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Strong-field photoemission produces a ttosecond ( 10−18 s ) e lectron pulses t hat a re s yn-

chronized to the waveform of the i ncident l ight. This nonlinear photoemission l ies at the heart

of current attosecond technologies. Here we report a new nonlinear photoemission behaviour

—the nonlinearity i n s trong-field r egime s harply i ncreases ( approaching 40th power-law

scaling), making use of sub-nanometric carbon nanotubes and 800 nm pulses. As a r esult,

the c arrier-envelope p hase s ensitive p hotoemission c urrent s hows a g reatly i mproved

modulation depth of up t o 1 00% (with a t otal modulation current up t o 2 nA). The calcu-

lations r eveal t hat t he behaviour i s an i nterplay of valence band optical-field emission with

charge i nteraction, and t he nonlinear dynamics can be t unable by changing t he bandgap of

carbon nanotubes. The extreme nonlinear photoemission offers a new means of producing

extreme temporal-spatial resolved electron pulses, and provides a new design philosophy for

attosecond electronics and photonics.
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Strong-field photoemission occurs when t he optical-field i s
sufficiently strong t o b end t he vacuum barrier a t t he
material surface, and then a purely perturbative description

of the emission process i n the photon-driven picture i s no l onger
sufficient1–3. In such a regime, electron emission i s controlled by
carrier waveform of t he l aser pulse rather t han i ts envelope, and
occurs i n a f raction of an optical cycle4–6. By employing near-
infrared or visible l aser pulses, i t i s possible t o generate electron
pluses with an attosecond t emporal r esolution and with a high
degree of s ynchronization t o t he i ncident optical waveform7–13.
Not only does t his advance t ime-resolved electron characteriza-
tion i nto an attosecond t ime domain, but i t also provides atto-
second control and measurement methodology14,15. Strong-field
photoemission t hus l ies at t he heart of attosecond t echnologies
such as attosecond e lectron microscopy16, peta-hertz e lectronic
devices17–19, a ttosecond l ight s ources20,21, a nd o ptical-phase
detectors15,22, a mong o thers. The p hysical p icture o f s trong-
field photoemission has been e stablished by t he s tudy of g as-
phase targets, based on which attosecond light pulses and electron
pulses have b een a chieved11,13. I n r ecent y ears, t he e merging
strong-field physics at the nanoscale solids become a hot research
topic, as i t combines attosecond processes with nanoscales23,24.
This not only brings a unique and sometimes unexpected strong-
field phenomena due t o t he distinctive e lectronic s tructure of
nanoscale s olids, but i s also promising f or r ealizing highly i nte-
grated attosecond i nstruments and devices. In addition, t he l ocal
field enhancement of nanoscale solids allows to access strong-field
regime at a relatively l ow l aser i ntensity.

As t he optical-field strength (F) i ncreases, photoemission may
transit i nto a strong-field r           egime8,25, marked b y t he Keldysh
parameter γ ¼ ω

ffiffiffiffiffiffiffiffiffiffi
2 mΦ

p
=eβF ( ω i s optical f requency, Φ i s work

function, m is the mass of the electron and e is its charge, and β is
the fi eld e nhancement). When f ully a ccessing a s trong-field
regime ( γ < 1), t he o ptical-field i s s trong e nough t o c reate a 
penetrable barrier, and electron tunneling takes place f rom states
within t he vicinity of t he Fermi l evel1, which i s a lso c alled a s
optical-field emission (OFE). Over the past decade, OFE has been
nondestructively accessed i n various specially engineered nanos-
tructures under a wavelength down to visible l ight23,24, which i s a
milestone of attosecond physics. I n t he OFE r egime, t he photo-
emission c urrent ( I) a pproximately f ollows t he s tatic fi eld-
emission r ate driven by t he i nstantaneous value of t he optical-
field26. T he s tatic fi eld-emission c urrent i s g iven b y t he
Fowler–Nordheim f orm I / F2

dcexpð4
ffiffiffiffiffiffiffiffiffiffiffiffi
2 mΦ3

p
=3�heFdcÞ (Fdc i s the

static e lectric field). I n t his f ramework, t he I –F nonlinearity—
defined a s a s lope ( K) o f l og–log p lot o f t he I –F c urve, i s
decreasing with t he F i ncreasing. Consequently, when f ully
accessing t he OFE r egime, i t has been f requently observed t hat
the photoemission curves bend down and depart f rom t he mul-
tiphoton f orm25–30, with a r educed K ≈2. Unfortunately, t he
decreased nonlinearity l eads t o a l ess s ensitive c arrier-envelope
phase (CEP) modulation effect27—the fundamental of attosecond
control a nd measurement t echnology. Thus, g reat e fforts have
been devoted to achieving highly sensitive CEP modulation of the
electronics signal by using alternative methods, such as extracting
the high-order part i n t he electron energy spectrum8,31,32.

In t his work, we demonstrate a n e xtreme nonlinear photo-
emission b ehavior i n t he s trong-field r egime, b y u sing s emi-
conducting carbon nanotube ( CNT) emitters33,34. I n t he case of
one-dimensional ( 1D) CNTs ( Fig. 1a), e lectron t unneling may
start f rom conduction band ( CB) s tates at a r elatively l ow field
due t o t he l ower barrier height ( Fig. 1b). However, t he CB t un-
neling rate i s l imited by the l ow electron density i n the CB. Near
the e dge o f t he v alence b and ( VB), a lthough t he t unneling
probability i s much s maller t han t hat a t t he CB, t he e lectron

density is much higher. As a result, the emission current from the
VB edge can be comparable t o or even l arger t han t hat f rom t he
CB (Fig. 1c). Therefore, the transition into VB tunneling emission
may d epart f rom CB t unneling e mission, a nd b ehave a s a n
upward bending of t he I –F c urve a longside with a n e xtremely
high K, a s s hown i n Fig. 1 d. The s harpness o f t he b ending,
referred to as the K of the I–F curve, should be proportional to the
bandgap. The behavior has been observed i n static-field emission
from semiconductors35, which i s expected to be observed i n OFE
in principle.

Indeed, we observe t hat t he I –F curve bends up dramatically
from the conventional OFE regime, with a greatly enhanced high
nonlinearity ( K ≈40). Then, we obtain a high CEP modulation
depth up t o 100%, with a high modulation current up t o 2 nA,
simply by using a few-cycle ultrafast oscillator and a source meter.
The underlying mechanism of t he behavior i s believed t o be an
interplay of VB-OFE t ogether with charge i nteraction, which i s
supported b y q uantum-mechanical t ime-dependent d ensity
functional t heory ( TDDFT) c alculations a nd c lassical t wo-step
Simpleman model calculations. Our measurements are i nforma-
tive f or designs o f f uture ultrafast, ultrabright nanostructured
photocathodes, as well as extreme sensitive CEP detectors. From a
more general perspective, our work takes a step toward improving
temporal resolution of strong-field-driven, attosecond science and
technology.

Results
Achieving s emiconducting CNT cluster emitter. A s ingle-wall
CNT c luster, g rown b y c hemical v apor d epostion method, i s
employed as the emitter (see the “Methods” section f or materials
synthesis). The diameter of t he cluster i s 2 μm. Each CNT i n t he
cluster has a s ub-nanometric t ip. By a ssuming a r andom dis-
tribution of CNT chiralities, one-third of CNTs i n t he cluster i s
metallic t ubes, while others a re s emiconducting t ubes36. Com-
pared with s emiconducting CNTs, t he metallic o nes h ave a 
superior OFE current, due t o t he higher electron density at t heir
Fermi l evel. This will c onceal t he i ntrinsic OFE b ehavior o f
semiconducting CNTs. Therefore, t o reveal t he OFE behavior of
semiconducting CNTs, t he metallic ones must be removed f rom
the c luster. I n t he p resent e xperiments, we a pplied a n a ging
process—illuminate t he emitter by a s trong enough aging l aser
pulse t o r each a current l evel beyond t he t hreshold ( saturation
current), a nd t hen t he metallic t ubes will be r emoved due t o
overload, while t he s emiconducting t ubes s urvive. A s imilar
method has been successfully employed to remove metallic CNTs
from CVD-grown horizontal CNT films f or a s emiconducting
CNT t ransistor37. I n t he present work, t he aging process opens
the bandgap of t he entire CNT cluster.

Extremely n onlinear I –F c urve. T ypically, t he I –F c urves
obtained by using 100-fs l aser pulses with a central wavelength of
820 nm (see Methods f or experiments), before and after applying
an aging l aser pulse with 1.4 V nm−1 o  ptical-field s trength, are
shown in Fig. 2a, b. Before aging, the photoemission is believed to
be dominant by metallic t ubes, t hrough which t he I –F curve i s
shown i n Fig. 2a. The i nset shows t he scanning electron micro-
scopy ( SEM) i mage of t he as-grown CNT cluster. The l ow-field
section of t he curve can be fitted t o multiphoton photoemission
form38,39, I ∝ F2N. We find N= 6 f or t he as-grown CNT cluster
(with a p hoton e nergy ℏ ν ≈1.55 eV). However, a s t he work
function of CNT ΦCNT ≈4.4 eV33, we expect N= 3. The previous
experiment on gold nanotips has i dentified t he similar i ncreases,
which were speculated t o be attributed t o either geometry effect
or deeper e nergy band c ontribution25. With F i ncreasing, t he
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Fig. 1 Operation principle of extreme nonlinear OFE. a Diagram of OFE from CNT. Electrons (blue balls) are emitted from semiconducting CNT, driven by a
negative half-cycled (red l ine) strong electromagnetic field of a f emtosecond l aser. b Diagram of CB-dominated OFE (CB-OFE) that occurs at a relatively
low optical-field strength. The electron-filling states (orange) i n allowed bands (purple l ines) follow the Fermi–Dirac distribution near Fermi l evel (EF). Red
and blue l ines represent the periodical vacuum level driven by a strong optical-field i n negative and positive cycles, respectively, with a circular frequency of
ω. Purple balls present t he t unneling electrons. c Diagram of t ransition i nto VB-dominated OFE (VB-OFE) t hat occurs when t he optical-field strength i s
increasing. d I llustration of the nonlinear photoemission I –F curve i n l og–log plot. The upward bending of the curve i s a result of transition f rom CB-OFE
(green l ine) to VB-OFE (red l ine). Both CB-OFE and VB-OFE f ollow the FN f orm (γ < 1). The difference i n emission rates i s i nduced by different electron
amounts i n CB and VB. Multiphoton photoemission occurs at a l ow driving field l imit (γ > 1)
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Fig. 2 Extreme nonlinear OFE current. a Experimentally obtained l og–log plot of optical-field (F) dependent total photoemission current (I) for a CNT cluster
before aging, driven by 100-fs l aser pulses with a central wavelength of 820 nm. Two l inear behaviors are observed, as shown by different colors:
multiphoton photoemission (MPP) (gray pentagonal dots); OFE (green square dots). The i nset shows the scanning electron microscopy (SEM) i mage of
the emitter. Scale bar i s 2 μm. b I –F curve of aged CNT cluster i n which the metallic tubes have been removed. Three l inear behaviors are observed: MPP
(gray pentagonal dots); CB-OFE (green square dots); VB-OFE (purple circular dots). An extremely high slope of K= 40 (dashed l ine) was observed. The
inset shows the SEM i mage of the emitter. Scale bar i s 2 μm. c CEP-stabilized measurement of the I –F curve of the same emitter, by using 7-fs f ew-cycle
laser pulses centered around 800 nm. A slope of K= 40 i s obtained as well. d The CEP-dependent photoemission current at a fixed l aser i ntensity with a
peak F = 1.3 V nm−1 with a cosine fit (solid l ine)
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curve bends down and departs f rom t he multiphoton f orm: t he
emission a ccesses t he s trong-field r egime27,29. The d eparture
occurs at γ ≈1.1 ( calculated by using β ≈20 f or CNTs, s ee Sup-
plementary Fig. 1 and r ef. 3 4). The behavior i s s imilar t o c on-
ventional findings f rom metallic nanostructures25,26,29,30.

The I–F curve of the aged CNT cluster emitter reveals a totally
different photoemission behavior ( Fig. 2b). The i nset s hows t he
SEM i mage of t he aged CNT cluster, which shows a great shrink
of t he apex due t o t he l aser annealing and removing of metallic
tubes. A t t his s tage, t he p hotoemission i s b elieved t o b e
dominated by s emiconducting t ubes. Therefore, photoemission
current i s greatly reduced at t he same optical-field strength, due
to the greatly reduced electron density of states (DOS) near Fermi
level. T he I –F c urve b ehaves a s a c onventional s trong-field
photoemission a t l ow-field s ection ( F < 1.1 V nm−1), w ith a 
transition f rom t he multiphoton regime t o a strong-field regime
at γ ≈1.2. As expected, t he I–F curve accesses a distinctive region
at t he F ≈1.1 V nm−1 (corresponding t o γ ≈0.7), where t he curve
departs from the conventional OFE regime and bends up sharply.
This b ehavior i s b elieved t o b e t he OFE f rom VB s tates o f
semiconducting emitter. In this unique OFE process, an ultrahigh
photoemission nonlinearity i s o bserved—the I –F c urve s hows
extremely high K ≈40, which i s much higher t han all previous
findings25,26,29,30.

Highly C EP-sensitive p hotoemission. Having o bserved t he
extreme strong-field photoemission behavior, we next undertake
the CEP-dependent p hotoemission measurements26,27. Ultra-
short l aser p ulses o f a round t hree o ptical c ycles ( 7-fs p ulse
duration) with a n 8 00-nm c entral wavelength a re u sed ( see
Methods f or e xperiment details). The CEP-stabilized measure-
ment of an I –F curve i s shown i n Fig. 2c. I n t his measurement,
the total photoemission current i s greatly reduced compared with
the 100-fs case ( Fig. 2b), due t o a greatly r educed pulse width.
Therefore, only t he t hird region (VB-OFE regime) at t he high F
section in the I–F curve is clearly observed, in which I is above the
noise c urrent l evel ( 10−11 A   ). I n t he h igh F s ection ( corre-
sponding t o γ <0.66), a s imilarly high nonlinearity ( K ≈40) i s
observed. Then, we fixed the l aser i ntensity (F ≈1.3 V nm−1), and
controlled the CEP (ΔϕCEP) f or photoemission measurements, as
presented i n Fig. 2d ( see Supplementary Fig. 2 f or more t ypical
curves). As expected, i n the extreme nonlinear VB-OFE regime, I
is modulated effectively by changing t he CEP27. By t uning CEP
for 6π, t he measured data points can be fitted t o a Cosine curve
quite well, providing solid evidence of a strong-field photoemis-
sion mechanism8. T he modulation depth r eaches up t o 100%,
which i s a round t wice a s h igh a s p reviously r eported v alues
obtained by using metallic t ips27. The t otal modulation current
reached up t o 2 nA, which i s beyond t he state-of-the-art t echni-
ques (around 3 pA)26. This result clearly shows that full access to
the VB-OFE r egime c an o ffer more s ensitive c ontrol o f t he
photoemission process with CEP, which s hows promise f or a 
sensitive CEP detector simply by using a source meter, and t hen
further i mprovement o f t he t emporal p recision o f a ttosecond
measurements and control8. 

Calculated e lectron d ynamics b y u sing TDDFT. After t he
demonstration o f s uch e xtreme n onlinear s trong-field p hoto-
emission behavior, we t hen t heoretically depict t he difference i n
photoemission b ehaviors f rom t he metallic t ube a nd s emi-
conducting t ubes. We c alculate t he photoemission process b y
using t he f ramework of TDDFT, which covers both t he photon
(weak) a nd field ( strong) r egimes i n a s ingle description40,41.
Calculations are performed f or t wo single-walled CNT models—
zigzag ( 10,0) s emiconducting t ube a nd a rmchair ( 6,6) metallic

tube ( see Supplementary Fig. 3a, b f or DOS). The diameter of
both models i s s maller t han 1 nm, which i s within t he r ange of
tube d iameters u sed i n t he e xperiments ( see S upplementary
Fig. 4c for Raman). An incident Gaussian l ight pulse with an 800-
nm central wavelength and a full width at half maximum of 7 fs is
used i n our calculations. The photoemission current at the tips i s
calculated ( see Methods). The calculated I –F curves of t he t wo
models are s hown i n Fig. 3a, b. We observe t he expected pho-
toemission b ehaviors f or b oth metallic a nd s emiconducting
models. As shown i n Fig. 3a, t he curve can be fitted t o a power-
law scaling, which indicates a multiphoton photoemission regime.
The curve bends down at high F section, which i s an evidence of
accessing t he OFE r egime. No curve bending up i s observed i n
metallic models, which i s consistent with all t he findings i n t his
work and l iteratures. As shown i n Fig. 3b, the simulated curve of
semiconducting model c learly s hows a n upward b ending a nd
deviation f rom c onventional OFE s caling, which i s c onsistent
with t he experimental observation i n Fig. 2b.

Compared with the experimental results, the second part of the
curve (CB-OFE regime) i s much l ess prominent—the photoemis-
sion e ntered VB-OFE directly f rom photon-driven photoemis-
sion. The present model cannot r eproduce t he behavior of CB-
OFE mainly because t he CB i s almost empty at l ow temperature.
The l aser heating e ffect may b e i nvolved i n t he e xperiments;
however, t his c annot be r eproduced a s only one l aser pulse i s
simulated. I n addition, i t s hould also be noticed t hat t he curve
slope i s much l ower t han t he e xperimental r esults, which i s
because of a much smaller distance of the current-collection plane
(only 0.2 nm, s ee Supplementary Fig. 3c) i n t he present model.
The c harge i nteraction, which i s i ntrinsically c onsidered i n
TDDFT, may greatly affect the calculated photoemission current.
Due to the strong charge interaction at near field, the propagation
of l ow k inetic e nergy e lectrons may b e g reatly s uppressed.
Therefore, at far field, the calculated results should be close to the
experimental results. To confirm such a reason, we calculated the
current at different plane distances, as shown i n Supplementary
Fig. 3d, which shows t hat t he slope of t he curve i s exponentially
increasing with t he plane distance i ncreasing. Further i ncreasing
the distance, the value of the slope may saturate to a constant that
approaches t he experimental result. However, t his will cost a l ot
more c alculation r esources, a nd i s i mpractical b ased o n t he
current calculation ability. Besides, t he realistic micrometer-long
CNT contains much more electrons t han t he s imulated model,
which have more electrons accumulated at the tip area due to the
“lightening r od e ffect”. T his i nduces a much h igher fi eld
enhancement f actor, and t hus c ontributes t o t he e xtreme-large
slope observed i n t he experiment as well. As c omplements, we
state t hree o ther methods t o c ount t he e mitted e lectrons
(see Supplementary discussion of t he TDDFT simulation results
and Supplementary Figs. 5–7).

As s peculated a bove, t he c urve b ending u p i s d ue t o t he
electron t unneling f rom VB states. To examine t his speculation,
we calculated the excitation behaviors by tracking t he changes of
electrons i n different energy l evels at different F i n three different
regimes pointed by arrows in Fig. 3b (see Methods). With a l ower
optical-field ( F= 1 V nm−1, Fig. 3 c), t he e lectrons a re mainly
excited f rom t he states around an energy l evel of −1.5 eV, which
is f ar f rom t he valence band maximum (VBM) at −0.5 eV. This
difference i ndicates a p hoton-driven r egime, which o ccurs t o
satisfy t he momentum c onservation42,43. As t he o ptical-field
increases ( F= 3 V nm−1, Fig. 3d), t he number of photon-driven
electrons i ncreased greatly ( almost eight t imes) with unchanged
peak p osition ( −1.5 eV). This s uggests t hat e xcitation i s s till
dominated by photon-driven regime. However, i t i s noticed t hat
the energy spread of t he excited electron broadens a l ittle, which
suggests t hat t he strong-field effect starts t o affect t he excitation.
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With t he h igher o ptical-field ( F= 5 V nm−1, F ig. 3 e), t he
excitation s hows a t otally different behavior. The i ncreasing of
photon-driven electrons is largely suppressed, while the excitation
peak moves t o t he e nergy l evel ( −0.9 eV) n ear VBM, with
excitation number r educing greatly when t he e nergy l evel goes
deeper. This clearly i ndicates t hat t he excitation i s dominated by
the field-driven t unneling. In t he field-driven t unneling emission
regime, t he t unneling ( excitation) probability of electrons i s f ar
less dependent on t he photon energy; r ather i t mainly r elies on
both the i nitial energy l evel and i ts DOS. The higher energy l evel,
the l arger t unneling probability, as i t f aces a narrower t unneling
barrier. This i s why t he peak moves t oward t he VBM. However,
tunneling probability i s also l imited by t he DOS. This i s why t he
excitation peak i s not l ocated exactly at t he VBM. These results
confirm t hat t he observed I –F curve bending up i n t he present
work i s a result of strong optical-field-driven electron t unneling
from t he VB of semiconductors.

Calculated electronic structure-dependent photoemission. The
repeatability of t he s trong-field photoemission behavior i s con-
firmed by i nvestigating t ens of CNT c luster e mitters ( see Sup-
plementary Fig. 8 f or more t ypical curves). However, we noticed
that the slope of the third regime (VB-OFE) varies from sample to
sample ( 24 < K ≤ 40 i n t he present work). As s peculated above,
the sharpness of t he curve bending, r eferred t o as K, i s propor-
tional to the bandgap. Thus, we believe that the K variation is due
to t he difference i n t he bandgap of t he entire CNT cluster after
aging process. To i llustrate t his variation, we compute t he OFE
current b y u sing t he e xtended t wo-step S impleman model1

(see Methods). I n t he first step—electron t unneling, t he compu-
tation i  s b  ased o  n t  he i  ntegration o  f i  nstantaneous
Fowler–Nordheim ( FN) t unneling c urrent a nd c onsiders a ll
potential emissions from the occupied states near the Fermi l evel.
In the second step—electron acceleration, the photoelectron starts
with zero velocity at t he position of t he t unnel exit i n t he space-
dependent ( exponentially decays f rom t he t ip) ponderomotive
potentials8. The deeper energy-level electron t unneling covers a
longer distance and t hen gains l ess kinetic energy. In t he present
model, we set an energy threshold (Eth) that the emitted electrons
with kinetic e nergy s maller t han Eth c annot be c ollected. The
validity of t his condition i s evidenced by bias voltage-dependent
photoemission m  easurement a  nd k  inetic e  nergy s  pectra
(see Supplementary Methods and Supplementary Fig. 9). There i s
a s harp i ncrease i n photoemission c urrent upon i ncreasing t he
bias f rom 25 t o 90 V ( Supplementary Fig. 9a). The f act suggests
that part of t he emitted electrons with t he l owest kinetic energy
cannot be collected ( be driven back t o t he s urface by Coulomb
repulsion30, see Supplementary Discussion of charge i nteraction)
at s uch l ow bias. The effect may vanish by i ncreasing t he bias
voltage. However, t his l eads t o a damage of CNT due t o current
overload. The value of Eth can be estimated by the electron kinetic
energy s pectra. I n t he s pectra, t he number o f e lectrons with
kinetic energy smaller t han Eth should be greatly suppressed. As
shown i n Supplementary Fig. 9b, t he cutoff energy at t he l ow-
energy side i s around 1.5 eV, which suggests Eth ≈1.5 eV.

Based on t his model, t he OFE behaves i n t hree r egimes, a s
shown in Fig. 4a—the contour plot of the F-dependent number of
emitted electrons f rom different energy l evels. The I –F curve i s
also plotted i n t he s ame figure. I n Regime 1—low driving field
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limit, with t he F i ncreasing, e lectrons e mitted f rom more a nd
more deeper energy l evels in CB will be collected. This leads to an
extremely high s lope of t he I –F curve. I n t he s econd r egime—
medium driving field l imit, as t here are no electron states i n t he
bandgap, t he curve s lope decreases. I n Regime 3—high driving
field l imit, e lectrons e mitted f rom VB g ained e nough k inetic
energy (>1.5 eV) and thus can be collected, which l eads to a steep
increasing of slope again. It is clear that the bending up of the I–F
curve occurs at t he t ransition i nto VB electron emission regime,
which i s consistent with t he above speculation.

Furthermore, t he c alculated I –F c urves of t he CNT models
with different bandgaps (0.5, 1.0, and 1.5 eV, see Supplementary
Fig. 10) are shown i n Fig. 4b (see Supplementary Discussion and
Supplementary Figs. 11–13 f or more i nformation). As expected,
the slope of the curve (in the VB-OFE regime) i ncreases with the
bandgap i ncreasing, while I decreases as a t rade-off. Although I 
can be compensated by an enhanced F, i t i s l imited by t he finite
mechanical s trength of t he CNT. Consequently, t he photoemis-
sion nonlinearity, referred t o as t he modulation efficiency, must
be b alanced a gainst t he p hotoemission c urrent f or f uture
applications. For l arger-bandgap c ases ( 1.0 and 1.5 eV), abrupt
slope decreasing i s noticed when t he I –F c urve t ransits f rom
Regime 1 t o Regime 2. This i s due t o t he van Hove singularities
(VHS) at t he CB minimum, where t he DOS drastically decreases
to z ero ( see Supplementary Fig. 14). Note t hat t he Simpleman
model can only reproduce t he OFE regime ( γ < 1). I n reality, i n
low driving field l imit ( γ > 1), t he multiphoton photoemission
current s hould b e much h igher t han o ptical-field e mission
current, which will make t he saturation smoother.

Discussion
In conclusion, an extreme nonlinear s trong-field photoemission
with a curve s lope of up t o 40 i s achieved f or a CNT e mitter,
leading t o a highly sensitive (up to 100%, modulation current up
to 2 nA) CEP modulation. TDDFT calculation results show t hat
the extreme nonlinearity is a result of optical-field-driven electron
tunneling from the VB of the semiconducting CNT. Furthermore,
such nonlinearity can be efficiently tuned by engineering the band
structures of the emitter, which may be realized by controlling the
chirality and doping l evels of t he CNTs. The concept i s believed
to b e u niversal f or o ther n anomaterials with t unable b and

structures. I n f uture, t he band-structure dependency on s trong-
field photoemission c an b e f urther e xplored i n a platform o f
individual CNT device with controlled nanoscale t unneling gap
(<10 nm). We p redict t hat s uch h ighly s ensitive o ptical-field
control of t he electron motion i n nanostructures i s a promising
platform for the design of quantum electronics, and may pave the
way f or t he generation, measurement, and application of attose-
cond electronics and optics.

Methods
Growth and characterization of CNT emitters. Vertically aligned single-walled
CNT cluster arrays were grown on a highly doped n-type silicon chip by chemical
vapor deposition (CVD). The silicon substrate was first coated with an Al (10 nm)/
Fe (1 nm) multilayer catalyst, patterned by photo-lithography and deposited by
sputtering. The substrate was then heated to 900 °C, at 10–2 mbar. During heating,
gaseous ammonia was i ntroduced t o etch t he surface of t he catalyst and stimulate
the f ormation of nanoislands. Acetylene was chosen as t he carbon f eedstock, and
introduced t o t he deposition chamber once t he t emperature reached 900 °C. The
growth process l asted for 1 minute, resulting i n 10-μm-tall CNT clusters of defined
areal patterns. Following t he growth process, t he samples were annealed i n
hydrogen at 1000 °C f or 2 h t o remove amorphous carbon deposits along with
other remaining i mpurities and adsorbates. SEM i mage of t he as-grown CNT
cluster array i s shown i n Supplementary Fig. 4a. The high-resolution transmission
electron microscopy (HRTEM, FEI Tecnai F20) result i s shown i n Supplementary
Fig. 4b. The diameters of the CNTs were assessed from their radial breathing mode
frequency ( ωRBM= 248/d (cm−1 nm−1) ) t hrough Raman spectrum44,45, as shown
in Supplementary Fig. 4c. The pristine SWNTs were dispersed i n absolute alcohol
via ultrasonication and t ransferred onto a SiO2/Si substrate. Raman spectra were
acquired by using He–Ne laser (632.8 nm) excitation, with data recorded by using a
confocal micro-Raman spectrometer (HORIBA JobinYvon, LabRam HR 800) with
0.35 cm−1 r  esolution by using 1800 g mm−                                1 g  rating. The system had a 1-μm
optical probe diameter by using a 100 × (N.A.= 0.9) Nikon objective.

Measurements by using 100-fs l aser system. Refer t o ref. 34 f or t he experi-
mental setup. Photoelectron emission f rom CNT arrays was t riggered with 100-fs
(Supplementary Fig. 15a and Supplementary Note 1) l aser pulses, with a central
wavelength of 820 nm, at an 80-MHz repetition rate f rom a Ti:Sapphire ultrafast
laser (Spectra-Physics, Mai Tai-Series, SHG). A standard Si photodiode power
sensor (Thorlabs S130C) was used t o measure t he l aser power. White l ight and a
charge-coupled device (CCD) were employed t o monitor t he sample position and
the l aser spot profile. The l aser was l inearly polarized with i ts polarization angle
being controlled via a polarizer and a half-wave plate, as required. The l aser was
normally i ncident on t he emitter via f ront i llumination, which was f ocused t o a
2.50-μm-diameter spot at t he CNT cluster apex. To confirm t hat t he CNTs are i n
the focus, we first check i t by microscopy to move the CNT cluster to the center of
the l aser spot. Then, we carefully t une t he l aser power t o obtain a moderate
emission current. After that, we slightly scan the position of the CNT sample on the
piezo stage (with 10-nm resolution) t o obtain position with a maximum emission
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current, which we believe t hat t he CNT emitter i s right i n the f ocus. Although t he
clusters contain many nanotubes, t he growth kinetics were such t hat a f ew i ndi-
vidual tubes protruded, repeatedly between growths, from these clusters producing
a nanoscopic apex, which we believe i s t he main photoemission site giving t he
extremely high field enhancement. These photocathode samples were mounted in a
high-vacuum chamber (10−7 T  orr). The anode was i solated with the photocathode
by using a t hick mica-insulating spacer. The anode, t ogether with t he i nsulating
separator, was placed directly on t he surface of t he photocathode with t he CNT
arrays centrally aligned. A Keithley 6430 source measurement unit was used to bias
the anode with voltages of up t o 50 V, with t he anode current measured. Such a
small static voltage generates a negligible effect on electron emission. All experi-
ments are carried out i n a high-vacuum chamber. Unless otherwise stated, t he
current measurements presented i n t his paper are t hose recorded at t he anode.
Every current data, collected by source meter, were acquired f rom an arithmetic
average of 100 repeated measurements.

Measurements by using 7-fs laser system. The setup is shown in Supplementary
Fig. 16. A l aser oscillator (Femtolaser CEP4) with a repetition rate of 75MHz,
centered at ~800 nm, a Fourier-limited pulse duration of <7 fs (Supplementary
Fig. 15b and Supplementary Note 2). The spectral dispersion i s managed with
chirped mirrors and t hickness of t he materials i n t he beam path. The l aser pulses
are f ocused on t he apex of t he CNT clusters by an off-axis spherical mirror t o an
~10-μm-diameter spot (Supplementary Fig. 15c), which can easily cover the apex of
our CNT cluster, with an i ncident angle of ~45°. The l aser spot was centered by
measuring t he position- dependent photoemission current. I n such a setup, t he
photoemission current i s proportional t o t he peak optical-field t hat i s i nversely
proportional to the pulse width. Thus, to confirm that the pulse duration i s almost
the shortest at t he sample, we measured t he photoemission current at different
thickness of the glass sheet. The pulse width is the shortest when the photoemission
current reached t he maximum. The carrier-envelope offset f requency f CEO of t he
laser pulse is stabilized with an f–2f interferometer. Long-term drifts in the CEP are
corrected by using an out-of-loop f –2 f i nterferometer. The optical-field i nduced
photoemission current from the CNT cluster is measured by a Keithley 6430 source
measurement unit with current preamplifier unit, which has a atto-ampere pre-
cision. The CEP of t hose pulses was controlled with a pair of f used silica wedges.
Every current data, collected by the source meter, were acquired from an arithmetic
average of 100 repeated measurements. All t he data points of t he I –F curves are
obtained at a very stable situation ( see Supplementary Fig. 17), which avoids t he
materials damage-induced photoemission current degradation.

TDDFT computation method. The TDDFT simulations are done i n t wo main
steps. First, ground-state i nformation of t he CNT model i s obtained based on
density f unctional t heory (DFT) calculations, i ncluding t he optimized atomic
structures as well as t he corresponding electronic structures. Subsequently, real-
time TDDFT approaches are employed t o perform accurate simulations of t he
interaction between optical-field and CNT models, which i s t he state-of-the-art
methodology. The I–F curves and the underlying electronic excitation dynamics are
revealed without prior assumptions. The detailed calculation processes are i ntro-
duced as f ollows.

Then we calculate t he structure and ground-state properties of CNT models
based on DFT. Calculations are performed f or t he semiconductor ( 10,0) and
metallic (6,6) single-walled CNTs with one of the ends capped. Due to the absence
of periodic boundary conditions i n molecular calculations, i t i s necessary t o
saturate the carbon-dangling bonds with hydrogen atoms, yielding a C200H10 tube.
The density f unctional t heory (DFT) was performed with t he Vienna Ab i nitio
Simulation Package ( VASP)46 t o obtain t he ground-state properties, by using a
projector-augmented wave (PAW) pseudopotential i n conjunction with t he
Perdew–Burke–Ernzerhof (PBE) f unctional4 and plane-wave basis set with energy
cutoff at 400 eV. The atomic structure of t he t ube was positioned i n a cubic
supercell with vacuum regions of ~15 Å along t hree directions and f ully relaxed
until the f orce on each atom was <0.01 eV Å−1. The calculated DOS i ndicates that
the nanotube behaves l ike a semiconductor with a gap of ~0.65 eV. As f or a 1D
periodic (10,0) carbon nanotube, the k points are sampled on a uniform grid along
the t ube axis (Nk= 150). We adopt a supercell geometry so t hat t he t ubes are
aligned in a cubic array with the closest distance between adjacent tubes being 15 Å.
At such a separation, the tube–tube i nteractions are very small so that t hey can be
treated as i ndependent entities. Other parameters are t he same as t hose
mentioned above.

Then we simulate t he i nteractions between t he optical-field and CNTs by real-
time TDDFT. Real-time TDDFT represents a generalization of DFT t o t ime-
dependent systems47–49. TDDFT methods could directly provide t ime-domain
evolution of electronic wave functions together with ionic movements, representing
a versatile way f or real-time t racking of ultrafast dynamics and phenomena either
in perturbative or non-perturbative regimes. Therefore, i t has been a unique ab
initio quantum method applicable for the exploring of strong-field physics beyond
linear response t heory, f or i nstance, high harmonic generation and ultrafast
photoelectron emission. To date, a number of i mplementations of TDDFT have
been reported with applications t o both molecular and solid-state systems. In t his
work, t wo codes within t he f ramework of TDDFT are used, i .e., OCTOPUS
employing real-space grids and time-dependent ab initio package (TDAP) based on

local atomic basis. Both of t hem describe t he l aser-matter i nteractions via solving
the t ime-dependent Kohn–Sham (TDKS) equation:

i
∂

∂t
φi r; tð Þ ¼ � 1           

2           
∇2  þ vext r; tð Þ þ vHartree n½ � r; tð Þ þ vxc n½ � r; tð Þ

� �                                      

φi r; tð Þ ð1Þ

n r; tð Þ ¼
Xocc

i
φi r; tð Þ
�� �     �2 ð2Þ

Here, φi(r,t) are the single-particle KS states (also called KS orbitals), vext(r,t) i s
the time-dependent external potential that is generated by a optical-field, vHartree[n]
(r,t) i s t he Hartree potential t hat describes t he classical mean-field i nteraction of
the electron distribution, vxc[n](r,t) i s t he exchange–correlation (xc) potential t hat
includes all nontrivial many-body contributions, and n(r,t) i s t he many-body
electronic density. Note t hat when t he external field vext(r,t) i s zero, t he TDKS
equation will reduce t o t he ground-state KS equation. I n our simulations, we use
the l ength gauge t o describe t he i nteractions between t he optical-field and 1D
single-wall CNTs, where the vector and scalar potential of the field E(t) are ~A tð Þ ¼
0 and vext=−E(t)z, respectively. The applied external field i s polarized along t he
axial direction (coordinate z) of the single-wall CNTs, and i s shaped as a Gaussian
pulse

E tð Þ ¼ F cos ωtð Þexp � t � t0ð Þ2           

2σ2

� �
ð3Þ

The width σ i s 3.5 fs, ω= 1.55 eV (λ= 800 m), and t he l aser reaches t he
maximum i ntensity F at t he t ime t 0= 15 fs.

Then we simulate t he t unneling current. OCTOPUS uses a real-space grid
discretization t o represent fields such as t he Kohn–Sham states and t he electronic
density50. Each f unction i s represented by i ts value over an array of points
distributed i n real space. Differential operators are approximated by high-order
finite-difference methods, while i ntegration i s performed by a simple sum over the
grid point coefficients. One of the main advantages of the real-space grid approach
is that the discretization of Kohn–Sham states φi(r,t) i s more visually i ntuitive than
any other basis such as plane-wave or atomic-orbital basis sets. The quality of t he
discretization can be i ncreased by reducing t he spacing and i ncreasing t he size of
the simulation box, at t he cost of an i ncreased computational cost. In our
calculations, t he simulation grid i s defined by assigning a spherical zone around
each atom with a radius of 6.0 Å and a spacing of 0.2 Å. The selected simulation
parameters can make a good balance between t he calculation precision and cost.
Meanwhile, t he adiabatic l ocal density approximation (ALDA) i s used f or t he
exchange–correlation f unctional, and Troullier–Martins pseudopotentials are used
to represent t he i nteraction between valence electrons and t he atomic core. In our
model, the photoemission i s described by propagating electron wave packets {φi(r,
t)} under excitations for 28,000 steps, with a time step of 0.002 fs (Eq. (1)). During
the simulation, a sin2 imaginary potential is added at the boundaries to improve the
quality of t he spectra by avoiding t he f ormation of standing density waves. Then,
the t ime- and space-dependent microscopic current density

j z; tð Þ ¼ � i�h
2

X
k     

φ�         
i z; tð Þ∇φi z; tð Þ � φi           z; tð Þ∇φ�

i         z; tð Þ
� �                            ð4Þ

is i ntegrated across a chosen plane t hat i s perpendicular t o t he z direction with a
distance of 2.0 Å f rom t he cap of t he nanotube.

I tð Þ ¼
Z
s
j z; tð Þ � dS ð5Þ

The f requency-dependent current across t his plane i s obtained by t aking t he
Fourier t ransformI ωð Þ ¼

R
d t I tð Þeiωt. Then, t he maximum i ntensity I (ω) i s

recorded with t he i ncrease i n F.
Then we calculate t he t ime-revolved changes i n t he occupation of KS states. We

characterize t he overall excitation dynamics t hrough t racking t he changes i n t he
number of electrons i n different energy l evels. This part was performed with t he
TDAP as implemented in SIESTA51–53. Compared with real-space grids, the adoption
of overwhelmingly efficient atomic-orbital basis sets are small i n size and f ast i n
performance, which enable simulations of a finite- size system with l arge vacuum
space without heavy calculation cost while maintaining a relatively high accuracy.

To understand different behaviors of electrons under various field strengths, we
project the time-dependent Kohn–Sham states, φn(t), onto the ground-state (t= 0)
Kohn–Sham states, ϕm= 0, where n and m are t he state i ndices l abeled by
increasing orbital energy

Pnm¼ ϕm Sj jφn

� 	�� ��2 ð6Þ

where S is the overlap matrix expressed with numerical atomic-centered orbitals. In
this scenario, real-time excited state t rajectories are achieved with many-electron
densities self-consistently propagating at every electronic step, offering a direct
microscopic picture on t he ultrafast dynamics of electrons upon photoexcitation.
The l aser waveform i s set i n t he same way as t he previous step; however, a much
larger time step of 0.05 fs i s set to accelerate the computing process. The projection
is performed at 27 fs.

Simulation based on extended Simpleman model. We adopt t he t wo-step
Simpleman model54 t o simulate t he current density and electron kinetic energy.
The diagram of the simulation model is shown in Supplementary Fig. 18a. The first
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step i s t he t unneling of electrons. I n t he quasi-static approximation, t he emission
probability at t ime t can be written as55,56

Pem tð Þ ¼
Z

P E; tð ÞdE ð7Þ

P E; tð Þ ¼ DOS Eð Þf Eð ÞT E; Fz¼0 tð Þð Þ ð                8Þ
where DOS(E) i s t he energy density of states of the model, f Eð Þ ¼ 1

1þexp E= kBTð Þ½ �
is t he Fermi–Dirac distribution f unction at t emperature T (kB i s t he Boltzmann
constant), Fz = 0(t) i s t he oscillating electric field f orce at t he t ip (z= 0), and
T E; Fð Þ is the tunneling probability. For convenience, the Fermi energy is set as the
zero energy. Our expression on Pem(t) i s equivalent t o t he f ormula of emission
current i n ref. 13 (Eq. (7) t herein).

To determine t he t unneling probability T E; Fz¼0 tð Þð Þ, i t i s necessary t o obtain
the t otal electric field Etot(z,t) i nduced by t he i ncident l aser pulse
Ez¼0 tð Þ ¼ Fz¼0 tð Þ=ð�eβÞ. Here z i s t he distance t o t he t ip, β i s t he field
enhancement f actor, and e i s t he f undamental charge. A simplified expression1 i s
adopted f or t he spatial variation of Etot(z,t)

Etot z; tð Þ ¼ Ez¼0 tð Þ β� 1ð Þ r0
r0 þ z


 �3

þ exp
�2ln2 ´ z2          

4          w2
foc


 �" #                              

ð9Þ

Here r0 i s t he t ip radius and wfoc i s t he beam waist. The peak strength and 1/e
decay l ength of the total field are Emax

tot ¼ βE0 and l F ≈0.4r0. For CNT tips, the field
enhancement varies with t he radius as β= 24(r0[nm])−0.5. The electric potential
energy created by t he electric field Etot z; tð Þ i s given by

V z; Fz¼0 tð Þð Þ ¼
R z
0eEtot z0; tð Þdz0

¼ Fz¼0 tð Þ
�β

β�1
2 r0  z z þ2r0

r0þzð Þ2 þ
ffi ffiffiffiffi
2π
ln2

q
wfocerf

ffiffiffiffiffiffiffiffiffi
0:5 ln2

p
z

w           foc

�     
h i ð10Þ

where erf xð Þ ¼
ffiffi
2
π

q R x
0 e     �η2d  η is the Gauss error function. The tunneling probability

is calculated f rom t he Wentzel–Kramers–Brillouin (WKB) approximation57

T E; Fð Þ ¼ ΘðFÞexp � 2
ffiffiffiffiffiffiffi
2m

p  

�h

Z z   E

0     

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V           z; Fð Þ þΦ� E

p
dz


 �                    

ð       11Þ

In t his expression, Θ(x) i s t he Heaviside step f unction, m i s t he mass of a f ree
electron i n vaccum, ℏ i s t he reduced Planck constant, and Φ= 4.4 eV i s t he work
function for CNT. The electric field force F at the tip causes electron emission only
when i t points outward t he surface [F > 0 so t hat V(z;F) < 0 f or z > 0]. The exit
position zE f or t he t unneling electron with energy E i s determined by V(zE;F)+
Φ= E.

The i ncident l aser pulse has a t ime dependence

Ez¼0 tð Þ ¼ Fz¼0 tð Þ
�eβ

¼ �E0 cosðωt þ ϕÞexpð�2ln2 ´ t2=τ2  Þ ð12Þ

where E0, ω, ϕ, and τ are, respectively, t he peak strength, circular f requency,
carrier-envelope phase, and pulse duration of the incident optical-field. At any time
with Fz= 0(t) > 0, we should calculate numerically the exit position zE and then the
tunneling probability f or every possible i nitial energy E. This t ime-consuming
calculation i s avoided when the vacuum potential barrier f or field emission can be
approximated by a t riangular-shaped barrier56 [V(z;F)=−Fz] so t hat

zE ¼ Φ� E
F

ð13Þ

T E; Fð Þ ¼ Θ Fð Þ exp �4
ffiffiffiffiffiffiffi
2 m

p  

3�hF
Φ� Eð        Þ

3             
2

� �       

ð              14Þ

The second step i n the Simpleman model i s the ponderomotive acceleration of
emitted electrons under the total electric field Etotðz; tÞ. For an electron with i nitial
energy E emitted at t ime t B, t he equation of motion €z tð Þ ¼ �eEtotðz; tÞ=m i s
numerically i ntegrated by means of a f ourth-order Runge–Kutta method with t he
initial position z(tB)= zE (see Supplementary Fig. 18b for the typical exit position)
and velocity z(̇tB)= 0. Rescatterings with t he t ip are t reated as perfect elastic
collisions with a reflection probability R (R= 1 f or f ull rescattering). From t he
evaluated single-particle t rajectory, we obtain t he final velocity v(tB,ϕ) and kinetic
energy εK tB; ϕð Þ ¼ m

2 ½v tB; ϕð Þ�2 which depend on the emission time tB and carrier-
envelope phase ϕ.

In t he present model, we set a kinetic energy t hreshold Eth= 1.5 eV where t he
emitted electrons with εK(tB,ϕ) < Eth or v(tB,ϕ) < 0 cannot be collected. The current
density j of collected electrons i s determined by t he i nstantaneous generation
probability, final kinetic energy, and kinetic energy t hreshold Eth

j /
Z

dtB

Z   

dE P E; tBð ÞΘ½εK tB; ϕð Þ � Eth�Θ½v tB;ϕð Þ� ð15Þ

The kinetic energy spectra F(ε) of t he final electrons are

F εð Þ /
Z

d  tB

Z   
d  E P E; tBð ÞΘ εK tB;ϕð Þ � Eth½ �Θ v tB; ϕð Þ½ �

Γ
π

ε� εK tB; ϕð Þ½ �2þΓ2
ð                 16Þ

where Γ i s t he energy resolution.

Here, we do a single active electron propagation and that this could in principle
be extended by performing a many-electron simulation that i ncludes the Coulomb
interaction.

Data availability
The data t hat support t he findings of t his study are available f rom t he corresponding
authors upon reasonable request.

Code availability
The code t hat was used t o simulate t he findings of t his study i s available f rom t he
corresponding authors upon reasonable request.
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