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ABSTRACT

Nanostructured negative electron affinity GaAs photocathodes for a polarized electron source are studied using finite difference time
domain optical simulation. The structures studied are nanosquare columns, truncated nanocones, and truncated nanopyramids. Mie-type
resonances in the 700–800 nm waveband, suitable for generation of polarized electrons, are identified. At resonance wavelengths, the nano-
structures can absorb up to 99% of the incident light. For nanosquare columns and truncated nanocones, the maximum quantum efficiency
(QE) at 780 nm obtained from simulation is 27%, whereas for simulated nanopyramids, the QE is ∼21%. The high photocathode quantum
efficiency is due to the shift of Mie resonance toward the longer wavelength, leading to increased light absorption. The field profile distribu-
tion shows the excitation of dipole and quadrupole modes within the nanostructures at resonant frequencies. This leads to enhanced photo-
absorption and photoelectron generation closer to emission surfaces than for a flat photocathode. The enhanced photoabsorption and
reduced electron transport distance for the nanostructured photocathode enhance its QE compared to that for the flat surface wafer.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0130884

I. INTRODUCTION

Negative electron affinity (NEA) GaAs photocathodes have a
wide range of applications including as polarized electron sources
in electron accelerators,1–3 radiation detectors,4 electron beam
lithography,5 night vision,6 and low-energy electron microscopes.7,8

NEA photocathodes can provide high quantum efficiency (QE),
long lifetime, and high electron spin polarization, which are often
required in accelerators used in high-energy physics. A QE of up to
∼21% was reported for NEA GaAs photocathodes operating at
532 nm, but at longer wavelengths, the QE is reduced.9 For 780 nm,
strained GaAs/GaAsP superlattice photocathode with distributed
Bragg reflectors exhibits 6.4% QE with an electron spin polarization
of 84%.3 The low QE at 780 nm of the flat wafer p-type GaAs pho-
tocathode is mainly because of the mismatch between the absorp-
tion depth of the incident light, which is ∼1 μm, and minority

carrier diffusion length.10 Only electrons excited within less than
100 nm from the surface of the GaAs photocathode can be emitted
into the vacuum.11 Electron reflection at the surface also reduces
electron emission and, hence, the QE.12 Also, higher optical reflec-
tance from flat GaAs photocathodes (>30%) at the wavelength
range of 600–800 nm generates stray light and unwanted electron
emission within the electron gun chamber, which degrades the life-
time and QE of the photocathode.13

Fabrication of nanostructured photocathodes is investigated as
a method to increase its optical absorption and, therefore, improve
the photocathode QE. A recent simulation of a K2CsSb thin film
photocathode grown on a nanopatterned silver substrate reported
possible enhancement in absorption by up to ∼80% due to excita-
tion of surface plasmon polariton (SPP) at the K2CsSb/Ag interface.
The simulation showed an increase in QE by 2–3 times compared
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to the K2CsSb film grown on a flat Ag substrate.14 Studies of nano-
structured GaAs and Si nanopillars also showed promising
results.10,15,16 For nanostructured semiconductors, absorption of
the photocathode increases by excitation of Mie resonance modes
within the nanostructures. Mie-type nanostructures are
subwavelength-sized geometric structures of high refractive indices
that cause the retardation of field components of the incident light
while passing through it. When these nanostructures are long
enough, sufficient retardation of electric and magnetic field com-
ponents of light occurs within the structure which results in the
generation of displacement current and excites magnetic and elec-
tric dipoles (MD and ED) and higher-order modes. The excita-
tion of different modes at certain resonance wavelengths within
the nanostructures reduces the reflectance to <1%.10,15,16

According to the Mie resonance theory for nanoparticles, the
value of nD

λ , where n is the refractive index, D is the nanoparticle’s
diameter, and λ is the wavelength, becomes 1 for excitation of
dipole modes and 2 or higher for excitation of quadrupole and
higher-order modes.17 The resonance wavelength depends on the
nanoparticle size. As a result, higher absorption can be attained at
different wavelengths by tuning the size and shape of the nano-
particles. Mie-type nanostructures have shown promising
improvement in solar cell efficiency.18

The higher absorption at resonance wavelengths and shorter
transport distance for excited electrons within the nanostructures
can significantly enhance the QE of the nanostructured photocath-
ode. Significant enhancement in QE, at different resonance wave-
lengths, was reported for NEA GaAs nanopillar array
photocathodes.16 The reported QE was close to 30% over the wave-
length range of 500–550 nm and >25% at 650 nm, which is signifi-
cantly higher than the QE of the flat wafer GaAs photocathode.

However, over the range of 700–800 nm, the reported QE is <15%.
The resonance can be shifted toward the longer wavelengths by
changing the diameter of the nanopillars. Simulations showed
QE > 20% over 700–800 nm wavelengths for NEA GaAs nanopillar
array photocathodes.10

In the present work, three Mie-type structures—(a) nano-
square column array, (b) nanocone array, and (c) nanopyramid
array GaAs photocathodes—are studied. Photoemission is consid-
ered to follow Spicer’s three-step model, which involves the photo-
excitation of electrons, transport of photoexcited electrons to the
emission surface, and electron emission into the vacuum.12 The
photoexcitation and electron transport are simulated using Ansys
Lumerical’s finite difference time domain (FDTD) tool and a
CHARGE (3D charge transport solver) tool, respectively.19,20 The
electron emission probability was calculated by Peng et al.10 by
fitting the theoretical model to the previously obtained experimen-
tal QE for the flat wafer NEA GaAs photocathode.9 These simula-
tions show that optimization of the size of the nanostructures can
bring significant improvement to the QE at the wavelength range of
700–800 nm for all three studied nanostructure shapes.
Improvement in QE is observed due to Mie resonance and
enhanced light trapping. The photocathode response is expected to
be faster than that for flat photocathodes as the electron transport
distance within the nanostructure is shortened. These features
make nanostructured photocathodes promising for advanced elec-
tron accelerators.

II. DESCRIPTION OF THE MODEL

Photoexcitation of electrons is simulated using the FDTD tool
to numerically solve Maxwell’s curl equations within the

FIG. 1. (a) Periodic arrangement of Mie-type GaAs nanosquare column array (viewed from the top). (b) Vertical crosscut of the FDTD simulation setup. H, L, and
P correspond to the height, side length, and period of the nanosquare columns, respectively.
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photocathode (GaAs nanostructures and substrate) and calculate
the time-dependent field distribution within the material.19

Figure 1(a) shows a periodic arrangement of the nanostructure
considered while Fig. 1(b) shows the vertical cross section of the
FDTD simulation setup where a Mie-type nanostructure of p-type
GaAs is enclosed within a 3D simulation box. There are two virtual
power meters to calculate transmittance and reflectance. The reflec-
tance power meter is located 200 nm above the top of the nano-
structure and the transmittance power meter is located at the
bottom of the substrate. The 3D field monitor encloses the GaAs
nanostructure and the substrate to calculate the spatial distribution
of field components (E(x, y, z, λ), H(x, y, z, λ)) of the incident

light within the nanostructure and the substrate. The photoexcita-
tion rate g(x, y, z, λ) of electron–hole pairs (cm−3 s−1) is defined as

g(x, y, z, λ) ¼ πϵim(λ)E(x, y, z, λ)
2

h
, (1)

where ϵim is the imaginary part of the dielectric constant of the
p-type GaAs and h is the Planck constant.10 The spatial integral of
g(x, y, z, λ) gives the total photoexcitation rate G(λ) in electron–
hole pairs per second. The ratio of G(λ) to the incident light inten-
sity Φ(λ) (photons per second) gives the photoexcitation

FIG. 2. (a) The nanosquare column array GaAs photocathode with period P, height H, and side length L. (b) The 2D plot showing the variation of η with wavelength λ
and L. Two separate branches with η > 95% due to dipole excitation (marked with a star) and quadrupole excitation (marked with a black circle) are identified. (c) The
wavelength dependence of the absorptance η for L = 142 nm [along the white dashed line in (b)]. (d) 2D plot showing the variation of η with λ and period P for nanosquare
columns with H = 1200 nm and L = 100 nm. The high η region is narrowed at longer periods.
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probability Pg(λ), defined in Eqs. (2) and (3) as

G(λ) ¼
ð ð ð

g(x, y, z, λ)dxdydz, (2)

Pg(λ) ¼ G(λ)
Φ(λ)

: (3)

The transport of photoelectrons from inside the nanostructure
to the outer surface (emission surface) is simulated using the
Lumerical CHARGE solver. The CHARGE solver is a computation
program that solves the drift-diffusion equations and Poisson’s
equation self-consistently.20 The drift-diffusion equations for elec-
trons and holes are

Jn ¼ eμnnE þ eDn∇n, (4)

Jp ¼ eμppE � eDp∇p, (5)

where Jn,p is the electron/hole current density vector with its ampli-
tude in A cm−2, e is the unit charge, μn,p is electron/hole mobility,

E is the electric field, and Dn,p ¼ μn,p
KbT
e is the electron/hole diffu-

sivity, where Kb and T are Boltzmann constant and temperature,
respectively.20,21 The carrier mobility μn,p decreases with the
increase in doping concentration because of the increased scatter-
ing events with doping concentration.22

Poisson’s equation is written as

�∇:(ϵ∇V) ¼ e(p� nþ C), (6)

where p, n, and C are hole, electron, and ionized impurity density,
respectively, V is the electrostatic potential, and ϵ is the permittivity
of the material. The photoexcited electron–hole pair generation rate

FIG. 3. (a) η and (b) QE of three different GaAs nanosquare array photocathodes. The height of the three nanostructures is fixed at 1200 nm, whereas L and P are
different. Improved QE is observed compared to the flat wafer GaAs photocathode.9

TABLE I. Parameters of GaAs used in the FDTD simulation and for solving the electron drift-diffusion equation.

Parameters Value

Doping concentration 1 × 1019 cm−3

Electron mobility, μn 1546 cm2 V−1 s−1 (10 and 25)
Hole mobility, μp 99 cm2 V−1 s−1 (10 and 25)
Shockley–Reed–Hall recombination lifetime, τn, τp τn = τp = 10−7 s (10 and 26)
Radiative recombination coefficient, Crad

n,p Crad
n,p ¼ 1:8� 10�10 cm3 s�1 (10 and 26)

Auger recombination coefficient, Cn,p Cn = 7 × 10−32 cm6 s−1, Cp = 6.1 × 10−31 cm6 s−1 (10 and 26)

Surface recombination velocities, Sn,p Sn = Sp = 104 cm s−1 (10 and 26)
Temperature, T 300 K
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g(x, y, z, λ) is calculated by FDTD and is incorporated into conti-
nuity equations, which are solved for the steady-state condition.
The continuity equations for electrons and holes are written as

@n
@t

¼ 1
e
∇:Jn þ g � Rn, (7)

@p
@t

¼ 1
e
∇:Jp þ g � Rp, (8)

where Rn and Rp are the recombination rates of electrons and
holes, respectively. The recombination rates Rn and Rp are calcu-
lated considering three different recombination processes:
trap-assisted recombination, Auger recombination, and radiative
recombination. All the corresponding parameters are mentioned in
Table I. The trap-assisted recombination occurs at trap states
arising from impurities, where excited electrons recombine with
holes. The trap-assisted recombination rate is approximated by the

FIG. 4. Normalized |E|2 and |H|2 profile along the plane of vertical crosscut through the nanosquare column A1 at 780 nm wavelength: (a) |E|2 distribution with electric
field lines (white arrow), (b) resonance enhancement in |H|2 distribution due to magnetic dipole (MD) mode excitation, (c) |H|2 distribution with magnetic field lines (white
arrow), (d) resonance enhancement in |E|2 distribution due to excitation of the electric dipole (ED) mode. The curling field lines generating displacement current loops
result in the excitation of magnetic and electric dipoles that, at resonance, coupled with H and E field components of incident light. As a result, high field regions are gener-
ated in ∼70 nm from the side emission surface. The high field regions account for enhanced photoexcitation close to the emission surface.
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Shockley–Read–Hall equation,

RSRH ¼ np� n2i
τp(nþ n1)þ τn(pþ p1)

, (9)

where τn and τp are the lifetime of electrons and holes, respectively;
ni is the intrinsic carrier concentration; and n1 and p1 are the effec-
tive densities of electrons and holes in the trap states.23,24

The values of n1 and p1 can be calculated from Eqs. (10) and (11)
in terms of the trap state’s energy level Et , referenced to the

intrinsic energy level, and the intrinsic carrier concentration ni,

n1 ¼ niexp(Et/KbT), (10)

p1 ¼ niexp(�Et/KbT): (11)

The Auger recombination rate is approximated by

RAU ¼ (Cnnþ Cpp)(np� n2i ), (12)

FIG. 5. Normalized |E|2 and |H|2 profiles along the plane of vertical crosscut through the nanosquare column A2 at 625 nm wavelength resulting in the resonant enhance-
ment of photoemission: (a) |E|2 distribution with electric field lines (white arrow), (b) resonance enhanced |H|2 distribution due to magnetic quadrupole (MQ) mode excita-
tion, (c) |H|2 distribution with magnetic field lines (white arrow), and (d) resonance enhancement in |E|2 distribution due to excitation of the electric quadrupole (EQ) mode.
The magnetic and electric quadrupoles couple with the H and E fields of the incident light, which result in the resonance enhancement of the electric and magnetic fields,
at locations <200 nm away from the emission surface.
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where Cn and Cp are Auger recombination coefficients for electrons
and holes, respectively.24 The radiative recombination rate is
approximated by

Rrad ¼ Crad
n,p (np� n2i ), (13)

where Crad
n,p is the radiative recombination coefficient (cm3 s−1).24

Apart from the three above-mentioned bulk recombination
processes, surface trap-assisted recombination is also considered in
this model. The surface recombination rate is calculated by

Rsurface ¼ np� n2i
1
sp
(nþ nls)þ 1

sn
(pþ pls)

, (14)

where sp and sn are surface recombination velocities for holes and
electrons, respectively.24 nls and pls are the effective surface density
of electrons and holes in the trap state with energy Ets referenced to
the intrinsic energy level and can be calculated by the following
equations:

nls ¼ niexp(Ets/KbT), (15)

pls ¼ niexp(�Ets/KbT): (16)

By solving the drift-diffusion equations [Eqs. (7) and (8)] in the
steady-state condition, the CHARGE solver calculates the electron
transport current In in the unit of A. The transport probability

Pt(λ) is defined as

Pt(λ) ¼ In(λ)
eG(λ)

: (17)

In negative electron affinity photocathodes, the surface is
usually activated by deposition of a Cs–NF3 or Cs–O dipole
layer.3,9,11 In p-type GaAs photocathodes, band-bending occurs
near the surface because of the presence of defect states. The
width of the band-bending region is inversely proportional to the
doping concentration.11 Therefore, for highly doped GaAs, an
electric field is formed, which accelerates the electrons toward the
emission surface. Band-bending is further strengthened by depo-
sition of a dipole layer on the surface of the photocathode, which
lowers the vacuum level below the conduction band minimum.
The dipole layer at the photocathode surface usually has a sub-
nanometer thickness; hence, a narrow potential barrier is formed.
The photoelectrons that are transported to the surface have
energy above the vacuum level but need to tunnel through the
narrow potential barrier at the surface to get emitted into the
vacuum.

The QE for the simulated nanostructured GaAs photocathodes
is obtained from the product of Pg , Pt , and Pe as

QE(λ) ¼ Pg(λ)� Pt(λ)� Pe(λ): (18)

The various parameters of GaAs used for photocathodes
are listed in Table I. These parameters are taken from Refs. 10, 25,
and 26. The emission probability Pe for tunneling through the

FIG. 6. (a) The wavelength dependence of η for three different nanocone array photocathodes B1, B2, and B3 shown in the inset image (H: height, D1: top diameter, D2:
base diameter, P: period). (b) QE for different nanocone array GaAs photocathodes. All three nanostructures have the same periodicity P of 300 nm but have different D1,
D2, and H (B1: H = 550 nm, D1 = 150 nm, D2 = 240 nm; B2: H = 550 nm, D1 = 150 nm, D2 = 200 nm; B3: H = 1400 nm, D1 = 137 nm, D2 = 182 nm). The QE of the nano-
cones is also compared with experimentally obtained QE of the flat GaAs photocathode.9 A significant improvement for nanocones is observed due to the enhancement of
light trapping and Mie resonance within the nanocones.
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potential barrier at the photocathode surface was estimated by Peng
et al.10 This estimate was carried out by fitting the simulated photo-
excitation probability Pg and photoelectron transport probability Pt
to the measured QE of a flat wafer NEA GaAs photocathode.9

Because of the extreme scarcity of the emission probability data for
GaAs nanostructures, the emission probability Pe of the bulk was
used in our simulation by following the same approach used in the
study of NEA nanopillar array (NPA) GaAs photocathodes.10

III. PHOTOCATHODE ABSORPTANCE AND QUANTUM
EFFICIENCY

A. Nanosquare column array photocathodes

The FDTD calculations were conducted for nanosquare
column arrays, as schematically shown in Fig. 2(a), with side
lengths varied between 30 and 300 nm while keeping height and
periodicity fixed at 1200 and 600 nm, respectively. The 2D plot of

FIG. 7. Normalized |E|2 and |H|2 profiles along the plane of vertical crosscut through the truncated nanocone B2 at 720 nm wavelength: (a) |E|2 distribution with electric
field lines (white arrow), (b) resonance enhancement in |H|2 distribution due to MD mode excitation, (c) |H|2 distribution with magnetic field lines (white arrow), (d) reso-
nance enhancement in |E|2 distribution due to excitation of the ED mode. The curling field lines generating displacement current loops result in the excitation of magnetic
and electric dipoles which, at resonance, coupled with H and E field components of the incident light, result in intense field regions in ∼100 nm from the emission surface.
Such regions have significant contributions to photoelectron generation near the surface.
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absorptance (η) vs wavelength λ and side length L exhibits two
branches with high η > 95%, as shown in Fig. 2(b). The Mie reso-
nance formula is nDeq

λ ¼ m, where m = 1 for dipole mode and m > 1
for quadrupole and higher order modes,17 Deq is the diameter of an
equivalent cylindrical pillar having the same volume and height as
that of the nanosquare column, and n is the refractive index. This
indicates that the two branches in Fig. 2(b) are due to dipole and
quadrupole mode excitations.

The calculated η for different periods of nanosquares is shown
in Fig. 2(d) with fixed H and L of 1200 and 100 nm, respectively. At
a shorter P, the region with higher absorptance (η > 95%) is spread

over a wide range of incident wavelengths and narrows as the period-
icity increases. This is because, for shorter periods, reflected lights
from one column can reach and get absorbed by sidewalls of the
neighboring columns. As P is increased, the neighboring nanosquare
columns become more distant and the peak of η is more localized
around the resonance wavelength. At P = 800 nm, the wavelength
dependence of η shows that it peaks around 650 nm, which is the
magnetic and electric dipole (MD/ED) mode excitation wavelengths
according to the Mie resonance theory.17

The calculated η and QE for three different GaAs nanosquare
column array photocathodes referred to as A1 (L = 142 nm,

FIG. 8. Normalized |E|2 and |H|2 profiles along the plane parallel to the vertical crosscut through the truncated nanocone B3 at 780 nm wavelength: (a) |E|2 distribution
with electric field lines (white arrow), (b) resonance enhancement in |H|2 distribution due to MD mode excitation, (c) |H|2 distribution with magnetic field lines (white arrow),
and (d) resonance enhanced |E|2 distribution due to excitation of the ED mode. The curling electric field lines generating displacement current loops are observed through-
out the nanocone, which results in strong enhancement in field intensity in regions closer (∼100 nm) to the emission surface compared to the flat wafer.
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P = 600 nm), A2 (L = 285 nm, P = 600 nm), and A3 (L = 125 nm,
P = 800 nm) are shown in Figs. 3(a) and 3(b), respectively. All three
structures have the same height of 1200 nm. The wavelength depen-
dence of η shows the tunability of the resonance wavelengths. By
optimizing the nanocolumn side length, higher η and improved QE
are obtained. The QE shows an improvement compared to the flat
wafer GaAs photocathode due to enhanced light trapping in the
nanosquare photocathode structure.

Along with light trapping, resonance enhancement increased
the QE up to 27% (for A1 at 780 nm wavelength) due to MD/ED
mode excitation over the wavelength range of 750–800 nm. At
625 nm, magnetic/electric quadrupole (MQ/EQ) modes are excited
within the nanosquare columns of A2, which result in a QE of
33%. The excitation of different modes within the nanostructures
can be realized from the squared electric and magnetic field profile
distribution along the plane of vertical cross-cut through the nano-
square columns, as shown in Figs. 4(a)–4(d) and 5(a)–5(d).

B. Nanocone array photocathode

Three different nanocone array structures (B1, B2, and B3)
were simulated for η and QE. According to the η spectra of B1, B2,
and B3 in Fig. 6(a), η peaks around 675 and 660 nm for B1 and
B2, respectively. For B3, the peak appears around 525 and 590 nm.

From Mie resonance,17 the peaks in η correspond to wave-
lengths where MD and ED mode excitations occur. The height H
of the nanocones also affects absorption. B3 has a higher height
(1400 nm) compared to B1 and B2 (550 nm), which results in
strong absorption of light, particularly at the wavelength range of

700–800 nm. The QE of the nanocones is significantly improved
from the flat wafer GaAs, as shown in Fig. 6(b).

The periodic array of truncated nanocones enhances light
trapping and increases QE in the 500–800 nm wavelength range,
and the peak values in QE appear at resonance wavelengths due
to the excitation of MD and ED modes. For B1, B2, and B3, the
resonance wavelengths are 675 nm (QE = 31%), 660 nm
(QE = 29%), and 585 nm (QE = 34%), respectively. The excitation
of ED and MD due to the displacement current loop enhances
the electric and magnetic fields within the nanocone, and as a
result, the absorption and QE are increased. At 780 nm wave-
length, B1 and B2 have a QE of 25%, whereas B3 has a QE of
27%, which is significantly higher than the QE reported for a flat
wafer (∼13%)9 and for nanopillar array photocathodes (∼13%).16

The excitation of ED and MD modes can be identified from the
squared field profile distribution with field lines through
the nanocones (B2 and B3), as shown in Figs. 7(a)–7(d)
and 8(a)–8(d) at 720 nm (for B2) and 780 nm (for B3) incident
wavelengths.

C. Nanopyramid array photocathodes

Another studied structure is GaAs nanopyramid array
photocathodes: C1 and C2. From Figs. 9(a) and 9(b), C1
shows enhanced QE of ∼31% and ∼21% at resonance wave-
lengths of 625 and 760 nm, respectively. C2 also has a higher
η at 605 and 710 nm with a corresponding QE of 32% and
26%, respectively. Both structures exhibit an overall QE
enhancement compared to the GaAs flat wafer due to the
presence of nanopyramids that enhance light trapping and

FIG. 9. (a) Comparison of η between two different nanopyramid array photocathodes C1 and C2 with the image shown in the inset (H: height, L1: top side-length, L2:
base side-length, P: period). (b) QE of different nanopyramid array GaAs photocathodes. Both nanopyramid structures have the same height H of 550 nm but vary in L1,
L2, and P (C1: L1 = 150 nm, L2 = 300 nm, P = 300 nm and C2: L1 = 232 nm, L2 = 464 nm, P = 600 nm). The QE for nanopyramids is also compared with experimentally
obtained QE for the flat GaAs photocathode,9 where a significant improvement is observed due to enhanced light trapping and Mie resonance.
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support Mie resonance. At 780 nm, η exceeds 94% and the
simulated QE is between 20% and 21% for both C1 and C2
due to co-excitation of MD and MQ modes.

From the squared field profile along the plane parallel to the
vertical crosscut of the nanopyramid as shown in Figs. 10(a)–10(d),
the co-excitation of MD and MQ modes can be identified. The
larger base area allows the nanopyramids to accommodate multiple
displacement current loops with alternating circulation directions,
which results in the formation of the MQ mode where the top
portion can only accommodate MD.

IV. CONCLUDING REMARKS

Absorption by nanosquare column array, truncated nanocone
array, and truncated nanopyramid array GaAs photocathodes were
simulated and compared with the GaAs nanopillar array and flat
wafer photocathodes. It is found that absorption is enhanced signif-
icantly at certain wavelengths compared to the flat wafer due to the
excitation of Mie resonance modes. The coupling between induced
ED and MD with the driving E and H fields of incident light has
significantly enhanced the E and H fields within the nanostruc-
tures, particularly, in <200 nm from the nanostructure’s top and

FIG. 10. Normalized |E|2 and resonance-enhanced |H|2 profiles along the plane of vertical crosscut through the nanopyramids C1 and C2 at 780 nm wavelength: (a) |E|2

distribution with electric field lines (white arrow), and (b) resonance-enhanced |H|2 distribution due to MD and MQ mode excitations in C1, (c) |E|2 distribution with electric
field lines (white arrow), and (d) resonance-enhanced |H|2 distribution due to MD and MQ mode excitations in C2. The crosses represent the inward orientation, whereas
the dots represent the outward orientation of the dipoles. The top of the nanopyramids houses only the MD, whereas the MQ appears in the core of the nanopyramids.
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<100 nm from side emission surfaces. As a result, an increased
density of photoelectrons is observed near the top and side surfaces
of nanostructures, which results in more efficient transport of pho-
toelectrons to the emission surface compared to flat photocathodes.

From the simulation of three different GaAs nanostructured
photocathodes, η is observed to be as high as 99% at resonance
wavelengths, which enables the maximum QE to reach 27% at
780 nm (for nanosquare column A1 and nanocone B3), which is
the driving laser wavelength at CEBAF, Jefferson Lab. This is signif-
icantly higher compared to the QE of ∼13% from the previously
reported GaAs flat wafer and nanopillar array photocathodes.9,10,16

The corresponding field profiles in Figs. 4 and 8 show that the
dipole mode excitation is due to sufficient retardation of incident
light field lines, which results in displacement current loop forma-
tion. For most structures, highly enhanced fields are observed near
the top half of the nanostructures. However, truncated nanocone
structure B3 shows strong absorption over about 66% of the nano-
cone height. Truncated nanocone structure offers a gradual change
of refractive index from air to the GaAs semiconductor, which
could result in reduced reflectance.27 Both the A1 and B3 structures
have a strong absorption region in less than 100 nm from the
lateral emission surface; hence, the response from these photocath-
odes can be faster than flat photocathodes. The shorter transport
distance also reduces the transport energy losses of photoelectrons.

In Mie nanostructures, the QE is expected to depend on the
doping concentration and profile. For the NEA GaAs photocathode
with exponential doping in the active layer, the QE is ∼0.3% at
800 nm wavelength where for uniform doping with concentration,
NA ¼ 1019 cm�3, the QE is ∼0.2%.28 Exponential doping increases
the diffusion and the drift length of electrons in the active layer
due to the formation of a built-in electric field.28 Also, with gradi-
ent doping in the active layer, photoemission from the NEA GaAs
photocathode was improved when excited by 700–800 nm light.29

For the nanostructures presently studied, a built-in electric field
directed toward the top emission surface would increase the drift of
the photoexcited electrons toward the top of the photocathode,
hence reducing emission from side walls, which would reduce the
beam emittance angle. It is also conceivable that sidewall emission
may affect the dipole layer deposited on neighboring pillars and
cause the QE to degrade with time. If this is the case, then optimi-
zation of nanostructure doping, shape, and period will need to be
considered.

Besides the consideration of photocathode efficiency, the
ability to fabricate nanostructured photocathode needs to be con-
sidered. GaAs nanopillar photocathodes were fabricated and their
QE was measured after activation.16 Their fabrication process
requires the deposition of SiO2 and the photoresist layer on a
p-type GaAs (100) substrate. A hexagonal nanopillar array pattern
was then imprinted on the photoresist layer by surface conformal
imprinted lithography. Later, the patterns were transferred to the
GaAs substrate by reactive ion etching.16 GaAs nanocones were
fabricated for photovoltaic applications using reactive ion
etching.27,30 A monolayer of silica nanospheres was used as mask
for the fabrication of GaAs nanocones with high precision.27 Also,
GaAs hexagonal and cylindrical pillars were fabricated by selective
area epitaxy31 and electron beam lithography.16,32 To our knowl-
edge, there were no reports on fabrication of the GaAs nanosquare

column. Electron beam lithography can be used to fabricate the
GaAs nanosquare column structure with our desired size (A1).
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