be noted that, for semi-
conductors, the electrons and holes generated by optical
excitation will quickly relax to the energy states near the
conduction and valence band edge, respectively. Therefore,
we characterize the initial momentum distribution of energy
states located near the conduction and valence band edge
of the ground state electronic structure of TiO2 (within 0.2
eV). To make the discussion more comprehensive, we also
characterize the momentum and group velocity distribution
of energy states within the energy range of 0.4 eV about the
conduction and valence band edges.

In general, the relation between the energy of the carrier
and the wave vector near the band edges can be approximately
described by Eq. (4). The carrier migration directions should
be discussed in the group velocity space, which is defined by
Eq. (5):

E (
⇀

k) ≈ E0 + h̄2

2m∗
x

(
⇀

kx − ⇀

k0,x )2 + h̄2

2m∗
y

(
⇀

ky − ⇀

k0,y)2

+ h̄2

2m∗
z

(
⇀

kz − ⇀

k0,z )2, (4)

⇀

v = 1

h̄
∇⇀

k
E (

⇀

k) ≈ h̄

m∗
x

(
⇀

kx − ⇀

k0,x ) + h̄

m∗
y

(
⇀

ky − ⇀

k0,y)

+ h̄

m∗
z

(
⇀

kz − ⇀

k0,z ), (5)
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FIG. 8. Photoexcited carrier energy and momentum space distribution (a) and group velocity space distribution (b) in anatase TiO2. The
radial coordinate in each panel is the carrier energy relative to the middle of the band gap; the angular coordinates correspond to the carrier
momentum and group velocity direction.

where m∗
x , m∗

y , and m∗
z are coefficients corresponding to the

electron and hole rest masses along the main crystal axes,

which are generally different.
⇀

k0,x,
⇀

k0,y, and
⇀

k0,z are the projec-
tions of the k vector (at CBM and VBM) on the main crystal

axes, and
⇀

kx,
⇀

ky, and
⇀

kz are projections of the k vector on the
main crystal axes.

On the other hand, in nanostructures smaller than the mean
free path of carriers, ballistic transport, which preserves the
momentum direction, becomes significant compared to dif-
fusive transport. Therefore, to some extent, carrier transport
in nanostructures may be judged by its initial momentum
distribution described by wave vectors.

Figures 8 and 9 show the results. The small dots in the
spherical coordinates represent photoexcited carriers. The

distance from the dot to the origin indicates the energy of
the photoexcited carriers relative to the middle of the band
gap, and the orientation indicates the momentum direction
and group velocity direction of photoexcited carriers. Table II
lists m∗

e/m0 and m∗
h/m0 along the crystallographic directions

of [100], [010], and [001], i.e., the x, y, and z directions,
where m∗

e , m∗
h , and m0 are the mass of electrons, hole carriers,

and free electrons, respectively. Considering the symmetry
of anatase and rutile TiO2, the effective masses in the x
and y directions are the same [21]. In addition, we use the
Monkhorst-Pack method to sample the k points in the first
Brillouin zone of the reciprocal space, and then convert the
k points in reciprocal space into real space through coordinate
transformation. Since the three lattice vectors of TiO2 are
perpendicular to each other and are used as the XYZ coordinate
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FIG. 9. Photoexcited carrier energy and momentum space distribution (a) and group velocity space distribution (b) in rutile TiO2. The
radial coordinate in each panel is the carrier energy relative to the middle of the band gap; the angular coordinates correspond to the carrier
momentum and group velocity direction.

system, the wave vectors represented by k points can corre-
spond to the regular crystallographic directions and surfaces.

As shown in Fig. 8, for anatase TiO2, the momentum
and group velocity distributions of photoexcited carriers are

TABLE II. The effective mass m∗ of electrons and holes for
anatase and rutile TiO2 obtained from ab initio calculations.

Species Effective mass m∗
e/m0 m∗

h/m0

Anatase [52] m∗
x 0.59 2.33

m∗
y 0.59 2.33

m∗
z 3.70 0.98

Rutile [53] m∗
x 0.77 3.06

m∗
y 0.77 3.06

m∗
z 8.67 4.36

both anisotropic. For momentum distribution, the momentum
directions of photoexcited electrons are mainly in the region
of [001], the momentum directions of photoexcited holes are
mainly in the region of the [110] direction, and the aggre-
gation of holes is stronger than that of electrons. For group
velocity distribution, most electrons are mainly concentrated
in the [101] and [100] directions; holes tend to concentrate
in the [001] and [110] directions. It can be seen that group
velocity space has a distortion relative to our momentum
space. In addition, these characteristics are maintained within
the energy range of 0.2 and 0.4 eV about the conduction and
valence band edges. The carrier migration directions can be
discussed in the group velocity space. Therefore, the pho-
toexcited electrons mainly migrate along the [101] and [100]
directions and may eventually accumulate on the (101) and
(100) facets. The photoexcited holes mainly migrate along the
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[001] and [110] directions and may eventually accumulate on
the (001) facets and (110) facets, with a larger proportion on
the (110) facets. This is consistent with the previous experi-
mental observation that electrons mainly accumulate to (101)
and holes mainly accumulate to (001) facets of anatase TiO2

[11–15]. Our research thus offers a unique basic insight into
this particular question.

As shown in Fig. 9, for rutile TiO2, the momentum di-
rections of most photoexcited electrons are mainly in the
region of the [001] and [110] directions, and holes uniformly
distribute in all directions of the 4π space. The group veloc-
ity directions of most photoexcited electrons are mainly in
the region of the [110] and [100] directions, and holes are
also uniformly distributed in all directions of the 4π space.
Therefore, based on group velocity space, the photoexcited
electrons mainly migrate along the [110] and [100] directions
and may eventually accumulate on the (110) and (100) facets.
The quite uniform distribution of holes in all directions can
be attributed to the composition of the valence band edge.
As shown in Figs. 2(b) and 2(d), on the one hand, the O 2p
states near the valence band edge of anatase TiO2 exhibit a
rapid decrease with the increase of energy, while that of the
rutile TiO2 exhibit a slower decrease with energy, indicating
a higher degree of localization of O 2p states for anatase.
On the other hand, the Ti 3d states with strong anisotropy
located near the valence band edge of anatase are also stronger
than that of rutile. These factors ultimately lead to the notable
anisotropic distribution of anatase’s holes in the momen-
tum space and the relatively uniform distribution of rutile’s
holes. From the perspective of momentum direction and group
velocity direction constraints, the strong and different local-
ization of electrons and holes in anatase TiO2 will promote
their separation in space, thereby reducing their recombina-
tion. This may also be the reason that the performance of
rutile in optoelectronic applications is not as good as that
of anatase.

E. Transport properties of carriers in energy
and momentum space

1. Scattering rates of carriers

The transport properties of carriers are crucial for
semiconductor-based optoelectronic applications. Theoreti-
cally, it is mainly the electron-electron and electron-phonon
scattering that dominate the transport properties in semicon-
ductors, and these two scattering rates may prove crucial to
designing new strategies for carrier utilization [41,54]. In the
following, using density functional theory and many-body
perturbation theory, we calculate the imaginary values of the
lowest-order electron-electron and electron-phonon [55–57]
scattering self-energy in the energy range from −3 to 3 eV
by Eqs. (6) and (7) [39,57],

Im
e−e∑
nk

=
∫

BZ

dk′

(2π )d

∑
n′

∑
GG′

ρ̃nkn′k′ (G)ρ̃∗
nkn′k′ (G′)

× 4πe2

|k′ − k + G|2 Im
[
ε−1

GG′ (k′ − k, εnk − εn′k′ )
]
,

(6)

Im
e−ph∑

nk

=
∑
n′α

∫
BZ

dk′

(2π )d

∣∣∣gk′−k,α
n′k′,nk

∣∣∣2

× Im

[
nk′−k,α + 1 − fn′k

Enk − En′k′ − h̄ωk′−k,α − iη

+ nk′−k,α + fn′k

Enk − En′k′ + h̄ωk′−k,α − iη

]
, (7)

where η is a small Lorentzian broadening, and the other
terms are the same as that in Eq. (2). The electron-phonon
scattering rate �

e−ph
nk is calculated by �

e−ph
nk = ( 2

h̄ )Im(
∑e−ph

nk ),
and the electron-electron scattering rate �e−e

nk by �e−e
nk =

( 2
h̄ )Im(

∑e−e
nk ).

Figure 10 exhibits the calculated electron-electron and
electron-phonon scattering rates for carriers near the band
edge of anatase and rutile TiO2. The dispersion in the re-
sults of scattering rate is due to the anisotropy of energy
states at each energy. For anatase TiO2, with the increasing
carrier energy, the electron-electron scattering rate gradually
increases. On the other hand, the electron-phonon scattering
acts as a dominant scattering over the entire energy range,
and its trends are similar to the corresponding DOS [see
Figs. 2(b) and 2(d)], which is consistent with the fact that
DOS reflects the available phase space for electron-phonon
scattering [57,58]. For the rutile TiO2, we can also obtain
a similar conclusion as for anatase TiO2. Notably, from the
perspective of holes, the transport capacity for both anatase
and rutile TiO2 is comparable, with the electron-phonon scat-
tering rates being as high as 0.5 fs−1 at the edge of valence
band; from the perspective of electrons, rutile TiO2 has much
stronger electron-phonon scattering at the edge of the conduc-
tion band than anatase TiO2, which means that anatase TiO2

has significantly better electron transport capacity than rutile
TiO2. Note that the electron-phonon scattering rate near the
conduction band for both anatase and rutile TiO2 is consistent
with recent results reported by Lian et al. [59].

2. Relaxation time and the mean free path (MFP) of carriers

Carriers with long relaxation time and mean free path
(MFP) are particularly preferred in optoelectronic applica-
tions of semiconductors. In the following, the relaxation time
and MFP of carriers in anatase and rutile TiO2 under the
combined action of electron-electron and electron-phonon
scattering are calculated according to Eqs. (8) and (9).

τnk = h̄

2
(

Im
∑e−ph

nk + Im
∑e−e

nk

) , (8)

λnk = vnkτnk, (9)

where τnk and vnk are the lifetime and group velocity of the
carriers of the electronic state nk, respectively.

From Figs. 11(a) and 11(b), the carriers at energy near
the band edges have similar longest relaxation times ∼ 10–15
fs, and decay rapidly at energies roughly 0.5 eV away from
the band edges. Figures 11(c) and 11(d) show MFP for both
electrons and holes in anatase and rutile TiO2. The MFP
distribution of electrons and holes are similar to the relax-
ation time. It is worth noting that the electrons in anatase
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FIG. 10. Electron-phonon and electron-electron scattering rate for anatase (a)–(c) and rutile (d)–(f). The black dashed lines indicate the
position of VBM and CBM, and the center of the band gap (Em) is set to 0 eV.

FIG. 11. Carrier relaxation time and MFP as a function of energy. (a), (c) anatase, (b), (d) rutile. Negative values are for photoexcited holes
and positive values are for photoexcited electrons. Em indicates the center of the band gap.
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FIG. 12. Relaxation time (a) and MFP (b) as a function of energy and group velocity direction for photoexcited electrons and holes in
anatase TiO2. The radial coordinate in each panel is the carrier energy relative to the middle of the band gap, while the angular coordinates
correspond to the carrier group velocity directions.

TiO2 have the longest MFP ∼2 nm near the energy band
edge and are about three times longer than that of rutile
TiO2. This corresponds to the fact that rutile TiO2 has much
stronger electron-phonon scattering at the edge of the conduc-
tion band than anatase TiO2. Near the band edge, the electrons
in anatase TiO2 have a larger relaxation time and MFP than
holes, while the situation is exactly the opposite in rutile
TiO2.

In order to show the optimal transport direction of electrons
and holes near the band edge, we draw the relaxation time and
MFP distribution in the group velocity space for energy states
enclosed by the red dashed box in Fig. 11. Among them, the
radial coordinate in each panel is carrier energy relative to the
middle of the band gap, the angular coordinates correspond to
the carrier group velocity direction.

For anatase TiO2, as shown in Fig. 12, the group velocity
direction of photoexcited electrons with longer relaxation time
and MFP are mainly concentrated in the [101] and [100]
directions, with holes mainly concentrated in the [001] and
[110] directions. It is worth noting that the crystal directions
with excellent transport properties are consistent with the
initial group velocity distribution in anatase TiO2, indicating
beneficial transport and accumulation of photoexcited carri-
ers. This is essential for anatase TiO2 to exhibit excellent
photoelectric properties. For rutile TiO2, as shown in Fig. 13,
the group velocity direction of photoexcited electrons with
longer relaxation time and MFP are mainly concentrated in the
[110] and [100] directions, with holes mainly concentrated in
the [001] and [110] directions. Particularly, for holes of rutile
TiO2, the crystal directions with excellent transport proper-

FIG. 13. Relaxation time (a) and MFP (b) as a function of energy and group velocity direction for photoexcited electrons and holes in rutile
TiO2. The radial coordinate in each panel is the carrier energy relative to the middle of the band gap, while the angular coordinates correspond
to the carrier group velocity directions.

205207-11



JIANG, MA, FAN, WU, AND LIU PHYSICAL REVIEW B 109, 205207 (2024)

ties are inconsistent with the initial group velocity directions.
That is, there is a mismatch between the uniformity of the
initial group velocity distribution and the nonuniformity of the
transport characteristics, which will lead to poor utilization of
holes. On the other hand, the energy states of the electrons are
distributed in the crystal directions with excellent transport
properties, which is beneficial to the transport and accumu-
lation of electrons. Consequently, because the utilization of
electrons is better than that of holes, an important limiting
factor for the application of rutile TiO2 lies in the holes.

IV. CONCLUSION

In summary, we have systematically studied the initial
energy, momentum, group velocity distributions, and spa-
tial transport properties of photoexcited carriers for both
anatase and rutile TiO2. The distribution of the photoex-
cited carriers in the energy space shows that anatase and
rutile TiO2 mainly produce high-energy electrons and holes,
respectively, which is beneficial for the efficient separation
of carriers in the heterojunction system of anatase and ru-
tile TiO2. In addition, it is found that for both anatase and
rutile TiO2, the initial momentum and group velocity dis-
tribution of the photoexcited carriers are highly anisotropic,

and anatase TiO2 has a better directionality than rutile
as a whole. Moreover, the transport properties of carri-
ers in group velocity space also exhibit high anisotropy.
Notably, the crystal directions with excellent transport
properties are consistent with the momentum and group ve-
locity distribution of carriers in anatase TiO2, which indicates
beneficial transport and accumulation of photoexcited carri-
ers. In contrast, the crystal directions with excellent transport
properties are inconsistent with the preferable group velocity
distribution of carriers in rutile TiO2, which may result in
unfavorable carrier transport and accumulation properties, and
this deficiency is especially notable for holes. These results
provide insights into the photoelectronic properties of differ-
ent TiO2 phases, crystal directions, and facets. The proposed
perspectives and frameworks can be exploited for character-
izing the crystal direction and facet-dependent photoelectric
properties of other materials.
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