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ABSTRACT: Semiconductor doping is often proposed as an
effective route to improving the solar energy conversion
efficiency by engineering the band gap; however, it may also
introduce electron−hole (e−h) recombination centers, where
the determining element for e−h recombination is still unclear.
Taking doped TiO2 as a prototype system and by using time
domain ab initio nonadiabatic molecular dynamics, we find
that the localization of impurity-phonon modes (IPMs) is the
key parameter to determine the e−h recombination time scale.
Noncompensated charge doping introduces delocalized
impurity-phonon modes that induce ultrafast e−h recombina-
tion within several picoseconds. However, the recombination
can be largely suppressed using charge-compensated light-mass
dopants due to the localization of their IPMs. For different doping systems, the e−h recombination time is shown to depend
exponentially on the IPM localization. We propose that the observation that delocalized IPMs can induce fast e−h recombination
is broadly applicable and can be used in the design and synthesis of functional semiconductors with optimal dopant control.
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Developing advanced functional materials for clean and
sustainable energy applications is an extremely active

research area. Significant efforts have been devoted to search for
environmentally friendly materials for solar energy conversion,
in which improving the efficiency by functional material design
is of great importance.
The solar-energy conversion efficiency of wide band gap

semiconductors is significantly limited due to their large
intrinsic band gaps, which makes them absorbers only in the
ultraviolet portion of the solar spectrum.1−18 Cation and anion
doping or co-doping is a well-known technique to optimize the
band gap of semiconductors. For example, numerous attempts
have been made to engineer the band gap of TiO2, which is a
promising solar energy conversion material, using different
doping schemes,5,10−32 among which the n-p co-doping
concepts are proposed to improve the thermodynamic

solubility over monodoping.18,24,25,31,32 However, it is well-
known that doping can induce electron−hole (e−h) recombi-
nation centers, which decrease the solar energy conversion
efficiency.9,33−37 In contrast to the well-established concept that
the band gap is the critical factor for light-absorption
properties,24−26,38−45 it is still unclear what is the determining
factor for the e−h recombination induced by the impurity
states in doped semiconductors.
The development of time-resolved nonadiabatic molecular

dynamics (NAMD) makes it possible to investigate the e−h
recombination rates using state-of-the-art ab initio calcula-
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tions.46 Taking rutile TiO2 as a prototype system, we use
NAMD to investigate the e−h recombination rates with
different doping schemes. We find that charged doping centers,
which are formed in monodoped and non-compensated n-p co-
doped TiO2, introduce delocalized impurity phonon modes
(IPMs). The excitation of these IPMs induces ultrafast e−h
recombination through the electron−phonon (e−p) interac-
tion. In such systems, e−h recombination time scale decreases
from nanosecond (ns) magnitude for the undoped TiO2 to a
few picoseconds (ps). Such ultrafast e−h recombination can be
successfully suppressed if their IPMs are significantly localized,
which can be realized by charge-compensated co-doping with
light elements. Thus, the e−h recombination time can be kept
as long in the nanosecond scale. Furthermore, we show that the
e−h recombination time scale depends exponentially on the
localization of IPMs, making it the determining element for
solar efficiency in doped semiconductors. These findings
establish that the excitation of delocalized IPMs induces fast
e−h recombination, which is a powerful guiding principle in
future design of functional materials for solar-energy con-
version.
The ab initio NAMD simulations are carried out using

homemade Hefei-NAMD code,47 which augments the Vienna
ab initio simulation package (VASP)48−50 with the NAMD
capabilities within time domain density functional theory

(TDDFT) similar to refs 51−53 The generalized gradient
approximation functional of PBE54 and the projector
augmented wave (PAW)55 approximation for the core electrons
are used. We use a 2 × 2 × 3 supercell containing 24 TiO2 units
to model the bulk rutile TiO2. To overcome the well-known
self-interaction error in DFT, we use the GGA + U method to
treat the 3d electrons of the transition metals (U = 6 eV for Ti;
U = 3 eV for V Cr, W; and U = 2.5 eV for Mo). After geometry
optimization, we use velocity rescaling to bring the temperature
of the system to either 100 or 300 K. A 8 ps microcanonical ab
initio molecular dynamics trajectory is then generated using a 1
fs time step. The NAMD results are obtained by averaging over
100 different initial configurations selected from the MD
trajectory based on the classical path approximation.56 For each
chosen structure, we sample 2 × 104 trajectories for the last 5
ps.
Regular NAMD simulation can emulate the dynamics of

excited charge carriers at a certain temperature, wherein the
excitations of many different phonon modes are included. To
understand how the carrier dynamics depend on a spectific
phonon mode, the frozen phonon NAMD is performed. This is
done by choosing a specific phonon mode, and generating the
corresponding atomic trajectory in which the vibrational
amptitude is determined by the average kinetic energy of this
phonon mode as ⟨ ⟩ = ·K N K T3 1

2 B (N is the number of atoms,

Figure 1. Electronic structures and the time-dependent electron/hole (e/h) dynamics in undoped, Cr−N- and V−N-doped TiO2. (a−c) The total
and partial DOS. (d−f) The averaged time-dependent e/h energy relaxation at 300 K. The color strip indicates the e/h distribution on different
energy states, and the dashed line represents the averaged e/h energy. The energy reference is the average VBM energy. (g−i) The averaged NAC
elements in undoped and Cr−N- and V−N-doped TiO2 at 300 K. The inset in panel b shows the spatial distribution of the excess charge induced by
Cr−N codoping, in which the Ti, O, Cr, and N atoms are marked by large light blue, small red, large deep blue, and small purple balls, respectively.
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and T is the temperature). In this work, we use T = 100 K to
generate a reasonable vibrational amplitude. The NAMD
results are obtained by averaging 2 × 104 electronic trajectories.
Molinari et al. have used a similar idea for analyzing the role of
phonons in ultrafast dynamics of polaron pairs in conjugated
polymers.57

The e−h recombination time is estimated as the time at
which the electron and hole both reach one of the intermediate
bands (IBs), which are located in the band gap. For the systems
without IBs in the band gap, it is estimated as the time scale
when either the electron or hole reaches the VBM or CBM,
respectively.
We start with n-p co-doped TiO2, which is a potential

candidate to improve the thermodynamic stability compared to
monodoping.24,25 Noncompensated Cr−N and compensated
V−N co-doping are chosen for contrast. Before presenting the
results based on NAMD calculations, it is instructive to
establish the electronic structures of n-p co-doped TiO2. Figure
1a−c shows the density of states (DOS) of optimized undoped
as well as Cr−N- and V−N-co-doped TiO2. Similar to previous

results,24,25 Cr−N co-doping introduces three IBs, two
localized bands (labeled as IB-I and IB-II) mostly contributed
by Cr−N in the middle of the band gap, and one hybridized
band (IB-III) contributed by both TiO2 and Cr−N near the
CBM. As a net n-type noncompensated co-doping, one excess
electron is introduced by Cr−N. In contrast, as compensated
co-doping, V−N does not introduce IBs in the band gap;
instead, it narrows the band gap to around 2.0 eV due to the
downward and upward shifts of the CBM and VBM,
respectively. As shown in Figure 1c, CBM is mostly contributed
by the V 3d orbital, and VBM is hybridized by O and N 2p
orbitals.
We choose CBM and VBM as the initial states for electron

and hole excitations. The e−h recombination in Cr−N- and V−
N-co-doped TiO2 exhibits distinctly different behavior at 300 K.
For undoped and V−N-co-doped TiO2, as shown in Figure
1d,f, within the 4 ps of NAMD, the e−h recombination can be
hardly seen. This suggests that the e−h recombination time
scale is much longer than the picosecond magnitude, which
cannot be accurately obtained from these NAMD simulations.

Figure 2. Time evolutions of the state energies near VBM and CBM for undoped and Cr−N- and V−N-co-doped TiO2 (a−c) and their FT spectra
(d−f) at 300 K. The spatial localization of phonon modes (g−i). The inset in panel h shows by green color the atoms that vibrate coherently with
Cr−N. In panels h and i, the green arrows indicate the major IPMs in Cr−N- and V−N-doped TiO2. The color map indicates the orbital localization
(black on TiO2 and yellow on dopant). A typical TiO2 bulk phonon mode in Cr−N-doped TiO2 is marked by a purple arrow.
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We can roughly estimate the e−h recombination time to be
around 0.5 ns by fitting with an exponential decay function.58

In previous studies, the e−h lifetime varies in the range from
picoseconds to microseconds,59−64 which can be attributed to
the different experimental techniques and quality of the sample.
Our result is consistent with recent experimental measure-
ments.59,60 There is also one previous theoretical investigation
based on GW approximation, in which the e−h lifetime was
estimated to around 30−40 fs, which we believe is too short for
the charge-carrier lifetimes of semiconductors.65 For Cr−N-co-
doped TiO2, as shown in Figure 1e, the e−h recombination
takes place in about 4−5 ps in distinct contrast to undoped and
V−N-co-doped systems in which the lifetimes are in ns range.
For a Cr−N-co-doped system, the two localized IBs in the band
gap are clearly shown to be the e−h recombination centers by
trapping the charge carriers.
In NAMD simulations, the hopping probability of excited e/

h between different energy states depends on the nonadiabatic
coupling (NAC) elements, which can be written as:

φ φ
φ φ

= ∂
∂

=
⟨ |∇ | ⟩

ϵ − ϵ
̇d

t

H
Rjk j k

j R k

k j (1)

In eq 1, H is the Kohn−Sham Hamiltonian; φj, φk, ϵj, and ϵk are
the corresponding wave functions and eigenvalues for
electronic states j and k; R is the position of the nuclei; and
Ṙ is velocity of the nuclei.66 Figure 1g−i shows the averaged
NAC elements of undoped and Cr−N- and V−N-co-doped
TiO2 at 300 K. In Cr−N-co-doped TiO2, the largest NAC is 25
meV, which is 16 times larger than the NAC between CBM and
VBM in undoped and V−N-co-doped TiO2 (around 1.5 meV).
From eq 1, one can see that the NAC elements show strong
dependence on the energy difference ϵk-ϵj of the interacting
states, the e−p coupling term ⟨φj|∇RH|φk⟩ and the nuclear
velocity Ṙ. Comparing V−N to Cr−N co-doping, at zero
temperature, the energy difference between the VBM and CBM
in a V−N system (around 2.0 eV) is approximately double of
that between VBM or CBM and IBs in Cr−N-co-doped TiO2
(around 1.0 eV). The energy difference between the electronic
states is one reason for inducing different NAC. However, this
alone does not explain the distinct differences between Cr−N-

Figure 3. Frozen phonon NAMD results for time evolutions of the energy states near VBM and CBM and the averaged time-dependent e/h energy
relaxation for Cr−N- and V−N-co-doped TiO2. (a,b) IPM for Cr−N-doped TiO2. (c,d) A single bulk mode for Cr−N-doped TiO2. (e,f) IPM for
V−N-doped TiO2. The energy reference is the average VBM energy. The color map in a indicates the orbital localization (black on TiO2 and yellow
on dopant). The color map in b indicates the e/h distribution on different energy states.
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and V−N-co-doped systems. The other two factors⟨φj|∇RH|φk⟩
and Ṙ are both strongly dependent on the phonon excitation
and e−p coupling, which are crucial for the NAMD dynamics.
Doping impurities in semiconductors can induce IPMs that

may scatter and couple with bulk phonon modes,67−69 which
usually have strong e−p coupling with impurity induced
electronic states. IPMs can be determined by computing the
phonon spatial localization (labeled as L in Figure 2g−i) of all
of the normal modes in Cr−N- and V−N-co-doped TiO2 and
project them onto the dopants, similar to ref 69. As shown in
Figure 2h, clearly, Cr−N has coupling with TiO2 bulk modes
within a wide range, indicating that they scatter with bulk
phonon modes that have different frequencies and momentum.
In addition, Cr−N contributes one major IPM around 820
cm−1, which is indicated by the green arrow. Figure 2i shows
that V−N has relatively weaker scattering with the bulk phonon
modes, and the major IPM is located at 920 cm−1. IPMs of both
V−N and Cr−N are stretching modes between the two doping
atoms. However, distinct differences can be found by looking
into projected spatial localization (LV−N and LCr−N) and the
atomic displacements of these IPMs. For V−N, the major IPM
is a localized mode, which has a negligible coupling with
neighboring Ti and O atoms. In contrast, the major Cr−N IPM
shows strong coupling with TiO2 bulk. As shown in the inset of
Figure 2h, where the Ti and O atoms involved in Cr−N IPM
are marked using a green color, about half of the atoms in the
supercell vibrate coherently with Cr and N. Such a significant
delocalized character originates from the excess charge induced
by Cr−N codoping, which can be confirmed by inspecting the
spatial distribution of the electron density shown in the inset of
Figure 1b. These results show that the excess charge is
distributed not only on doped Cr−N atoms but also on
neighboring Ti and O atoms, which plays a role in the strong
coherent vibration of Cr−N with the Ti and O atoms.

The e−p coupling of IPMs with the electronic states that are
involved in e−h recombination can be qualitatively understood
from the time-dependent energy evolution of the electronic
states and their Fourier transform (FT) spectra (Figure 2a−f).
The strength of the electronic-state energy fluctuations
amplitude is directly correlated with the strength of e−p
coupling. Furthermore, the FT spectra reveal the dominant
phonon modes involved in the NAMD. Figure 2b shows that
there are strong energy fluctuations for localized IB-I and IB-II
in Cr−N co-doped TiO2, which are as large as 1.2 eV at 300 K.
Compared to Cr−N, in V−N-co-doped TiO2 (Figure 2c), the
CBM, which is contributed mostly by V 3d, has a fluctuation
amptitude around 0.5 eV, and the VBM, which is hybridized by
N and O, has a fluctuation amptitude of 0.2 eV, similar to the
undoped TiO2 (Figure 2a). The large extent of energy
fluctuations in Cr−N-doped TiO2 indicates that there is a
strong e−p coupling for the IBs. As seen from the FT spectra
shown in Figure 2e in Cr−N co-doped TiO2, the major phonon
peaks couple with the IBs localized around 820 cm−1,
corresponding to the Cr−N stretching IPM. It suggests a
strong e−p coupling of the IBs with the Cr−N stretching IPMs.
Moreover, CBM and VBM also couple with Cr−N stretching
IPM. This is because the Cr−N stretching IPM has a
delocalized character involving many TiO2 bulk atoms. In
contrast, in V−N-doped TiO2 (Figure 2f), only the V 3d
contributed CBM shows coupling with the localized V−N
stretching IPM. Our results show that in Cr−N doped TiO2, all
of the electronic states involved in the e−h recombination
couple with the IPM that has a delocalized character. Therefore,
once the IPM is excited, the coherent vibration involves around
half of the atoms in one supercell, which significantly enhances
the nuclear velocity and the NAC e−p coupling term.
Meanwhile, the energy difference term ϵk − ϵj is also reduced
due to the strong energy fluctuations of IBs. Hence, we propose

Figure 4. Spin-polarized time-dependent e/h energy relaxation for Cr−N- and V−N-co-doped TiO2 with n = 2.67 e/nm3 (a−c) and n = 5.34 e/nm3

(d−f).
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that the large NACs, which induce fast e−h recombination,
mostly originate from the excitation of the delocalized IPMs.
We verify the important role of IPMs using frozen phonon

NAMD, in which we can choose one specific phonon mode
and investigate the excited carrier dynamics coupled with it. We
select the IPMs of Cr−N and V−N doped TiO2 and a typical
bulk mode of Cr−N doped TiO2 and compare the dynamics of
excited carriers. As shown in Figure 3a, in Cr−N doped TiO2,
when the IPM is excited, the energies of IB-I and IB-II show
distinct oscillations because of the strong e−p coupling. IB-III
and CBM also exhibit significant coupling with the Cr−N IPM.
In this case, the e−h recombines at around 5 ps, as shown in
Figure 3b. In contrast, if only a bulk phonon mode (indicated
by the purple arrow in Figure 2h) is excited, as shown in Figure
3c,d, the e−h recombination is significantly suppressed. In such
a case, the e−h recombination time scale can be as long as
nanoseconds. Contrarily, in V−N-doped TiO2, the excitation of
localized IPM only induces the energy oscillation of CBM, and
it does induce a slow e−h recombination in the nanosecond
scale, as shown in Figure 3e,f. The phonon effects are further
confirmed by NAMD calculations at 100 K. With lower
temperature, the phonon occupation is reduced and the e−h
recombination is slower. (See details in the Supporting
Information.)
The discussion above is based on the single excitation, where

only one electron or hole is generated on CBM or VBM. In this
case the charge density can be estimated as n = 1.33 e/nm3. If
we double the charge density (n = 2.67 e/nm3), suggesting that
CBM or VBM is fully occupied by two electrons or holes with
different spin, the carrier dynamics in V−N-doped TiO2 will
not change because it is a spin-unpolarized system in which the
dynamics of spin-up and spin-down carriers are the same. Yet it
is quite different for Cr−N doped TiO2, which is a spin-
polarized system, and the defect states are all spin-up states. It is
very interesting to find that for the spin down electrons and
holes, the e−h recombination is very slow because the defect
states are in the spin up channel. As shown in Figure 4b, within
4 ps, such e−h recombination is hardly seen. Therefore, the e−
h recombination time scale can be estimated to be on a
nanosecond scale, which is comparable to V−N-doped TiO2.
We also investigate the case in which there are four electrons

and holes excited in one supercell, which can be converted to a
charge density of n = 5.34 e/nm3 with CBM/VBM and CBM +
1/VBM − 1 occupied. In this case, the e−h recombination in
Cr−N doped TiO2 still takes place within 5 ps for spin-up
carriers. For spin-down carriers, one can observe the e/h
relaxation from CBM + 1/VBM − 1 to CBM/VBM is within 4
ps. Yet the e−h recombination is still hardly seen, which shows
similar character with V−N-doped TiO2. The results prove that
the fast e−h recombination in Cr−N-doped TiO2 is spin-
polarized. This suggests that the remained electrons and holes
that have ns magnitude lifetime are also spin-polarized, which
makes Cr−N-doped TiO2 of potential interest for applications
in spintronic devices.
We propose that the fast e−h recombination induced by

delocalized IPMs applies to different kinds of doping systems.
To confirm this, we investigate mono Cr and N doping,
another noncompensated co-doping by W and As, which are
heavier elements in the same group with Cr and N and another
two compensated co-doped systems by Mo−C and Nb−N. To
quantify the correlation between the IPM localization with the
e−h recombination time, we define FLOC = Limpurity/Ltotal as a
measure of the localization level of IPMs, in which Ltotal and

Limpurity are the spatial localization of the IPM and the
projection onto the impurity atoms. A larger FLOC suggests a
more-localized IPM. As shown in Figure 5, for all of the seven

investigated doped systems, the e−h recombination time shows
an exponential dependence on FLOC at 300 K, suggesting that
FLOC is a key parameter determining the e−h recombination
time. FLOC is affected by several factors. First, it is strongly
affected by the compensation of the dopants. It can be seen that
all the mono- and noncompensated impurities have delocalized
IPMs. This is because the excess charge in non-compensated
doping systems induces coupling with TiO2 atoms around the
doping sites. The IPMs can be localized when the dopants are
compensated and the e−h recombination time increases.
Second, the mass of the dopants is another factor. For
compensated doping, comparing Mo−C to V−N, introducing
the heavier element Mo splits the stretching IPM into two
peaks. The higher one at 1100 cm−1, which is mostly associated
with C, is strongly localized. The lower one at 100 cm−1

associated with Mo is a delocalized IPM that significantly
couples with acoustic bulk phonons in TiO2, which makes the
e−h recombination in Mo−C not as slow as in V−N. The
effects of mass can be also seen in noncompensated doping.
Comparing W−As to Cr−N, the IPMs in W−As-doped TiO2
are softer due to larger mass and moves from 820 cm−1 for Cr−
N to around 80 cm−1 for W−As, which make them easier to
excite and couple with the acoustic modes in TiO2 (see the
Supporting Information for more details). Therefore, the e−h
recombination time is only 1.2 ps at 300 K for W−As. We
propose that the compensated n-p codoping with light dopants
such as V−N, which has localized IPMs, is the ideal doping
scheme to improve the light absorption and at the same time,
avoids the formation of e−h recombination centers. This is
partially substantiated by experimental results, which report
high visible-light photocatalytic activity in V−N co-doped
TiO2.

22,70−75 For non-compensated co-doping or monodoping
systems, e−h recombination is usually fast. However, if the
defect states are spin-polarized, the fast e−h recombination will
be spin-polarized too, which makes them attractive for
spintronic devices.
In summary, our results prove that the spatial localization of

IPMs, which can be estimated by a localization factor FLOC,
plays a crucial role in the e−h recombination process.
Delocalized IPMs that involve many atoms induce fast e−h
recombination through e−p coupling, whereas the localized

Figure 5. e−h recombination time in different doped TiO2. The fitting
exponential correlation is shown with dashed lines.
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IPMs do not contribute to the e−h recombination. The
exponential correlation between the e−h recombination time
with localization factor FLOC suggests that, similar to the band
gap being a critical factor for the light absorption efficiency, the
localization of IPMs is the determining criterion for the e−h
recombination time, which is a guiding principle for the design
and synthesis of advanced functional semiconductors with
optimal dopants control for solar-energy conversion.
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