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Photoemission from nanostructures under strong fields has attracted significant interests in materials science
and optoelectronic applications. Here, we report the extreme nonlinear photoemission in single-walled carbon
nanotubes (SWCNTSs) and its underlying mechanisms related to the microscopic carrier excitation and the
sequential emission of occupied-state electrons. We show that the characteristic photoemission responses, e.g.,
nonlinear slope, of individual SWCNTSs strongly depend on the unique electronic structures near the Fermi
level, i.e., localization of the emitting states and their tunneling probabilities. The transition of photoemission
mechanisms giving rise to the extreme nonlinear behavior was elucidated using Kohn-Sham potentials and the
extended Fowler-Nordheim theory. This paper provides insights into photoemission dynamics of SWCNTs on
the ultimate atomic length scale and attosecond time scale, will hopefully help design materials for tunable

optoelectronic responses.
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I. INTRODUCTION

Ultrafast control of electrons emitted from a nanoscale
source continues to stay at the forefront of attosecond
technologies [1,2]. It allows investigation of various ultra-
fast phenomena with an unprecedented precision including
electron interference [3,4], high harmonic generation [5-7],
real-time carrier motion, and ultrafast structure dynamics
[8-10]. Electron photoemission takes place whenever the
driving field is capable of inducing a bound-to-continuum
transition, resulting in escaping of electrons from the tar-
get. When increasing the laser strength F, the predominant
ionization mechanisms will transform from the perturbative
multiphoton ionization [11] regime to the optical-field-
emission (OFE) regime [12,13]. In the OFE regime, the
photoemission process resembles field-controlled tunneling,
thus the electron pulses, i.e., photoemission current (), are
synchronized to the waveform of incident light. This is of par-
ticular interest for practical applications, e.g., optical-phase
detectors [14] and attosecond electron microscopy [15].

In addition to metal nanostructures [13,16—-18], carbon
nanotubes (CNTs) have emerged as a promising candidate
for strong-field tunneling emission due to their extraordi-
narily high field enhancement and great stability [19-21].
Strong-field tunneling emission from CNTs has been iden-

“Corresponding author: mxguan@bit.edu.cn
fCorresponding author: smeng @iphy.ac.cn

2469-9950/2023/107(7)/075426(9)

075426-1

tified for laser irradiation with a relatively short wavelength
(410 nm), enabling the generation of photoelectron pulses
with a low-energy spread (x0.25 eV) [22]. Most recently, in
one of our joint experimental and theoretical works, extreme
strong-field photoemission with astounding nonlinearity (I
F*) was reported in semiconducting single-walled carbon
nanotubes (SWCNTs) after removing the metallic ones from
the nanotube cluster by applying an aging process, and the
nonlinearity depends on the band-gap width [23]. Although
vertically aligned SWCNT clusters were used in the exper-
iment, a few isolated, individual SWCNTs protruded out,
which were believed to be the main emission sites [22].
Therefore, the results indicate that the electronic structure
of SWCNTs provides a knob for controlling photoemission
dynamics under the strong-field tunneling regime. A com-
prehensive understanding of the dependence of field-driven
emission on underlying electronic properties is highly de-
sirable for future applications in attosecond electronics and
photonics, but is currently missing.

In this paper, we investigate the atomic-scale mechanism
and real-time dynamics of photoemission from SWCNTs
based on ab initio real-time time-dependent density functional
theory (rt-TDDFT) [24-28]. We demonstrate that the tunnel-
ing currents in semiconducting and metallic SWCNTSs show
distinct temporal responses under strong laser pulses, i.e.,
the yield of current increases dramatically in semiconducting
nanotubes when the laser field reaches its maximum strength,
whereas it approaches saturation in metallic nanotubes. The
astounding high nonlinearity in semiconducting SWCNTs is
ascribed to the tunneling of electrons from electronic states

©2023 American Physical Society


https://orcid.org/0000-0002-7369-4176
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.075426&domain=pdf&date_stamp=2023-02-21
https://doi.org/10.1103/PhysRevB.107.075426

GUAN, YAN, HU, ZHANG, CHEN, AND MENG

PHYSICAL REVIEW B 107, 075426 (2023)

near the highest occupied states. However, the photoemission
probabilities of those states are small in metallic nanotubes
due to the synergistic effect of forbidden optical transition and
the robust Kohn-Sham potentials resulting from the stronger
screening effect. The above findings can be extended to more
SWCNTs with different chiral indices for understanding their
unique strong-field driven emission behaviors.

II. COMPUTATIONAL DETAILS

The TDDFT simulations are done in two main steps. First,
ground-state information of SWCNTs is obtained based on
DFT calculations, including the optimized atomic structures
as well as corresponding electronic structures. Subsequently,
real-time TDDFT is employed to perform accurate simula-
tions of the interaction between laser fields and SWCNTs,
which complements other contemporary approaches, e.g.,
solving the time-dependent Schrédinger equation numerically
or analytically [29,30], and is one of the state-of-the-art
methodologies. The I-F curves and the underlying electronic
excitation-tunneling dynamics are revealed without any a
priori assumptions. The detailed calculation processes are
introduced as follows.

A. Structure and ground-state properties of SWCNTSs

Ground-state DFT simulations were performed with SIESTA
[31] using Troullier-Martins pseudopotentials in conjunction
with the Perdew-Burke-Ernzerhof (PBE) functional [32]. The
Brillouin zone (BZ) is sampled by the single k point with an
energy cutoff of 100 Ry. The atomic structure of the tube was
positioned in a cubic supercell with vacuum regions of ~1.5
nm along three directions and fully relaxed until the force on
each atom was less than 0.1 eV /nm.

Two representative finite-length SWCNTSs are used in our
calculations, i.e., an armchair (6, 6) metallic nanotube and
a zigzag (10, 0) semiconducting nanotube, due to the fact
that they have comparable geometries (e.g., diameter) and
distinct electronic properties. Therefore, the photoemission
dynamics are directly linked with the underlying electronic
structures. Both of two SWCNTs are within the range of tube
diameters in experiments and have comparable work functions
of ~4.4 eV [23]. For each SWCNT, one of the ends is capped
while the other end is terminated by hydrogen atoms.

As for one-dimensional (1D) periodic carbon nanotubes,
the k points are sampled on a uniform grid along the tube axis
(Nx = 150). We adopt a supercell geometry so that the tubes
are aligned in a cubic array with the closest distance between
adjacent tubes being 1.5 nm. At such a separation, the tube-
tube interactions originated from the fictitious periodic images
due to the imposing periodic boundary conditions are very
small so that they can be treated as independent entities. In
reality, when nanotubes are separated at a distance of nanome-
ter scale, electrons can be favorably transported across tubes
through electrical contacts and tunneling, which can even
dictate the overall conductivity and thus the characteristics
of CNT based emitters [33-36]. Deep understanding of the
microscopic interactions among multitubes is also urgently
needed for applications in conducting and sensing, which is
beyond the scope of the present paper.

B. The interactions between laser fields
and SWCNTs described by rt-TDDFT

In this paper, two codes within the framework of TDDFT
are used, i.e., OCTOPUS [24,37] employing real-space-grids
and TDAP [26,38] based on the local atomic basis. Both
of them describe the laser-matter interactions in three-
dimensional space r(x,y, z) via solving the time-dependent
Kohn-Sham (KS) equation:

a 1
i i) = [—§V2+VKs}pi(r,t), ey

Vks = Vext + Z VEB 4+ Z V,loca1 +Vu+Vxc. (@)

Here, ¢;(r, t) are the single-particle KS states (also called
KS orbitals), Vkg is the Kohn-Sham potential, Ve is the time-
dependent external potential generated by a laser field, V,XB
and V}° are the Kleinman-Bylander and local parts of the
pseudopotential of atom I, and Vxc and Vg are the exchange-
correlation (XC) and Hartree potentials, respectively. In our
simulations, we use the length gauge to describe the interac-
tions between the laser fields and modeled SWCNTSs, where
the vector and scalar potential of the field E(¢) are X(t) =0
and Vi = —E(t)z, respectively. The geometry effects on the
field enhancement are considered in our simulations, and the
localized field enhancement factor near the CNT tips is ~14.6
[Fig. S1 in the Supplemental Material (SM) [39] (see also
Refs. [40-55] therein)].

The applied external fields are polarized along the axial
direction (coordinate z) of the SWCNTSs, and are shaped as a
Gaussian pulse:

(1 —10)’
E(t) = F cos (wt)exp| —————— |- 3)
202
Here, the width o is 4 fs, hw = 3.02eV(i.e., A = 410nm),
and the laser reaches the field maximum amplitude F at

to = 15fs. The time- and space-dependent microscopic cur-
rent density (Fig. S2 in the SM [39])

ih
1.1 = =3 Y lgl @0V = iz DV} .0} ()

is integrated across a chosen plane that is perpendicular to
the z direction with a distance of 0.2 nm from the cap of the
nanotube:

I(t)=/1(z,t)-dS. 4)

The electronic kinetic spectra (Fig. S3 in the SM [39]) are
obtained by taking the Fourier transform

() = / dt I(t)e'™. (6)

Then, the maximum intensity of I(w) is recorded with the
increase of F.

Note that the photoemission yield depends on both the
probability of electronic tunneling and the acceleration of
emitted electrons. In the vicinity of the cap, the laser field
and ionic potential field will compete with each other and
electrons will oscillate back and forth. When the propagation
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distance increases and reaches a critical distance (>1 nm),
ionic potential disappears and the liberated electrons will be
driven by the laser field. Therefore, the accurate theoretical
description of ionization current requires that the current de-
tection surface stays far away from the cap, so that the bound
and continuum states could be discerned [51,53,56]. In this
paper, our study is limited to the investigation of the early
stage of photoemission dynamics, i.e., electronic excitation
and tunneling behaviors, due to the constraints of computer
resources and the stability of computational algorithms [39].

III. RESULTS AND DISCUSSION
A. I-F curves related to the electronic structures of SWCNTSs

For a single SWCNT, the emitted current density is highly
sensitive to the atomic structure. In particular, for a capped
SWCNT, it is believed that morphology of the tip will affect
the strength and position of the peaks observed in density of
states (DOS) spectra near the Fermi level (Er) and electrons
are sourced almost exclusively from the sharp nanotube tip
[12,22], also as shown in Fig. 1(b) and Fig. S4 in the SM
[39]. The calculated I-F curves and the corresponding elec-
tronic structures of two representative SWCNTs are shown
in Figs. 1(c) and 1(d). Similar to the experimental results
with photon energy of 1.55 eV [23], under moderate fields
(F < 3 V/nm), the photoemission from the metallic nanotube
is more significant. When F > 3 V/nm, saturation is ob-
served in the metallic (6, 6) nanotube, whereas the current
yield increases dramatically in the (10, 0) tube and becomes
much higher than the metallic one. The semiconducting (10,
0) SWCNT shows an abrupt increase of nonlinear slope,
i.e., I~F" from n = 1.2 to 5.3. We note that the nonlinear
slope is marginally relevant to the laser frequency, while the
photocurrent yields are enhanced due to the larger local-field
intensities around the nanocap (Fig. S5 in the SM [39]). Due
to the fact that the photocurrents are collected near the cap of
the modeled SWCNTs, the nonlinear slope is underestimated
[39].

B. Photoemission dynamics

To further reveal the dynamics of photoemission, we
perform time-frequency analysis by means of the wavelet
transform, which, comparing to /(¢), can additionally provide
the energy information of microscopic current:

o, ) = / 1w (0 = 1,(0), ™)
with the wavelet kernel

Wiy () = VoW [o(t —to)]. ®)

The mother wavelet is given by the Gabor wavelet
1
W (x) = — cos (x)e ™/, )
T

Figure 2 shows the results when the field amplitudes are
1 and 5 V/nm. It is clear that the energies of predominant
electrons are centered around the laser photon energy, i.e.,
hw = 3.02 eV, and the broadening is ~1 eV. Higher-energy
electrons with multiples of the fundamental energy (nfiwy,

(a) (b) o0.10
nanotube cap
—— nanotube body
~ 0.051
€
o
2
o
. . 0.00
00000 @
o]
x
=l —-0.05
(n, m) carbon nanotubes
1
—0.105 10 20 30 40
Time (fs)
finite-length (10,0) SWCNT
(- @ _, gth (10,0)
== (10, 0) =
—o— (6, 6) 5
g
— =
2 8
5 Qo
. 0.101 1 finite-length (6,6) SWCNT
2 )
c 'S
= =]
]
&
n
8
01 1 2 345 %7 2 0 p a
© F (V/nm) E—Ef(eV)
(3
Diameter of 1D SWCNTs (nm)
1.0 16 13 1.0 0.8 i 1D semiconducting SWCNTs
. T T T T
Eg
0 (10,0)
B ks R
= =
5 > ‘ (13,0
o 0.5 2173 -
& s N
e 9 J |
= 2o (16,0)
1
0.0l ‘ ‘ ‘ . Mo,o)
Q4 06 08 10 2 -1 0 i 2
Band gap (eV) E —Ef (eV)

FIG. 1. (a) Schematic illustration of modeled SWCNTS irradi-
ated by a linearly polarized laser pulse. (b) Dynamic charge evolution
of a (10, 0) nanotube with the laser strength of 5 V/nm; here,
AQ(t) = Q(t) — Q(0). The yellow and brown lines show the aver-
aged contribution of the cap and body atoms. The inset shows the
charge density differences of the (10, 0) nanotube when t = 15 fs.
Here, the red and cyan colors represent the increase and decrease
of charge density, respectively. (¢c) TDDFT computed I-F curves
for the two typical SWCNTs illuminated under laser pulses with a
wavelength of 410 nm and width of 4 fs. The gray shaded region rep-
resents the field amplitude range where the ultrahigh nonlinearity of
photoemission occurs. (d) Normalized DOS spectra of finite-length
(10, 0) and (6, 6) SWCNTs. (e) Optical transition probability of
carriers located at the electronic states near the valence band maxi-
mum and its dependence on the band-gap width (E,) and diameter of
one-dimensional semiconducting SWCNTSs. (f) DOS spectra of four
representative semiconducting 1D SWCNTs. The gray shaded area
in each panel indicates the energy range where the carrier excitation
probabilities are included.

where 7 is an integer) can also be generated via quiver motion,
but with weaker strengths (Fig. S3 in the SM [39]). For a weak
laser field (1 V/nm), currents from both nanotubes follow
adiabatically to the electric field and the instantaneous yield
in the (6, 6) tube is larger than in the (10, 0) tube, leading to
the dominant contribution of the metallic nanotube [Figs. 2(a)
and 2(b)]. However, under an intense field (5 V/nm), a sharp
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FIG. 2. Time-frequency analysis of microscopic currents in (a) (10, 0) and (b) (6, 6) nanotubes with F = 1 V/nm. The black line in each
panel represents the laser waveform, which reaches its maximum strength at t = 15 fs, as indicated by the vertical dashed line. The positive
and negative current represent the back and forth movement of the ionized electrons that are crossing the detection plane. (c) Time evolution
of the number of excited electrons; the arrows are used to label the time that maximum carriers are excited. Panels (d)—(f) are analogous to

panels (a)—(c), but are the results when F =5 V/nm.

increase of tunneling current emerges in the (10, 0) tube
when the laser reaches its maximum intensity at ¢ = 15 fs
[Fig. 2(d)]. In contrast, for the (6, 6) tube, most of current
emission occurs before the peak [Fig. 2(e)], which indicates
that most of the electrons have been depleted under the rather
moderate laser fields and no extra electrons can contribute to
photoemission even if stronger fields are applied. Based on
that, the distinct performance of two SWCNTs shows that
the instantaneous photoelectric responses under strong-field
illumination are determined by whether there are plenty of
electrons being excited and emitted from the nanotube.

The dependence of photoemission on electronic excitation
is identified by calculating the number of excited electrons
via projecting the time-evolved wave functions [|¢,(¢))] on
the basis of the ground-state Kohn-Sham orbitals (|¢,,)):

0OCC unocc

Ane() =" [{YmlSlgn), (10)

where S is the overlap matrix expressed with numerical
atomic-centered orbitals and all the unoccupied state electrons
are summed up. Consistent with the above discussions, more
electrons are promoted in the (6, 6) SWCNT during weak-
field illumination [Fig. 2(c)], while the situation is reversed
when the laser intensity surpasses the threshold for strong
excitation in the (10, 0) SWCNT [Fig. 2(f)]. Meanwhile, the
number of excited electrons maintains a continuous growth
in the (10, 0) tube, rather than reaching saturation in the
(6, 6) nanotube, indicating that the excitation mechanisms are
different in these two types of SWCNTs.

To gain deeper insight into electronic dynamics under
laser illumination, carrier excitations and potential subsequent
electron emission at discrete KS levels are analyzed when
the laser fields reach their maximum amplitudes (t = 15 fs).
Figures 3(a) and 3(b) show the change of occupation numbers
and the shape of the KS potential (Vks) barrier for (10, 0) and
(6, 6) SWCNTs, respectively. Under a weak field (1 V/nm),
the energy intervals between the states that lose and gain
electrons are equal to the incident photon energy (i.e., 3 eV).
Meanwhile, though the KS potentials are bent down from the
vacuum level (VAC), the barrier heights are only slightly de-
creased, indicating that the surface barrier is more steplike and
tunneling is prohibited; therefore, multiphoton photoemission
is dominant. For both two SWCNTs, the initial states that
lose electrons are =2 eV below the Fermi energy, and it is
expected that two or three photons are needed to overcome
barriers with work functions ~4.4 eV. In the (6, 6) SWCNT,
most of the carriers are excited from the states close to the
highest occupied molecular orbital (HOMO) at the single I’
point of the nanocluster. These localized states are closer to
the VAC and have a larger tunneling probability than those
in the (10, 0) SWCNT, resulting in a more significant current
yield.

When F is larger than 3 V/nm, i.e., the threshold laser
strength for the extreme nonlinearity, the Vkg is further bent
around or even below HOMO level and electrons can be
excited and emitted directly from occupied levels. In this
regime, the tunneling probability increases for the higher oc-
cupied level, as it faces a narrower tunneling barrier. For the
(10, 0) SWCNT, with the increase of laser strength, the high-
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FIG. 3. (a), (b) Energy distributions of the excited electrons (red) and holes (blue) in (a) (10, 0) and (b) (6, 6) SWCNTs under the irradiation
of three optical fields. The spatial-resolved KS potentials are shown in the right panels. The gray solid lines in panels (a) and (b) are the
corresponding DOS spectra. The blue arrows indicate the highest occupied states that contribute to hole removal and the red arrows show the
dominant localized states of excited electrons. (c) Emission probability of two SWCNTs based on the extended Fowler-Nordheim theory.

est occupied states that contribute to the tunneling excitation
keep moving towards the HOMO level and the height of the
KS potential barrier decreases linearly. Therefore, not only
are more electrons excited, but also the tunneling probabil-
ity grows, and both play important roles in introducing the
ultrahigh nonlinearity of photoemission. In contrast, for the
(6, 6) SWCNT, dominant excited states are pinned at the first
van Hove singularity (vHS), and stronger field only leads to
a weaker barrier bending, which might originate from the
stronger screening effects in metallic nanotubes. Therefore,
even though the current emission is enhanced, the emergence
of ultrahigh nonlinearity is prohibited.

In order to obtain a quantitative description of the emission
probability, a generalized Fowler-Nordheim (FN) theory is
adopted, in which the energy band structure of SWCNTs has
been taken into account [57-61]. To identify the validity of the
FN model, Keldysh parameter was first calculated to estimate
the magnitude of the optical field required to support qua-
sistatic electron tunneling [62], given by y = w~/2m®/efF,
where w and F are, respectively, the frequency and maxi-
mum strength of the applied laser field, m is the mass of the
electron and e is its charge, and f is the field enhancement
factor of the emitting tips, i.e., B ~ 14.6. ® is the ionization
potential; for the carbon atom, ® ~ 11.26 eV. In this paper,
when F = 3 V/nm, the calculated y = 1.18. It has been fre-
quently observed in solid surfaces and nanostructures that the
transition to tunneling behaviors occurs when y = 2 [13,22],
reasonably supporting the field-driven photoemission regime.

The emission probability P, is written as

1
P(t) = NZP(E,I), (11)

P(E,t) =n(E)D(E, F(t)), (12)

where n(E) is the occupation number at energy level E
shown in Figs. 3(a) and 3(b), and N is the total number of
electrons. For an image charge barrier shown in Figs. 3(a) and
3(b), its height is reduced by the Schottky-barrier lowering
effect [63], i.e., Vks(z, F) = Vo—eFz — €*/16meyz, in which
—e?/16megz is the contribution from the image force and

—eF z is the contribution from the externally applied field, and
the tunneling probability D(E, F(¢)) can be estimated as

1

DE,F(t) = ———, 13
( ©) 1 4+ exp[6(E)] 13
4\/ 2m 3
O(E) = %—F((D—E)ZU()’)- (14)
Here, v(y) = 1 —y* + %yzlny andy = % is the fractional

lowering of the barrier [59]. e is the fundamental charge, m is
the mass of a free electron in vacuum, 7 is the reduced Plank
constant, ® is the work function, and F is the applied laser
amplitude. Consistent with the calculated I-F curves shown
in Fig. 1(c), the P., of the (6, 6) SWCNT is larger than that of
the (10, 0) SWCNT for moderate laser fields, whereas under
the intense laser the P., in the (10, 0) SWCNT increases
dramatically and shows an obvious “bending up” feature.
The above results identify that photoemission in SWCNTS is
dependent on the correlated excitation-tunneling dynamics, in
which the unique electronic structures are vital in determining
the macroscopic photoemission behaviors [64]. In the present
paper, P, at a representative moment (¢ = 15 fs) is discussed.
To reveal the exactly time-dependent P, during the whole
photoemission dynamics, it is suggested to turn to models
with solutions to oscillating barriers [30,65].

C. Carrier excitation behaviors with various chiral indices

The shape of the Vkg at the vaccum interface is one of the
most delicate problems in the field emission theory, which is
usually perturbed by various factors and beyond the scope of
this paper [66,67]. Here, we focus on the investigation of dis-
tinct carrier excitation behaviors among different SWCNTs,
which are identified to be determined by a unique combination
of band structure and selection rules for optical transitions.
Figures 4(a) and 4(b) show the energy distribution of the
localized states (E;) and the corresponding optical transition
probabilities M, of finite-length (6, 6) and (10, 0) SWCNTs,
which is defined as

unocc

MIE) =Y Upr(Ep)lzlgiED)I. (15)
f
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FIG. 4. Energy distribution of the localized occupied states and
the corresponding optical transition probabilities M for finite-length
(a) semiconducting (10, 0) SWCNT and (b) metallic (6, 6) SWCNT.
(c) Representative electronic energy-dispersion relations and density
of states (DOS) of semiconducting 1D SWCNTs. (d) Representative
electronic energy-dispersion relations and DOS of metallic 1D SWC-
NTs. (e) Schematic illustration of carrier excitation dynamics in the
semiconducting (top) and metallic (bottom) SWCNTSs under moder-
ate (F)) and intense (F,, > > F)) optical fields. For semiconducting
SWCNTs, the highest occupied states that contribute to the tunneling
excitation keep moving towards the VBM with the increased laser
strength. For metallic SWCNTs, the dominant excited states are
pinned at the first vHSs due to the linear energy dispersion near the
Fermi level.

Here, M’ represents the transition probability of the initial
occupied state ¢; to all the unoccupied states ¢, under the
laser pulse polarized along the z direction. To clarify the main
tendency, Gaussian broadening is used to smooth the discrete
data.

For both metallic and semiconducting SWCNTs, the max-
imum Mé is located at the van Hove singularity k points
of the corresponding 1D SWCNTs (Fig. 4 and Fig. S7 in
the SM [39]). Under the weak fields, the photon energy has
determined the dominant tunneling states in semiconducting
and metallic SWCNTs are far away and near the first vHS,
respectively. When the laser pulses are strong enough to bend
down the barrier, due to the fact that the M! of those higher-
energy electronic states is considerable in semiconducting
SWCNTs, the carrier tunneling is realized by either indirect
occupied-to-unoccupied-states tunneling or direct occupied-
states tunneling.

For a metallic nanotube, however, though there are local-
ized state distributions near the Ep, the optical transition
between these states is approximately zero [68—70]. It arises
from the discreteness of wave vectors along the circumfer-
ence and the linear energy dispersion near the Ep. The 1D
BZ of SWCNTs is expressed as the cutting lines of the
two-dimensional BZ of the graphene layer. For armchair
SWCNTs, the cutting lines will cross the K point of the

hexagonal BZ and parallel to the nanotube axis, causing the
touching of the two metallic bands at Er. The dipole vector
is nearly zero for transitions from an occupied metallic state
to an unoccupied metallic state [68]. Therefore, in metal-
lic nanotubes, the highest optically allowed occupied states
are near the first vHS. As a result, carrier tunneling from
the higher-occupied states can be achieved only if extremely
intense fields are applied to bend the barrier below the cor-
responding energy levels, which might exceed the damage
threshold. More discussions related to the nonlinear excitation
dynamics in other finite-length SWCNTS are also provided in
Fig. S6 in the SM [39].

The above findings can be extended to more SWCNTSs and
understand their unique strong-field driven carrier excitation
behaviors. In reality, the lengths of the SWCNTSs are usually
longer than 10 um, therefore the relative contribution of the
nanotube body becomes predominant in carrier excitation,
especially for those deep-level occupied states [71,72]. With
the increase of tube length, the electronic structure of the
tube body approaches that of the 1D SWCNT (Fig. S8 in
the SM [39]). Based on the above analysis, 1D models are
used to investigate the dependence of carrier excitation on the
nanotube chirality, which will help to extend our results to
more general cases and improve field-emission properties.

Here, four semiconducting 1D SWCNTs are taken as
model systems, and the results are shown in Figs. 1(e) and
1(f). For the selected SWCNTS, the tube diameter varies from
7.83 A [(10, 0) tube] to 15.66 A [(20, 0) tube], and the corre-
sponding band gap (E,) between the two first vHSs decreases
from 0.96 to 0.5 eV. For each 1D SWCNT, the transition
probabilities of occupied states in the energy range from the
third vHSs (3rd_vHSs) to the valence band maximum (VBM)
are summed up, which is defined as

Ei<VBM

> ML (16)

i,E;>3rd_vHSs

M, =

It is clear that M, increases with the smaller band gap
(larger tube diameter), indicating the larger possibilities for
electronic excitation. Note that in the case of semiconducting
SWCNTs with the diameter greater than or close to 1 nm,
when the Er is placed at the midgap, the work function
decreases slightly with the diameter [73]. Therefore, in the
VB-OFE regime, when assuming the same triangular shaped
model of the potential energy barrier at the vacuum interface,
the tunneling rate for the four kinds of 1D SWCNTSs increase
with the decrease of band-gap width, which cooperate with the
larger optical transition probability and facilitate the highly
efficient photoemission.

Based on the above analysis, we make a short summary
about the characteristics that enable the abrupt increase of
the I-F curve. First, the optical transition probabilities of the
quantum states near the Fermi energy should be considerable;
meanwhile, the decrease of the Kohn-Sham potential barrier
should be sensitive to the external intense fields, so that the
tunneling barrier can be bent below deeper occupied states,
which will ensure the larger tunneling probabilities. Second,
semiconducting SWCNTs with smaller band-gap width
are suggested due to the larger possibilities for electronic
tunneling.

075426-6



STRONG FIELD DRIVEN EXTREME NONLINEAR ...

PHYSICAL REVIEW B 107, 075426 (2023)

It should be noticed that the macroscopic effects such as
field enhancement factor (8) and propagation distance should
also be carefully considered to obtain an accurate description
and meaningful comparison among different samples. For
example, the field enhancement of a SWCNT depends on its
height and radius, which combine in an approximately mul-
tiplicative manner to determine the overall field enhancement
factor of the nanotube [74]. Quantitative prediction of § has
been proposed by some analytical approaches, including the
line charge model [75] and the nonuniform axial line-charge
model [76,77]. Assuming that the height of the SWCNTs is
fixed, B is conventionally inversely proportional to its radius
[78], and the stronger local fields of narrower SWCNTs will
pose competition with the smaller tunneling probability in
determining the experimentally detected current signals (e.g.,
nonlinear slope).

The deformed barrier with a lower height will also facilitate
the potential thermionic emission, which is well understood
on the basis of the Fermi-Dirac distribution [63]. Meanwhile,
as electrons approach the apex to tunnel out, the nanotubes
undergo Joule heating, leading to the broadened carrier dis-
tribution around Fermi level. Therefore, it is expected that
a non-negligible thermal current will also contribute to the
practical emission for realistic CNTs. In addition, due to the
fact that approximate exchange-correlation potentials (e.g.,
adiabatic local density approximation and PBE) are used in
the present paper, electron scatterings, e.g., electron-electron
and electron-phonon scattering probabilities, might be under-
estimated [79]. The nonequilibrium electron scatterings and
induced heating effect will lead to the increased quantum
efficiency of photoemission and modified emission electron
energy spectrum [65].

IV. CONCLUSIONS

In conclusion, ab initio rt-TDDFT simulations establish
a straightforward relation of photoemission and the un-
derlying excitation-tunneling dynamics in single SWCNTs.
Under strong fields, the distinct photoemission behaviors
among SWCNTs are closely related to their unique electronic
structures near the Fermi level. In metallic nanotubes, the
excitation of high-energy occupied states and the violent po-
tential barrier bending are forbidden due to the linear energy
dispersion and strong screening effect, respectively, both of
which are necessary for the emergence of the ultrahigh nonlin-
earity if optical damages can be avoided. For semiconducting
ones, the optical transition rate is inversely proportional to
band-gap width, indicating that a larger field emission yield
is expected from narrow band-gap SWCNTs. Our paper
provides insight into the inherent correlation between the
macroscopic photoemission performance and the microscopic
atomic and electronic properties, which will hopefully help
design materials for tunable optoelectronic responses.
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