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ABSTRACT

This paper presents an analytical quantum model for photoemission from metal surfaces coated with an ultrathin dielectric, by solving
the 1D time-dependent Schrodinger equation subject to an oscillating double-triangular potential barrier. The model is valid for an arbi-
trary combination of metal (of any work function and Fermi level), dielectric (of any thickness, relative permittivity, and electron affin-
ity), laser field (strength and wavelength), and dc field. The effects of dielectric properties on photoemission are systematically
investigated. It is found that a flat metal surface with dielectric coating can photoemit a larger current density than the uncoated case
when the dielectric has smaller relative permittivity and larger electron affinity. Resonant peaks in the photoemission probability and
emission current are observed as a function of dielectric thickness or electron affinity due to the quantum interference of electron waves
inside the dielectric. Our model is compared with the effective single-barrier quantum model and modified Fowler-Nordheim equation,
for both 1D flat cathodes and pyramid-shaped nanoemitters. While the three models show quantitatively good agreement in the optical
field tunneling regime, the present model may be used to give a more accurate evaluation of photoemission from coated emitters in the
multiphoton absorption regime.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0078060

I. INTRODUCTION

Photoelectron emission is important to applications such as

dielectric laser accelerators,'™ free electron lasers (FELs),” ultra-

short x-ray sources,” time-resolved electron microscopes,”m ultra-
. . 11 . . 12-1

fast electron diffraction,'’ carrier-envelope detection, ”'° and

novel nano-electronics."” ™ While enabling the exploration of

matter at a temporal resolution of femtosecond and a spatial resolu-
tion of nanometer,”" >’ those applications rely on high-
performance photocathodes or photoemitters, which are required
to be of high efficiency and high stability.”*" Coatings, such as
graphene, nano-diamond, silicon dioxides, and zinc dioxides, are
proposed to be fabricated atop cathodes to protect them from deg-
radation by ion and electron bombardment, or oxidization under
poor vacuum conditions.’' ~*> Coatings not only elongate the opera-
tional lifetime and the current stability of photocathodes but also
enhance the quantum efficiency of photoemission by the lowering
of the effective work function or the enhancement of the laser
field.”"*>**** Analogous heterostructure photocathodes are pro-
spective to optimize the quantum yield and emittance simultane-
ously for electron sources in x-ray free-electron lasers.””””

The development of theory for photoemission from coated cath-
odes facilitates the optimization of the design and performance of
photocathodes. Commonly used Fowler-Nordheim-type equations,
which assume photoelectron emission occurring in positive half
cycles of the intense laser, are applicable only in the optical field tun-
neling regime but not in the multiphoton absorption regime.’
Furthermore, it has been shown that negative half cycles also play a
role in the photoemission process.'® Therefore, an exact model for
photoemission from cathode’s with ultrathin coatings is desirable to
uncover the interplay of various parameters on photoemission and
provide insights into the development of photocathodes.

In this study, we construct an exact analytical quantum
model for laser-driven photoemission from cathodes coated with
a nanoscale-thick dielectric by solving the time-dependent
Schrodinger equation (TDSE). The model is applicable to photo-
emission for arbitrary combinations of metal properties (i.e., work
function and Fermi level), dielectric properties (i.e., thickness, rela-
tive permittivity, and electron affinity), laser field (i.e., wavelength,
and field strength or intensity), and dc field. Based on the analytical
solution, we investigate the effects of dielectric properties on
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photoemission. This analytical model is compared with the effective
single-triangular barrier model”® and modified Fowler-Nordheim
equation’”"" for photoemission from a dielectric-coated flat metal
surface and a dielectric-coated pyramid-shaped nanoemitter.

Il. THEORETICAL FORMULATION

In the one-dimensional (1D) model (see Fig. 1), electrons
with initial longitudinal energy £ are emitted from the flat

0,
Px, ) =

Vo — x — eFdelx — eFdielxcoswt,
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metal surface coated with a nanoscale-thick dielectric, driven by
a laser field and a dc bias. The laser field and dc bias field are
perpendicular to the metal surface. For simplicity, the scattering
effects of photoexcited electrons with other electrons and
phonons in the metal and dielectric, the charge trapping effect
in the dielectric, are ignored.'®***’ Therefore, the time-varying
potential barrier in those three regions, i.e., metal, dielectric,
and vacuum, reads

x <0,
0<x<d, )

Vo + ed(Fy — F§el) + ed(F, — Ffie)coswt — eFox — eFyxcosot, x > d,

where Vo = W + Ep, with Ep being the Fermi energy of the metal
and W = W, — AW being the effective work function including
the potential barrier lowering by the Schottky effect due to the dc

electric field Fy, AW = 24 /e3ng61/ 167meg€ 4 When the maximum of

)

2=
....
.o®
oo

Metal

Dielectric % Vacuum

0 d x;

FIG. 1. Photoemission from a flat metal surface coated with a dielectric under a
laser electric field and dc bias. The metal-dielectric interface is located at x = 0,
and the coating’s thickness is d. The metal has a Fermi energy Er and a nominal
work function of Wp. The effective work functon W = W, — AW, with
the Schottky barrier lowering AW = 2, /e3F3/16regeqe When the maximum
of the potential barrier including image charge potential is in the coating or
AW = 2,/€3Fy/16mey when the potential maximum is in the vacuum. The
dielectric has an electron affinity of ¥ and a relative permittivity of £4es. The laser
field strengths are Fy in the vacuum and F§ in the coating. The dc field strengths
are Fo in the vacuum and FZ®' in the coating. The electron incident longitudinal
energy is €. The black solid line represents the potential profile under the dc field
Fo only, and the red dotted lines are for the time-dependent potential profile due
to both Fy and Fy. Slopes of the potential profile, denoted as Sy, Sy, S3, and S,
are —eFd®!, —eFy, —e(FS® + F9®'), and —e(Fy + Fy), respectively.

the potential barrier including image charge potential is in the
coating or AW = 2+/e3F,/16ze, when the potential maximum is in
the vacuum; y is the electron affinity of the dielectric; e is the positive
elementary charge; Fy and F; are the dc electric field and laser elec-
tric field in the vacuum, respectively; Fé* and F#* are the dc and
laser electric field inside the dielectric, respectively; @ is the angular
frequency of the laser field; and d is the thickness of the dielectric.
For a perfectly flat surface, F{*® = Fy/e . and F{® = F\ /g4 inside
the dielectric with &4 being the relative permittivity of the
dielectric.

The electron wave functions w(x, t) in the metal, dielectric,
and vacuum are obtained by solving the time-dependent
Schrodinger equation (see Appendix A for solutions),

W t) W Pyl

= Tam ow

+ ¢(x, Dy (x, t)> (2)

where /i is the reduced Planck’s constant; m is the electron effective
mass, set to the electron rest mass in all three regions for simplicity;
and ¢(x, t) is the potential given in Eq. (1).

The electron transmission probability, w(e, x, t) = J, (&, x, t)/
Ji(e), is defined as the ratio of transmitted electron probability
current density in the vacuum J, to the incident electron probability
current density in the metal J;, both of which are calculated from
the electron probability current density J = ih/2m(yVy" — w' V).
It is easy to show the time-averaged transmission probability as

2 1 2m
D)= > wile)  wale) = =Im [z ?Esnmﬂ for Fo = 0,
n=-—00
(3a)
or
i |T3n|2 iK‘3
D(e) = > wule), wy(e) = P Im - for Fy # 0, (3b)
n=—o0 0
with ko = Zh_mzs; E3n =&+ nho — UP3 — V30 is the drift kinetic
energy in the vacuum, with the ponderomotive energy U,; = %
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and V3() = W+EF + ed(Fo — F(z)liel) for FO # 0 or V30 = W() + EF

1/3
for Fy = 0; and x3 = (”;iFO) ; Ty, is the transmission coefficient

of the wave in the vacuum (see Appendix A for more details).
The electron emission current density is obtained from

] = e[, D(e)N(e)de, (4)

where D(g) is given in Eq. (3) and N(g) = ;”’;Bhf ln[l + exp (E* S)}

is the flux of electrons impinging normal to the metal-dielectric
interface, which is calculated from the three-dimensional (3D) free
electron theory of metal,””~*” with kp being the Boltzmann’s cons-
tant and T being the temperature.

lll. RESULTS

Based on the theory developed in Sec. II, we provide an analy-
sis of the photoemission from metallic cathodes coated with dielec-
tric. The metal is assumed to be gold, with nominal work function
Wy = 5.1€V and Fermi energy Er = 5.53 eV. The laser has a wave-
length of 800 nm, corresponding to the photon energy of 1.55eV.
These are the default properties of the metal and laser respectively,
unless prescribed otherwise.

ARTICLE scitation.org/journalljap

A. Effects of dielectric properties on photoemission
from a flat metal surface

Figure 2 shows the effects of coating dielectric properties (i.e.,
thickness d, relative permittivity €4, and electron affinity y) on
the electron transmission probability from a flat metal surface.
Since most of the photoemission occurs with electron initial ener-
gies near the Fermi level at ambient temperature, the free electrons
inside the metal are assumed to have an initial energy £ = Eg. The
electron transmission probability through the nth channel
wy(e = Ef) calculated from Eq. (3), for the dielectrics of a differ-
ent thickness d, relative permittivity &4, and electron affinity y, is
plotted in Figs. 2(a)-2(c), respectively. The laser has a field strength of

=5V/nm. The dc electric field is Fy = 0. It is found that the domi-
nant photoemission is through four-photon absorption (n=4) under
the fields provided, regardless of the dielectric properties. By checking
the Keldysh parameter 7, it is found that y > 3.59 for all the cases in
Figs. 2(a)-2(c) (see Fig. S8 in the supplementary material), indicating
multiphoton absorption process. The dominant channel, n=4, is
consistent with the ratio of the work function to the photon energy
(W/ho), where () represents the next nearest integer to the value
inside the bracket. w,(e = Ef) increases with decreasing &g or
increasing y, due to the narrowed or reduced barrier in the dielectric,
which is similar to dc field emission from thin dielectric-coated

@ =1 eV de. =2 (b) d=1nm, Z'1 eV (c) d=1nm, ¢, =2
T T T T H T T T T T H T H T
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FIG. 2. Effects of dielectric properties on the photoelectron transmission probability from a flat metal surface. Time-averaged electron transmission probability through the
nth channel, w,, calculated from Eq. (3), for a dielectric of a different (a) thickness d; (b) relative permittivity £4/; and (c) electron affinity y. The photoelectron transmission
probability D(e = Ef) calculated from Eq. (3), as a function of dielectric properties (d) thickness d; (e) relative permittivity £q/; and (f) electron affinity y, for various laser
field strengths. The dc electric field Fo =0
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surfaces.”® However, w,(e = Er) has no clear monotonic depen-
dence on d, as shown in Fig. 2(a).

The electron transmission probability D(e = Ef), which is the
sum of w, over all channels, is presented as a function of dielectric
thickness, relative permittivity, and electron affinity in Figs. 2(d)-2(f),
respectively, under various laser field strengths F; [see Fig. S1 in the
supplementary material D(e = Ep) vs F;]. It is obvious that the
transmission probability increases when the laser field strength
increases. In Fig. 2(d), the transmission probability shows approxi-
mately periodic peaks with respect to the dielectric thickness.
These peaks are due to resonance in the quantum interference®
between electron waves transmitted to and reflected from the
dielectric-vacuum interface, which forms constructive interference
when the dielectric is of a particular thickness (see Figs. S2 and S4
in the supplementary material). As the laser field strength
increases, peaks on the curves shift toward larger thicknesses, as
indicated by the gray dotted line in Fig. 2(d). The physics behind
this shift lies in the fact that the wavelength of the electron waves
inside the dielectric increases with the laser field (see Fig. S3 in the
supplementary material), which can also be indicated by the wave-
number /2mE,,/l*, with E,, = & + nho — Up — (EF+W —%)
and Uy, = ez(FfiEI)2/4ma)2.

Figure 2(e) shows that the transmission probability D(e = Ef)
decreases with the relative permittivity of the dielectric &4, for a
given laser field, due to the smaller field Ffie’ = F/g4 inside the
dielectric. When 4 is large, e.g., €40 > 2, Fé# inside the dielec-
tric would be relatively small for a given F;; thus, the incident elec-
tron would see a double-triangular potential barrier before
emission (see Fig. 1), yielding a rapidly decreasing slope in
D(e = Ef) vs £g4ie;. When g5,y is small (<2), Ff’ie’ would be larger,
such that the incident electron would see only a single-triangular
barrier inside the dielectric (since the barrier at the dielectric—
vacuum interface would be below the electron initial energy level),
yielding a smaller slope for F; = 6, 8, and 10 V/nm. The trends of
these curves are found to follow closely those of the “area under
the curve” in the potential barrier (i.e., WKB] approximation, see
Fig. S5 in the supplementary material).

(b) 7=1eV,
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Figure 2(f) shows the effect of the dielectric electron affinity
on photoelectron transmission probability, with &4 =2, and
d = 1nm. D(e = Ep) increases with y, due to the lowering of the
potential barrier. There appears distinct resonance peaks on each
curve for a given F; due to quantum interference. The peaks shift
toward a larger y as the laser field strength increases, which is indi-
cated by the gray dotted lines in Fig. 2(f). Note that the model
recovers photoemission from bare metal surfaces*>*’ when d = 0
or when ¥ = 0 and g4, = 1 (i.e., vacuum).

Figure 3 shows the effects of dielectric properties on photo-
emission current density. The photoemission current density J, cal-
culated from Eq. (4), is plotted as a function of dielectric thickness
d in Fig. 3(a), for laser field strengths from 2 to 10 V/nm. J
decreases with d for 0 < d < 1nm. The current density is almost
constant for d > 1nm, while there appears some slight resonance
peaks, such as the orange dots on the curve for F; =2 V/nm.
These features are similar to those of dc field emission from
dielectric-coated surfaces (cf. Fig. 5 of Ref. 38). The resonances are
not as strong as those in Fig. 2(d) for D(e = Ep) vs d. This is
because photoemission current includes the electron emission from
all incident energy levels in the metal, which, in combination,
smoothens the curve and reduces the strong emission peaks from a
single initial energy level. Note that in our model, electron-phonon
scattering and electron—electron scattering effects in dielectrics are
not considered. According to the experiment in Ref. 47, a mean
free path of a few nanometers has been observed for photoexcited
electrons in dielectrics.””*® Therefore, for a dielectric thickness
smaller than the mean free path, the scattering effect inside the
coating may not be important. Figure 3(b) shows J as a function of
relative permittivity £4,. The curves exhibit two distinct slopes in
the semilog scale plot, which can be inferred from the transmission
probability in Fig. 2(e). Figure 3(c) presents the effect of dielectric
electron affinity on photoemission current density. Generally, emis-
sion current density increases with electron affinity for a given field
strength, due to the lowering of the surface potential barrier. Mild
resonant peaks in J are also observed as y changes.

It is interesting to find that a flat cathode surface with dielec-
tric coating can emit a larger current density than an uncoated

d=1nm

6 () gdiel=2’
4T 1

7=1eV
——

10

(c) &,=2,d=1nm
| | I |
F, (V/Inm) §

107

gdiel

! I I |
00 05 1.0 15 20 25
z(eV)

FIG. 3. The photoelectron emission current density J from a dielectric-coated flat metal surface as a function of dielectric properties (a) thickness d; (b) relative permittivity
£4ie; and (c) electron affinity y, for laser field strengths from 2 to 10 V/nm. The dc field Fy = 0, and temperature T = 300K.
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FIG. 4. The photoemission current density J from a dielectric-coated flat metal
surface as a function of dielectric thickness d under a different (a) relative per-
mittivity £4¢/; (b) electron affinity . The dc electric field Fo = 0.

case, when the dielectric has a sufficiently small relative permit-
tivity €4 or a large electron affinity y, which would result in a
narrowed or lowered potential barrier. Figures 4(a) and 4(b)
provide examples of such cases, as shown in the region above the
gray dashed lines. A similar electron emission enhancement phe-
nomenon is also demonstrated for field emission from dielectric-
coated surfaces.’® It should be pointed out that the scattering of
electrons with phonons, impurities, and even with other electrons
inside the dielectric is not considered in the model. Photoelectron
emission from ultrathin oxide covered devices shows an exponen-
tial attenuation behavior for the relatively thick oxide layer
(2.5~ 15.3 nm), with the dominant mean-free-path of the photo-
excited electrons inside SiO, ~1.2nm."” Therefore, for a dielec-
tric thicker than the mean-free-path, electron scattering effects
cannot be ignored.

ARTICLE scitation.org/journalljap

B. Effects of dc field on photoemission

Figure 5 shows the effects of the dc electric field on photo-
emission from dielectric-coated metal surfaces. The transmission
probability through different n channels from initial energy £ = Er
under a different F, is shown in Fig. 5(a). As F increases, the dom-
inant emission channel shifts to a smaller n. The narrowed and
lowered (due to the Schottky effect) surface potential barrier by the
static field enables more photoemission mechanisms, such as
photo-assisted field emission (1 < n < 4), multiphoton emission
(n <0), and direct tunneling (n = 0). The electron transmission
probability is greatly enhanced by the dc field.

The electron transmission probability D(e = Ep) is plotted as
a function of the dc field Fy in Fig. 5(b) for different laser field
strengths. The combined dc field and laser field results in an emis-
sion probability significantly larger than that from either field
alone. When F; = 0, the electron transmission probability recovers
the dc field emission from dielectric-coated surfaces.™

Figure 5(c) shows the emission current density as a function
of the dc field under various laser field strengths. The shape of the
emission current density is similar to the transmission probability
from £ = Ep in Fig. 5(b). For Fy =12 V/nm, the slope of the curves
varies with the laser field strength F;, which indicates that
n-photon-assisted field tunneling dominates in this range, where n
becomes smaller as F, increases. When Fy =12 V/nm, the slopes of
the curves for all four cases are almost the same, because the domi-
nant emission becomes dc field tunneling.

IV. COMPARISON WITH THE EFFECTIVE
SINGLE-BARRIER MODEL AND MODIFIED
DOUBLE-BARRIER FOWLER-NORDHEIM EQUATION

In this section, we compare the results of our exact analytical
model with the effective single-barrier quantum model (ESQM)*°
and modified Fowler-Nordheim (FN) equation’”*' for photoemis-
sion from dielectric-coated metal surfaces. The description of the

(a) F1=5 V/nm (b) (c)
JTTTTTTTrre ™I ™I TT T T T °
10° ] ——F=0 \\ ] 10747 T T % 10
-12 ] J :
10 i - 107 3
/\LI-10_15_-I | ] | | | | | -’\LI. 0 1
L"Jlo 103 ERTTTTIY 107 “oo- 0[38]
~ i 1= _2 3
c -7 1 1Q —
= 10 ] -5 ] 10"+ g
10" 3 ——10 3 F. (Vinm) F, (Vi
51/ Fvimm) 1 100 |  (Vinm)
10- T " TTT T T T T 71T 70T : i VP : : | I I
6 8 10 12 14 6 8 10 12 14
4-202 4681012 F. (vinm) F. (V/nm)

FIG. 5. Effects of dc field on photoemission from dielectric-coated metal surfaces. (a) Photoemission probability through different n-channels from an initial energy level
& = E¢ under various dc fields with a laser field strength £y = 5V/nm. (b) Electron transmission probability D(e = E), and (c) electron emission current density J, as a
function of the dc field Fy under various laser field strengths. The dashed line in (b) is for calculation using Eq. (8) of Ref. 38. The coating has £4¢ = 2, y = 1€V, and
d=1nm.

J. Appl. Phys. 131, 064903 (2022); doi: 10.1063/5.0078060 131, 064903-5

Published under an exclusive license by AIP Publishing


https://aip.scitation.org/journal/jap

Journal of

Applied Physics ARTICLE

scitation.org/journall/jap

(a) 5d.e1=2’ 7=1eV,d=1nm
3 T

(b) ¢ |=2, x=1eV, d=1nm
T T T T

diel

10 T T 7T 7T T 7 T_-F 5 TT T T_.Cd=-%
{1 2=800 nm paed 10
10° ' .
W 10° 4/ ] €
I
L 129
J 1 : =800
-12 - 0] ¢ » nm
10 E)gglt\ﬂ E 107" 1 i Exact
=== 1 : --=- ESQM
------- FN equation | 1: +eseees FN equation
LIRS LA DL B L L | 10’15:;'II'I'I'I'I.
2 4 6 8 10 12 14 2 4 6 8 10 12 14
F, (Vinm) F, (Vinm)

FIG. 6. Comparison of the exact quantum model with the effective single-barrier
quantum model (ESQM) and modified Fowler—Nordheim (FN) equation for pho-
toemission from 1D flat dielectric-coated metal surfaces. (a) Transmission proba-
bility D(e = Er), and (b) emission current density J, as a function of the laser
field strength Fy in the vacuum. Here, we use &4 =2, y = 1€V, and
d=1nm. The dc electric field Fy =0.

ESQM is found in Ref. 36. A short account of the modified FN
equation is provided in Appendix B.

Figure 6 shows a comparison of the three models for photo-
emission from 1D flat cathodes. The electron emission probability
D(e = Ep) as a function of the laser field strength F; is plotted in
Fig. 6(a). It can be seen that, for flat surfaces with coating, the
ESQM overestimates the photoemission probability, but the modi-
fied FN equation underestimates the photoemission probability, as
compared with the exact double-triangular barrier model. The
ESQM models the double barrier using an effective single-triangular
barrier based on the WKBJ approximation,”® where the effective
barrier height is chosen at Wey = Wy — . When F; < 6 V/nm, the
dominant emission process is multi-photon absorption, since the
curve scales as D oc F?" from both the ESQM and the exact double-
barrier quantum model. Here, n = 3 for the ESQM and n = 4 for
the exact double-barrier model, which is determined by the ratio of
the barrier height W,y to the photon energy (iw = 1.55eV for a
800 nm laser) in each model, with Wy = Wy — y = 4.1eV for the
ESQM and Wy = Wy = 5.1¢eV for the exact double-barrier model.
The smaller effective potential barrier used in the ESQM also
explains the greater transmission probability by the ESQM. The
regime of multiphoton absorption is further confirmed by the
Keldysh parameter, y =4.75 (Exact) and y = 5.68 (ESQM) for
F, =6V/nm (see Fig. S9 in the supplementary material). The
abrupt slope change at F; ~ 12 V/nm from the exact model is due
to the channel closing effect.””"” The underestimation of D(¢ = Ef)
from the FN equation is expected, because the FN equation takes
account of optical field tunneling only, which is significantly smaller
than other n-photon processes in the multiphoton absorption
regime. For 13 < F; < 15V/nm, the curve for the FN equation
overlaps with that for the exact model, as the emission enters the
optical field tunneling regime.

Figure 6(b) shows emission current density as a function of
the laser field strength F;, showing similar trends as the emission
probability in Fig. 6(a). The curves from the three models converge

as the laser field increases to 15 V/nm, when the strong optical field
tunneling becomes dominant.

A pyramid-shaped plasmonic resonant photoemitter coated
with an atomically thick dielectric has been numerically demon-
strated to provide an emission current of orders of magnitude larger
than a bare photoemitter.’® The substantially improved photoemis-
sion is ascribed to the increased field enhancement by confining the
plasmonic field inside the dielectric waveguide along the metal
surface. Although the ESQM was used to estimate the photoemission
current and has been verified by comparing it with the modified FN
equation, it is desirable to calculate photoemission from the exact
analytical model. Figure 7 presents emission current density J, calcu-
lated from the exact double-barrier quantum model, ESQM, and a
modified FN equation for photoemission from the pyramid-shaped
gold emitter with SiO, coating, as a function of the externally
applied laser field strength F,,. Full wave optical simulation shows
an approximately linearly decaying laser field inside the dielectric at
a resonance wavelength of 608 nm, with the maximum field
enhancement factor B at the metal-dielectric interface (x =0 in
Fig. 1). To accommodate the double-triangular barrier quantum
model and the modified FN equation, the laser field inside the
coating is assumed uniform, with the field strength being the one at
the metal-dielectric interface, and the laser field in the vacuum is
assumed to be that at the dielectric-vacuum interface, i.e.,
Ffiel = B(x = 0)F,y, and F) = B(x = d)F.y. Those three models
manifest a quantitatively good agreement for F. > 0.05V/nm,
where the emission enters the strong field tunneling regime.”® This
transition is also indicated from the value of the Keldysh parameter
approaching unity, y = 1.89 (Exact) and y =2.46 (ESQM) for
Fey = 0.05V/nm (see Fig. S10 in the supplementary material). For
0.01 < F,y < 0.05V/nm, emission current densities calculated from

R
e
O
<
] 10_1 ] l,':;’ Exact |
S --=- ESQM
I, :’ ........ FN equation

4
0.00 002 004 006 008 0.10
F_.(V/nm)

FIG. 7. Photoemission current density J, calculated from the exact double-
barrier quantum model (Exact), effective single-barrier quantum model (ESQM),
and modified Fowler—Nordheim equation (FN equation), as a function of the
externally applied laser field strength Fey; for a pyramid-shaped plasmonic reso-
nant photoemitter with SiO, coating.”® Here, the coating thickness d'=1nm,
coating electron affinity y = 0.9eV, coating relative permittivity &4 = 2.25,
field resonance wavelength is at 608 nm, field enhancement factor at the metal—
dielectric interface B(x = 0) = 200, and field enhancement factor at the dielec-
tric-vacuum interface B(x = d) = 44.% The dc electric field Fo=0.
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both the ESQM and the FN equation are smaller than that from the
exact double-barrier model.

One may expect that the assumption of the uniform laser
field inside the coating being the maximum field at the metal-
dielectric interface would result in an overestimation of the emis-
sion current in the small field regime. However, calculation from
the exact double-barrier model with F&*¢! determined by the slope
of the line connecting the peaks of the potential barrier at the two
interfaces (see Fig. S6 in the supplementary material) shows that
emission current densities from the ESQM and the FN equation
are still smaller for F.; < 0.03 V/nm, despite the fact that such an
approximation of F¥* would overestimate the potential barrier,
thus underestimating photoemission from the exact model.
Therefore, applying the ESQM to a dielectric-coated plasmonic
resonant Au photoemitter’® may underestimate the photoemis-
sion current for F,yy < 0.03 V/nm, and the exact double-triangular
barrier model may be used to give a more accurate estimation of
photoemission from coated photoemitters.

V. CONCLUSIONS

In summary, we have constructed an analytical model for photo-
emission from metal surfaces coated with an ultrathin dielectric, by
exactly solving the one-dimensional (1D) time-dependent Schrédinger
equation subject to a double-triangular barrier. The model mani-
fests various electron emission mechanisms, ie., multiphoton
emission, static field tunneling, photon-assisted field emission,
optical field tunneling, and thermionic emission, depending on
the applied fields (laser field and dc field) and temperature. The
effects of dielectric properties on photoemission are investigated. It
is found that a flat metal surface coated with a dielectric of smaller
relative permittivity and larger electron affinity can photoemit a
current density larger than the uncoated metal due to the lowered
surface barrier. For dielectric-coated nanoemitters, photoemission
can be greatly enhanced due to the nonlinear field enhancements
near the coating.

Our model is compared with the effective single-barrier
quantum model and modified Fowler-Nordheim equation, for both
flat cathodes and three-dimensional (3D) nanoemitters. It is found
that both the effective single-barrier model and the modified
Fowler-Nordheim equation may underestimate photoemission from
the dielectric-coated nanoemitters in the multiphoton absorption
regime, and that our exact model may give a more accurate estima-
tion. In the strong-field optical tunneling regime, the three models
show quantitatively good agreement. The results further confirm that
plasmonic resonant tip photoemitters with thin dielectric coating
may be promising for higher yield electron sources.’

While a wide range of dc and optical fields are used in this
theoretical study of photoemission from 1D flat cathodes, the oper-
ation of real-world cathodes poses limitations on the dc field and
laser field (intensity, pulse duration, and repetition rate). The
breakdown strength for dielectrics shows strong dependence on
their relative permittivity and thickness. A theoretical ultimate
breakdown strength of 1.5V/nm for SiO, is reported”’ and an
optical breakdown laser pulse with a duration of 25fs and field
strength of ~20 V/nm is experimentally observed.”' Laser pulses
can also induce heating and even ablation of the metal, which

ARTICLE scitation.org/journalljap

depend strongly on the laser wavelength, pulse duration, and inten-
sity. A laser pulse of 450 fs duration at 248 nm, with a peak inten-
sity of up to 13.5x10°W/cm? is experimentally used for
photoemission from a polycrystalline copper flat surface, and a
nonlinear increase of photocurrent due to the laser heating effects
is observed.” As the laser duration decreases, the applied intensity
can be increased. In Ref. 14, a laser of 14 fs duration, 1.65 um wave-
length, and up to 7.4x 10> W/cm® intensity (after geometrical
field enhancement) is used to study photoemission from single-
crystalline gold tips. For realistic nanostructured cathodes or sharp
nanoscale emitters, because of the strong field enhancement
factor’>”* and possible further enhancement due to plasmonic res-
onance,”® the externally applied laser intensity and dc bias field are
expected to be orders of magnitude smaller than those shown in
this work for 1D flat surfaces that are considered for simplicity.
These important factors should be taken into consideration for the
design of practical photocathodes.

In this model, the dielectric is assumed ideal, with only electron
affinity and relative permittivity taken into consideration. The metal,
the dielectric, and the interfaces between them are all assumed to be
perfectly aligned and with no defects or impurities. However, local-
ized traps may exist in the bulk dielectric and at the metal-dielectric
interface, especially when the dielectric layer becomes relatively
thick,” which may result in a trapping of photoexcited electrons
from the metal. Trapped charges can have strong effects on photo-
emission. Experiments show that the reduction of trapped charges
by annealing lead to a red shift of the maximum peak of photoemis-
sion energy spectrum and the formation of a higher energy
plateau.”’ Additionally, the mean free path or the scattering length
of electrons within the dielectric is on the order of a few nanome-
ters. "1 Ag the coating thickness increases, the scatterings (i.e.,
electron-phonon, electron-electron, electron-impurity) inside the
dielectric become important. Future work may consider charge trap-
ping effects as well as scattering effects inside the dielectric in the
photoemission model. The effects of space charge'””' and pulsed
excitation'® may also be studied in the future.

SUPPLEMENTARY MATERIAL

See the supplementary material for the effects of dielectric
properties on photoemission mechanisms, quantum interference
inside the dielectric, enclosed area by the potential barrier profile,
comparison with an effective single-barrier quantum model and
modified double-barrier Fowler-Nordheim equation, and the cal-
culation of the Keldysh parameter.
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APPENDIX A: FORMULATION OF THE
DOUBLE-TRIANGULAR BARRIER QUANTUM MODEL

The exact solution to Eq. (2) in the metal (x < 0) is

[
_iEp ;i [2me _etnho, ;  /2m(e+nho)
vile ) = e VIR L ST Ry VIR <o, (AD)

n=—o0

which represents the superposition of the incident plane wave with
an electron incident longitudinal energy &, and a set of reflected
waves with an energy of € 4+ nfiw after photon absorption (n > 0)
or emission (n < 0) processes. Ry, is the reflection coefficient.

In the dielectric (0 <x < d), the solution to Eq. (2) is
obtained by the following Truscott transformation and separation
of variables:'*>*>707%

2 2m eFid cosmt
yulo ) = > Towexp [z, / 2 En (x + 111’17):| O(x, 1)
-  Pm eFdiel cosmt
+ n;w R;,exp {—1\ / ?EZn (x + lrnTﬂ O(x, t),

0<x<d,
(A2)
for Fy = 0 or
yule t) = Y [TulAi(={,) — iBi(—{,)]

+ Ry [Ai(—4,) + iBi(—={ )T (x, £), 0<x<d
(A3)

for Fy # 0, where T, and R,, are the transmission coefficient and
reflection coefficient of electron waves through the nth channel in
the dielectric, respectively; E;, = £ + nfio — Uy, — Vo is the drift
kinetic energy in the dielectric, with the ponderomotive energy

& (Fiely? .
UPZ = 4mla)2) and VZO = EF + W —X @(X, t) = exp [_I%t
. eF¥¥lsinpt . ez(Fld"E’)2 sin2wty . 2 Fiiel il sin o

it —x i Tx t)=eXp[—1W}®(x, t);

diel diel\ 1/3
¢, = (x + EFlmZ)‘;S"” + ef;zd:yd) (zm;f° ) .y represents the superpo-
0
sition of the forward traveling waves and the reflected waves in the
dielectric.
In the vacuum (x > d), the exact solution to Eq. (2) is

> . 2m eFcosot\ ] _
Vi(x, t) = ,,:2_; T3,exp [l ?Ew (x + ﬁ)} Z(x, t), x>d

(A4)
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for Fy = 0 or

—1

Yi(x t) = Z Ts,[Ai(—n,) — iBi(—n,)]exp —

n=—oo

|: A 82F0F1 Sina)t:|

X Z(x, 1), x>d (A5)

for Fy # 0, where T3, is the transmission coefficient in the
vacuum; Es, = £ + nhw — Ups — V3 is the drift kinetic energy in

. . 22
the vacuum, with the ponderomotive energy U, = ;n—wlz and V3

=W+ Ep +ed(Fy — F&!) for Fy #0 or Vs =W +Eg for Fy=0;

- . ed(F, —Fd)sinot . . i . 2 F?sin2ot
E(x, 1) = exp [—17( Bkl jesiio g jebisinat oy CFsindor]

>

1/3
n, = (x + dhacosol 4 f%o) (%) .y denotes the outgoing waves

traveling to the vacuum.

Continuity of the wave function and its derivative at both the
metal-dielectric interface (x = 0) and the dielectric-vacuum inter-
face (x = d) and Fourier transform yields the solutions for Ry,
TZn) R2n) and T3n)

S +Ru= > TwPimu-n+ > RauQuntn-p> (A6)
n=—o00

n=—0o0

k05(1) - klRll = Z TZnPZn(n—l) + E RZnQZn(n—l) > (A7)

n=—00

E TZnP3n(n—l)+ Z R2nQ3n(n—l): Z TSnZBn(n—l), (AS)

n=-—00 n=—0o0 n=—00

> TonPanin—ty + D RonQuntn—ty = >, TsuZann—py>» (A9)
n=—00 n=—00 n=-—00

where & is the Dirac delta function; Py,; = ﬁ foz ™ Pra(wt)e "t d(wt),
Qui = £ [ Quet)e ™ d(t), Py =L [ Pry(at)e ™ d(ot),
Qunt = % ;" Qul@De ™ d(@t), Py = 1 [" Psy(wt)e ™ d(wr),
Qi = % )" Quul@te ™ d(@t),  Zyy = £ )7 Zsn(wt)e ™ d(wr),
Py = 3 [ Pan(@t)e ™ d(t),  Quu = 3 ;" Quul@e ™ d(ot),
and Z,,; = ijoz " Zan(ot)e " d(et) are the Fourier transform coef-
ficients. For Fy = 0, we have

2m eFdie cosot
Pln((l)t) = exp |:l ?Ezy‘ <1WLT> }p(a)t) 5 (AIO)
. [2m eFfielcosomt
Qun(wt) = exp|—i FEM o p(ot), (A11)
diel o3
Ponl@t) = Profet) | |22 B,y + S0 (A12)
h hw
2m eFfielsina)t
Qn(@t) = Quu(wt) | — FEZn +T , (A13)
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diel
Py (0t) = exp{ i Ez,,< °fi “’S“”ﬂ @),  (Al4)
diel
Qun(@t) = exp[ ,/ E2n< < °°s“’t>}p(wr), (A15)
Zan(ot) = exp[ i [ 2 E3,,< 4ok ICOS“”H @),  (Al6)
2m eFfielsina)t
Py, (wt) = Pyy(0t) |4 | = Eon +———| (A17)
h hw
2m eFdielsinet
Qun(0t) = Qsp(@t) | = [—5 Eon + ———| > (A18)
h haw
Zin(ot) = zgn«ot)[ 2 B+ ‘Sm“”} (A19)
h haw
Z(I-’””EI) sin2wt e Fzsm2wt
with p(wt) = exp[ W] and o(wt) = exp[ S }
For Fy # 0, we have
Pry(ot) = s(,(x = 0))Y(wt), (A20)
Qun(wt) = r(§,(x = 0))Y(wt), (A21)

diel o
Panon) = |TEI (6= 0) 4 g, 3 = )| ),
(A22)
diel
Quton) = [T 10, = 0+ xautg, = 0) | Yo,
(A23)
Poy(o0) = s, (x = )T ), (A20
Qulon) = r(¢,(x = D)X o), (A29)
Zan() = v(n,(x = d)A@I), (126

Pin(ot) = [%Zj"“’t Sy = d)) + atE(x = ) }r(wn
(A27)

Qu(ot) = {M HEe = d)) + ol x = d))} Y@,
(A28)

Zyy = [EF ‘;Z“"t v(1,(x = d) + resw(ig,(x = d»] A1), (A29)
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L FfeIpdelsingr | . ¢ (Ff“el)2 sin2ot =
hmw’ T SR S(Gh)

with Y(ot) = exp[ = Ai(=¢,)

_lBl _gﬂ ’ {n) = AI(_gn) + lBl(—gn)) t(é’n) — lAl/(_lé/z;)
FBI(-L,), uG,) =iAT(-E,) - BI(-L), = ()
Alwt) = exp[ i€ F%I;las)lanw[ + .ezgiﬁm},

V(nn) = Al(_nn) -

__ [ 2meF, 13
K3 = 7 .

iBi(—n,), w(n,) = iAi'(-n,) + Bi'(-n,), and

APPENDIX B: MODIFIED FOWLER-NORDHEIM
EQUATION FOR THE DOUBLE-TRIANGULAR BARRIER

Following the procedure in Ref. 41, a modified Fowler-
Nordheim equation is formulated. For the scenario of an ultrathin
dielectric on a metal surface, a double step barrier is formed. If the
zero of energy is taken at the Fermi level, the lowermost barrier
profile bent by the laser field reads

0, x <0,
Vix, 1) = { Wep — eFiiel(p), 0<x<d, (Bl)
W + ed [Fl(t) — FldiEI(t)] —eF(t)x, x>d,

where W is the nominal work function of the metal; y and d are
the electron affinity and the thickness of the dielectric, respectively;
Wer = W — x is the effective work function at the metal-dielectric
interface; F; and Fd’el are the laser field strengths in the vacuum
and in the dlelectrlc, respectively; and e is the positive elementary
charge. Note that the dc field is not considered in this modified
Fowler-Nordheim equation.
In the current emission calculation, only the positive half
cycle of the the laser field is considered. According to the WKBJ
approximation, we have the transmission probability

D(e, Fi) = exp[Q(e, F1)l, (B2)

where Q(g, F)) = -2 fo V2m[V(x) — €]/F*dx, m is the effective

electron mass, /i is the reduced Planck’s constant, and x’ is such
that V(x) — & = 0. For simplicity, m is set to equal the electron rest
mass in all three regions. It is easy to show that

__4Vom 3 dicl
Qe F) = =5 (W — e = HWygy — eFfld )
) 3 42m
_ pdiel 37
X (Wey — eF{"d — g)’ } 3 eFlh
x H(W — eFlld — g)(W — eFild — g)f. (B3)

Since most of the emission comes from the immediate neighborhood
of the Fermi level, we replace Q(g, F;) with the first two terms of the
Taylor expansion for Q(g, F;) at € = Er = 0, which reads

4/2mw3 V2mW
L Fi) = —= - C+2 - Be, B4
Qe Fa) = =3y €+ 2 gty B B4
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with
diel Wy — eF{(1)d
B= — H(Weﬂr — eF| (t)d) T
. 1 |W —eFde(n)d
+ H(W — eF¥el(t)d) — | —— 1 228
Ediel w
and
W\ 2 . W5 — eFde(p)d]?
C= (_Mf’ > —H(W,5 — eFi(t)d) [4’7 o }

+ H(W — eF(t)d)

1 [w - Ff”e’(t)d} "
Ediel w '

where £ is the relative permittivity of the dielectric, and H(x) is
the Heaviside step function. Ff‘e’ = Fi/egie is used for a perfectly
flat dielectric-vacuum interface. The H functions arise from differ-
ent tunneling scenarios under different field strengths (cf. Fig. 5 in
Ref. 40).

The emission current density can be calculated from

J=e [ N(e T)D(e, F,)de. (B5)

At a low temperature,

N, T) = ;”,:‘fhf In [1 + exp ()EIfB_TS)]
~ 55 (Ep — £). We finally yield the modified Fowler-Nordheim

equation for the double-triangular barrier:

3Fdiel2 t 42 N
J(t) = H[Fl(t)];#vé;zexp {—W%WEC] . (B6)

The time-averaged photoemission current density is

21

ARCL (87)
2r 0
where o is the angular frequency of the laser.
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1. Effects of dielectric properties on photoemission mechanisms

The electron transmission probability D (e = Er) is shown as a function of the laser field strength
F; under different dielectric thickness, relative permittivity, and electron affinity in Figs. S1(a),
S1(b), and S1(c), respectively. The applied dc electric field F, is 0. The electron transmission
probability is well scaled as D (e = Er) « F2", with n = 4, in the small laser field range. The
sharp slope change of the curves is observed at F; = 11.9 V/nm (see the vertical blue dashed
lines in Fig. S1) due to the channel closing effect [1], which indicates the transition from
multiphoton absorption to optical field emission. For the chosen parameter ranges, it is found that
the dielectric coating has little effects on the laser field strength at which the transition from

multiphoton absorption to optical field emission occurs.
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Figure S1. The photoelectron transmission probability D(e = Ef) calculated from Eq. (3) in
main text, as a function of laser field strength F; for different dielectric (a) thickness d; (b)
relative permittivity €g4;0;; and (c) electron affinity y. The dc electric field Fo = 0.

2. Quantum interference inside the dielectric

The resonance peaks are due to the electron wave interference inside the dielectric [2]. In Fig. S2,
the instantaneous electron waves at t = 0, including the wave traveling to the dielectric-vacuum
interface f;, the wave reflected from the dielectric-vacuum interface 1}, as well as the
combined wave 1;;, inside the dielectric of various thicknesses, are plotted. A constructive
interference is shown in Fig. S2(a) with d = 2.45 nm where the resonance peak appears in Fig.
2(d) for F; = 6 V/nm. The incident wave and reflected wave are almost in phase, especially at
distance close to the dielectric-vacuum interface. Figure S2(b) plots the electron waves for d =
3.8 nm, which forms a valley point in Fig. 2(d) for F; = 6 V/nm. The incident wave and

reflected wave are ~100 degree out of phase, which results in a small transmission probability.
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Figure S2. Electron waves inside the dielectric of thicknesses: (a) d = 2.45 nm (peak on the
curve for F; = 6 V/nm in Fig. 2(d)); and (b) 3.8 nm (valley on the curve for F; =6 V/nm
in Fig. 2(d)). The blue curve represents the wave traveling to the dielectric-vacuum interface
Y}, The orange curve represents the wave reflected from the dielectric-vacuum interface ;.
The gray curve represents the combination of incident and reflected waves ¥;; = ¥} + };. The
laser field strength is 6 V/nm. The dielectric has y =1 eV and €4, = 2.
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Figure S3. Electron waves for (a) F; =6 V/nm and d =6 nm;(b) F; =6 V/nm and d =
4 nm;(c) F;, =2 V/nm and d =6 nm;and (d) F; = 10 V/nm and d = 6 nm. The blue
curve represents the wave traveling to the dielectric-vacuum interface 1f;. The orange curve
represents the wave reflected from the dielectric-vacuum interface 7j;. The gray curve
represents the combination of incident and reflected waves ;; = ¥}, + 1J;. The double arrow
line indicates the wavelength between peaks. The dielectric has y =1 eV and €4, = 2.



Note that the wavelength from peak to peak may change slightly for a dielectric of certain
thicknesses under a given laser field, as shown in Fig. S3(a). The wavelength varies with dielectric
properties, such as thickness shown in Fig. S3(b). The laser field strength also has effects on the
wavelength. As F; increases, the wavelength increases, as demonstrated in Figs. S3(a), S3(c) and

33(d).

The incident wave and reflected wave inside the dielectric form constructive interference by

approximately satisfying the condition,
kd =nm or 2d =nA,with n=1,2,3 ... (1)

where k and A are the electron wavenumber and the wavelength in the dielectric respectively,
and d is the dielectric thickness. Using this condition, with an approximately constant
“wavelength” A = 1.7 nm obtained from Fig. S3(a), we can predict the dielectric thickness at
which interference occurs in the dielectric. The comparison of the predicted resonance thicknesses
by Eq. (S1) and the ones from our model which are denoted as blue dots in Fig. S4(a), is provided
in Fig. S4(b). Those two results show very good quantitative agreement.
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Figure S4. (a) Electron transmission probability as a function of dielectric thickness under
various laser field strengths, same as Fig. 2(d) in the main text. Blued dots indicate the resonance
peaks for F; = 6 V/nm. (b) A comparison of the predicted resonance dielectric thickness by Eq.

(S1) and resonance dielectric thickness obtained from Fig. 2(d) in main text or Fig. S4(a) here.
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Figure S5. (a) Energy diagram for photoemission from dielectric-coated metal surfaces. The red
shaded area denotes the area enclosed by the potential profile (at the time instant of peak laser
field) and the electron initial energy ¢. (b) Negative S as a function of dielectric relative
permittivity under various laser field strengths. (c) Exponential function of negative normalized
S as a function of dielectric relative permittivity under various laser field strengths. The area S is
normalized to S at €4;,; = 8 for F; =2 V/nm.

The area enclosed by the potential profile and the electron initial energy provides a good
explanation for the slope variation in Fig. 2(e) for electron transmission probability as a function

of dielectric relative permittivity. The area reads

!

S=Jx [V(x,t =0) —¢] dx (52)
0

where V(x,t = 0) isthe potential barrier provided as Eq. (1) in main textat ¢ = 0 with F, = 0,



€ is the electron initial energy, and x " is such that V(x,t =0) —& = 0.

Figures S5(b) and S5(c) plot the negative area S and exponential function of normalized negative
S as a function of dielectric relative permittivity under various laser fields. Both plots show a
similar trend with Fig. 2(e), especially the slope change for F; = 8 and 10 V/nm. It is because
electrons would face the only triangular barrier inside the dielectric when &4;,; is small and F;

is large enough, since the barrier at the dielectric-vacuum interface would be below «.

4. Comparison with effective single-barrier quantum model and modified double-barrier Fowler-
Nordheim equation

Figure S6 presents a comparison of the emission current density J, calculated from the exact
double-barrier quantum model, effective single-barrier quantum model (ESQM), and modified
Fowler-Nordheim (FN) equation, for the photoemission from the pyramid-shaped gold emitter
with SiO2 coating. To accommodate to the uniform fields in the exact double-barrier model, the
laser field inside the coating F3*! is assumed to be the field determined by the slope of the line
connecting the peaks of the potential barrier at the two interfaces (red dotted curve in Fig. S6(a)),
and the laser field in the vacuum F; is assumed to be the one at dielectric-vacuum interface. In
the modified FN equation, F3®! is the field at metal-dielectric interface, and the laser field in the
vacuum is assumed to be the one at dielectric-vacuum interface (blue dotted curve in Fig. S6(a)).
Figure S6(b) shows that emission current densities from ESQM and FN equation (blue dashed
curve and blue dotted curve) are still lower than the result from the exact double-barrier model
(solid red curve) for F,,; < 0.03 V/nm, even though such an approximation of field inside the
dielectric for the exact model underestimates the photoemission current. Therefore, the emission
current density from Au photoemitter with coating may be underestimated by ESQM for F,,; <

0.03 V/nm, and the exact double-triangular barrier model may be used to give a more accurate

estimation.
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Figure S6. (a) Potential barrier profiles. Black dotted line: original potential profile with laser
field profile obtained from full wave optical simulation; red dotted line: approximated potential
profile with the uniform laser field in the dielectric determined by the slope of the line; blue
dotted line: approximated potential profile with uniform laser field in the dielectric of the field at
metal-dielectric interface. The blue dotted line is used in Fig. 7 of the main text. (b)
Photoemission current density J, calculated from the exact double-barrier quantum model,
effective single-barrier quantum model (ESQM), and modified Fowler-Nordheim equation (FN
equation), as a function of externally applied laser field strength F,,, for a pyramid-shaped
photoemitter with SiO2 coating. The calculation in the exact model uses the approximate
potential profile shown as the red dotted line in (a).

5. Keldysh parameter y

The Keldysh parameter y is a physical indicator of transition from multiphoton absorption to

optical field tunneling in photoemission. y is estimated as the ratio of two time scales [3-4],

4rt,
= , S3
Y=—% (53)

where T = 2m/w 1is the cycle of the optical field, and t; = [/v is the time of an electron with

velocity v = /2W /m tunneling through the potential barrier with a width [, W is the work

function of the metal and m 1is the rest electron mass.

For the case of photoemission from bare metal surfaces, with the instantaneous lower limit



potential profile under a single laser field shown in Fig. S7(a), y = wv2mW /eF;. In the effective

single-barrier quantum model (ESQM), we calculate the Keldysh parameter as y = w,/2mWss/

eFerr with Werp =W — x and Fgpp effective laser field determined by the slope of the
effective single triangular barrier (refer to [5] for more details). If we follow Keldysh to calculate
y as the ratio of the tunneling time to the optical period, for photoemission from dielectric-coated
metal surface, the expression of y will depend on the laser field strength. When the applied F;

is relatively small (W — edF{**! > 0), the incident electron has to tunnel through the potential
. . . . .- _ Z_m __ rdiel
barrier in the vacuum, as shown in Fig. S7(b), and it is found y = w / ” (W + eal(F1 Ff )) /

eF;. When the applied F; is relatively large (W — ed F#¢! < 0), electrons inside the metal can

be emitted by tunneling the only potential barrier inside the dielectric, as shown in Fig. S7(c), and

we find y = w ’Zwm (W — y)/eF&el. We will refer using these two expressions to calculate y as

the “exact” method.
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Figure S7. Potential profile for photoemission from (a) bare metal surface; (b) dielectric-coated
metal surface under relatively small laser field; (c) dielectric-coated metal surface under
relatively large laser field.

The Keldysh parameter y calculated using the above expressions (i.e. exact method) for the cases

in Figs. 2(a), 2(b), and 2(c), as well as cases in Figs. 2(d), 2(e), and 2(f) for F; = 10 V/nm, is



presented in Fig. S8. It is found that y > 1 for all the cases, which confirms the dominant

emission process is multiphoton absorption.
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Figure S8. Keldysh parameter y for the cases in Figs. 2(a), 2(b), and 2(c), as well as the cases in
Figs. 2(d), 2(e), and 2(f) for F; = 10 V/nm.
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Figure S9. Keldysh parameter y for the cases in Fig. 6.



Figure S9 shows y for cases in Fig. 6, with blue curve for the exact quantum model for double
triangular barrier and red curve for ESQM. y = 1.92 (exact method) and 2.15 (ESQM) at F; =
15 V/nm.

Figure S10 shows the Keldysh parameter for the cases in Fig. 7. The blue circles represent y for
the exact quantum model for double triangular barrier. The red diamonds represent y for ESQM.

y = 1.14 (ESQM) and y = 0.95 (exact method) at F,,; = 0.1 V/nm.
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Figure S10. Keldysh parameter y for the cases in Fig. 7.
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