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Quantum coherence enhanced carrier lifetime of WS2 nanotubes: A time-domain ab initio study
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Transition-metal dichalcogenide (TMD) nanotubes with small band gap exhibit higher photocurrent than their
layered counterparts [J. H. Smet and Y. Iwasa, Nature (London) 570, 349 (2019); X. Zhou et al., Small 15,
1902528 (2019)], but the mechanism remains unclear. Herein, using WS2 as an example, we revealed that the
higher photovoltaic effect of the nanotubes originates from the quantum coherence between the band edges in
the perspective of photogenerated carrier recombination. By using first-principles calculations and nonadiabatic
molecular dynamics simulations, we revealed that small nonadiabatic coupling and short pure-dephasing time
improve the photogenerated carrier lifetime and increase the photocurrent of WS2 nanotubes. Moreover, an
extremum of carrier lifetime in WS2 nanotubes is found at a certain diameter, where the nanotube exhibits the
longest carrier lifetime. The insights into the high photocurrent of TMD nanotubes may provide ideas for the
design of advanced optoelectronic devices.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) have become
one of the star materials due to their high surface area, strong
light-matter interaction, and high photoelectric response
[1–3]. Most TMD monolayers (MLs) are semiconductors
with band gap of 1.2 ∼ 2.1 eV, which can effectively utilize
visible and near-infrared light [4–7]. Therefore, TMD MLs
have been widely studied in photovoltaics, photodetection,
and photocatalysis [7–9] For example, Lopez-Sanchez et al.
found that phototransistors based on MoS2 ML exhibit high
photoresponsivity, about 106 times as high as graphene-based
phototransistors [8]. However, the lifetime of the photogen-
erated electron-hole (e-h) pairs in TMD MLs is very short,
on the order of picosecond (ps). Rapid carrier recombination
often has an adverse effect on the light-to-current conversion
[10–13]. One way to improve the photogenerated carrier life-
time of 2D materials is to roll MLs into nanotubes (NTs)
[14–23]. The photogenerated carrier lifetime of carbon NTs
is found 54 times longer than that of graphene nanoribbons,
which is attributed to the weaker electron-phonon (e-ph) scat-
tering in the carbon NTs [17]. Zhou et al. also found that
the photoresponsivity and photosensitivity of MoSe2 NTs are
dozens of times larger than those of MoSe2 layers [23]. Zhang
et al. unveiled that the photovoltaic effect of WS2 NTs is two
orders of magnitude higher than that of WS2 ML [4]. How-
ever, both experimental and theoretical results demonstrated
that the band gaps of TMD NTs are smaller than those of
TMD MLs [24,25]. According to the energy-gap law [26], a
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smaller band gap usually facilitates the photogenerated carrier
recombination. Therefore, the reason why the TMD NTs have
higher photocurrent than their layered counterparts remains
unclear.

In this work, we studied the electronic structure and carrier
lifetime of WS2 ML and NTs by employing first-principles
calculations and nonadiabatic molecular dynamics (NAMD)
simulations. We found that the rapid pure-dephasing time
stemming from the structural effect prolongs the carrier life-
time, which should greatly increase the photocurrent of WS2

NTs. NAMD calculations show that the e-h recombination
time of (22, 0) NTs is 5.22 ns, about 11 times longer than WS2

ML. It is revealed that the two combinative factors of nonadi-
abatic coupling (NAC) and pure-dephasing time dominate the
carrier lifetime of WS2 NTs, which provides theoretical guid-
ance for the experimental preparation of high-performance
photoelectric devices.

II. COMPUTATIONAL METHODS

The structural optimization and electronic structure of WS2

ML and NTs were calculated by using the Vienna Ab initio
Simulation Package based on density-functional theory [27].
The generalized gradient approximation exchange-correlation
functional was adopted in form of the Perdew-Burke-
Ernzerhof method [28,29]. An energy cutoff of 500 eV was
set for the electronic wave-function expansion. All structures
were fully relaxed until the force on each atom converged to
smaller than 0.02 eV/Å. The vacuum layers of more than 15
Å were applied to avoid interaction between adjacent periods
and the 7 × 7 × 1 and 1 × 1 × 11 k points were used for the
calculations of WS2 ML and NTs, respectively.

To simulate the e-h recombination process, NAMD calcu-
lations based on the PYXAID code were performed by using
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FIG. 1. Band structure and optimized atomic structure of WS2: (a) ML, (b) ZT-10, (c) ZT-14, (d) ZT-18, and (e) ZT-22.

the decoherence-induced surface-hopping method [30–32]. At
first, the 6 × 6 WS2 ML and NTs with different diameters
were relaxed at 0 K. Afterwards, a 5-ps heating process from
0 to 300 K was made. As shown in the Supplemental Material
[33], large structural deformation was not observed during
the heating process for WS2. Next, the adiabatic molecu-
lar dynamics (MD) trajectories of 4 ps were generated with
the microcanonical ensemble in a time interval of 1 fs. The
Hamiltonian of nonadiabatic coupling was obtained by cal-
culating the electronic structure of each MD trajectory. The
e-h recombination process was simulated by averaging 200
initial configurations in the first 1-ps MD. Starting from each
initial configuration, NAMD simulations were carried out by
using 3000 random number sequences for surface-hopping
probability.

III. RESULTS AND DISCUSSION

A. Electronic structure

Previous work reported that the WS2 NTs prepared in the
experiment are polar and with noncentrosymmetric symmetry
[4]; therefore, we focused on the zigzag WS2 NTs in this work
as the armchair NTs are nonpolar and centrosymmetric. Four
zigzag NTs with different diameters were considered: (10, 0),
(14, 0), (18, 0), and (22, 0), named as ZT-10, ZT-14, ZT-18,
and ZT-22, respectively. Their band structures are depicted in
Fig. 1 together with that of WS2 ML for comparison. The band
gap of WS2 NTs monotonically increases from 0.50 to 1.39
eV as the diameter of the tubes increases (listed in Table I),
consistent with the previously reported results [34–36].

The W–S bonds inside and outside the WS2 NTs have
different bond length (see Supplemental Material [33]) and
result in the redistribution of the charge density. To illustrate
the variation of the internal charge distribution, a quantitative
electron transfer between the W and S atoms on different sides

was calculated by the Bader charge analysis [37]. As shown
in Fig. 2(a), the electrons obtained by the outer S atoms are
more than the inners. This redistribution is also reflected in the
electrostatic potential of WS2 NTs. As depicted in Fig. 2(b)
and Fig. S2 (see Supplemental Material [33]), different from
WS2 ML, the asymmetric electrostatic potential between two
S layers in WS2 NTs forms a dipole pointing in the radial
direction. This potential difference can suppress the e-h re-
combination [38], which prolongs the photogenerated carrier
lifetime and enhances the photocurrent. The spatial structure
of wave functions at conduction-band minimum (CBM) and
valence-band maximum (VBM) was further explored and dis-
played in Fig. 2(d). For WS2 ML, the state density at both
CBM and VBM are all around the W atoms and dominates
by the W-d orbitals. The full overlapping of CBM and VBM
in the real space is detrimental to the e-h separation, while
for WS2 NTs, the state density at the VBM spread on the W
and the outer S atoms. More precisely, the CBM of NTs is
still dominated by the W-d orbitals, while the VBM is con-
tributed by both W-d and S-p orbitals, as shown in Fig 2(c).
The spatial separation of the states at CBM and VBM can
help to separate the e-h pair, which is crucial for a long

TABLE I. The band gap, NAC, pure-dephasing time, and photon-
generated carrier lifetime of WS2 ML, ZT-10, ZT-14, ZT-18, and ZT-
22.

Band gap (eV) NAC (meV) Pure dephasing (fs) Lifetime (ns)

ML 1.81 0.77 33.0 0.48
ZT-10 0.50 2.42 7.8 0.04
ZT-14 0.91 0.81 7.5 0.30
ZT-18 1.20 0.31 5.4 2.55
ZT-22 1.39 0.28 7.0 5.22
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FIG. 2. (a) Bader charge of ZT-10, ZT-14, ZT-18 and ZT-22. (b) Electrostatic potential of WS2 ML, ZT-14, and ZT-18. (c) Partial density
of states (PDOS) of ZT-10, ZT-14, ZT-18, and ZT-22. (d) Spatial structure of wave functions at CBM (upper) and VBM (down) of WS2 ML,
ZT-14, and ZT-18. The red and blue represent the positive and negative wave functions, respectively.

carrier lifetime. However, such qualitative prediction of the
carrier lifetime based on the electronic structure is inadequate
as the electron-phonon (e-ph) coupling effect also plays an
important role in determining e-h recombination. The carrier-
dynamics behavior should be further explored.

B. Photogenerated carrier lifetime

To quantitatively assess the difference in carrier lifetime
between WS2 ML and NTs, the e-h recombination rate was

calculated by using NAMD simulations. The electrons can
be excited from the VB to the CB and form holes at VB
after light absorption [progress 1© in Fig. 3(a)]. Meanwhile,
the photogenerated electrons at the CBM recombine with the
holes at the VBM [progress 2© in Fig. 3(a)] [39]. To determine
the carrier lifetime (τ ), we fitted the NAMD data with the for-
mula of a short-time linear approximation to the exponential
decay: f (t ) = exp(−t/τ ), according to the previous literature
[5,11,13]. The predicted carrier lifetime of WS2 ML is 482 ps,
consistent with the reported experimental results [2,40]. Note
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FIG. 3. (a) Diagram of e-h recombination of WS2 ML and NTs. (b) The e-h recombination time, (c) FT spectra, and (d) pure-dephasing
time of WS2 ML, ZT-14, and ZT-18; the inset shows the un-ACFs. The amplitudes of ZT-14 and ZT-18 are reduced by 5 and 10 times in FT
spectra, respectively.

that the carrier lifetime of WS2 NTs increases along with their
diameter, as listed in Table I. In particular, the carrier lifetime
of WS2 NTs with larger diameters (ZT-18 and ZT-22) is much
longer than that of WS2 ML. Such a long carrier lifetime
corresponds with the discovered higher photocurrent of WS2

NTs than ML in the experiment [4].
To reveal the underlying physics of the different carrier

lifetimes of WS2 NTs, the NAC between CBM and VBM was
calculated as listed in Table I. The NAC matrix element d jk

can be expressed as

d jk =
〈
ϕ j

∣∣∣∣ ∂

∂t

∣∣∣∣ϕk

〉
= 〈ϕ j |∇RH |ϕk〉

εk − ε j
Ṙ, (1)

where H is the Hamiltonian of Kohn-Sham; ϕ j and ϕk

represent the wave function of electronic states k and j, re-
spectively. The εk and ε j are the corresponding eigenvalues,

and Ṙ represents the nuclear velocity. Here, the states k and
j stand for the CBM and VBM. Small NAC weakens the
coupling of the wave function and tends to suppress the e-h
recombination [41], thus leading to a long carrier lifetime.
According to formula (1), the NAC is inversely proportional
to the term of energy difference (εk − ε j) and positively pro-
portional to the terms of e-ph coupling (〈ϕ j |∇RH |ϕk〉) and the
nuclear velocity (Ṙ). This means all the WS2 NTs with smaller
band gaps are expected to have larger NAC than that of ML.
However, the NAMD calculations revealed that only ZT-10
and ZT-14 have larger NAC values (2.42 and 0.81 meV).
The smaller NAC of ZT-18 and ZT-22 indicates that more
complicated e-ph scattering also plays an important role in
the e-h recombination process of these NTs.

The Fourier transform (FT) spectrum regarding the energy
shift of the initial and final state is depicted in Fig. 3(c). Com-
pared with ML, the WS2 NTs exhibit relatively low-frequency
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FIG. 4. (a) NAC and pure-dephasing time of WS2 ML and NTs with different diameters. The solid and dotted lines are used to guide the
eyes. (b) Predicted relationship between e-h recombination time and diameter of the WS2 NTs. The dots of 1, 2, 3, 4, and 5 in (a) and (b)
represent WS2 ML, ZT-10, ZT-14, ZT-18, and ZT-22, respectively.

peaks, indicating that the phonon mode with lower frequency
reduces the e-ph scattering. In addition, these low-frequency
modes also correspond with the decreased velocity of the nu-
cleus [13], which has also been verified by the mean velocity
of W atoms obtained from the MD simulations (see Supple-
mental Material [33]). According to formula (1), the lower
velocity decreases the NAC, therefore prolonging the carrier
lifetime. Based on the above results, we conclude that the car-
rier lifetime is closely related to the diameter of NTs. For NTs
with larger diameters, the low-frequency phonon gives rise to
small e-ph scattering, leading to a very small NAC and long
carrier lifetime, while for NTs with smaller diameters, their
small band gap brings large NACs and therefore accelerates
the e-h recombination.

The pure-dephasing time is also an important factor af-
fecting the e-h recombination. Generally speaking, short
pure-dephasing time slows down the e-h recombination [13].
The pure-dephasing time can be defined by the second-order
cumulant approximation [42]:

Di j (t ) = exp

[
− 1

h̄2

t
∫
0

dt ′ t ′

∫
0

dt ′′Ci j (t
′′)

]
, (2)

where Ci j (t ) is the unnormalized autocorrelation function (un-
ACF) of the fluctuations of the energy gap (δEi j) between
electronic states i and j, which can be defined by

Ci j (t ) = 〈δEi j (t
′)δEi j (t − t

′
)〉t ′ . (3)

As shown in Fig. 3(d) and Fig. S3 (see Supplemental Ma-
terial [33]), WS2 NTs possess smaller pure-dephasing time
in comparison with WS2 ML, which is beneficial to sup-
pressing the e-h recombination. Meanwhile, un-ACF is shown
in Fig. 3(d). The square root of the initial ACF (t = 0 fs)
represents the fluctuation amplitude of the band gap. A larger
initial value of un-ACFs usually corresponds to a shorter
pure-dephasing time [43]. As seen in Fig. 3(d), ZT-14 and

ZT-18 have larger initial un-ACF than WS2 ML, which means
that the wave-function phase difference between CBM and
VBM of the NTs accumulates faster than that of ML, thus
reducing the pure-dephasing time. Specifically, for ML, the
full overlapping of the wave functions at CBM and VBM
indicates a long coherence. When WS2 ML is rolled into NTs,
the states at the VBM are partially dispersed to outer S atoms
[see Fig. 2(d)], therefore reducing the coherence between
CBM and VBM. Note that the pure-dephasing time of the four
NTs shows no relevance to their radials, and is all about one
order of magnitude smaller than the ML. This means the factor
of the pure-dephasing time has an overall promotion for the
carrier lifetime of WS2 NTs within the gauge scale considered
in this work.

C. Discussion

So far, we have found that the NAC of WS2 NTs decreases
along with their diameter [see in Fig. 4(a)], which arises
from the combined effect of the band gap, nuclear velocity,
and e-ph scattering. Note that the band gap increases along
with the diameter of NTs and gradually converges to about
1.9 eV. After 5 nm, the band gap shows a weak correlation
with the further increased diameter [44], while the nuclear
velocity bottoms out and begins to rise when the diameter is
larger than 2 nm (Supplemental Material [33]). This results in
the NAC of the ML being higher than ZT-18 and ZT-22. In
addition, although the pure-dephasing times of the WS2 NTs
are all much smaller than that of ML, the continuous increase
of diameter would make it gradually rise and finally reach
33 fs of the ML. Therefore, for WS2 NTs, the cooperation
between NAC and pure-dephasing time would inevitably lead
to a maximum of the carrier lifetime when it varies with the
diameter, as shown in Fig. 4(b). Note that as the diameter of
the TMD NTs prepared in the experiment is generally greater
than 5 nm and their e-h recombination time is longer than the
ML phase, we predict the relationship as shown in Fig. 4(b).
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This explains the higher photoelectric/photovoltaic effect of
TMD NTs reported by experimental groups [4,23].

IV. CONCLUSIONS

In summary, based on first-principles and NAMD calcu-
lations, we have studied the carrier lifetime of the WS2 ML
and NTs with different diameters. It is found that the small
NAC and short pure-dephasing time improve the photogen-
erated carrier lifetime and increase the photocurrent of WS2

NTs. Specifically, the carrier lifetime of ZT-18 and ZT-22 are,
respectively, 5 and 11 times higher than that of WS2 ML.
By analyzing the relationship between carrier lifetime and
different diameters, we predicted that NT with a diameter of
about 5 nm has the longest carrier lifetime. This work provides

an interpretation of the measured higher photovoltaic effect of
WS2 NTs than the ML. This mechanism may also apply to
other TMD nanotubes and provide ideas for the future design
of optoelectronic devices.
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