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The development of photoemission electron sources to specifically address the competing and increas-
ingly stringent requirements of advanced light sources such as x-ray free-electron lasers (XFELs)
motivates a comprehensive material-centric approach that integrates predictive computational physics
models, advanced nanosynthesis methods, and sophisticated surface-science characterization with in situ
correlated study of photoemission performance and properties. Related efforts in material science are
adopting various forms of nanostructure (such as compositionally graded stoichiometry in heterostructured
architectures, and quantum features) allowing for tailored electronic structure to control and enhance opto-
electronic properties. These methods influence the mechanisms of photoemission (absorption, transport,
and emission) but have not, as yet, been systematically considered for use in photocathode applica-
tions. Recent results and near-term opportunities are described to exploit controlled functionality of
nanomaterials for photoemission. An overview of the requirements and status is also provided.
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I. INTRODUCTION

Future generation x-ray light sources are considered
to be the instruments of discovery science across an
increasingly wide array of disciplines [1]. Extremely short,
intense, coherent x-ray pulses can probe the structure and
dynamics of matter on length and time scales defined by
molecular resonances, electronic transitions, and the spa-
tial scale of atomic bonds [2–4]. Grand challenges ranging
from drug discovery to protein folding, and many aspects
of national security, require the ability to observe and even
control matter at these unprecedented scales [5]. Realiz-
ing this potential depends critically upon improvements
in electron sources [6]. A design capability at the cath-
ode is essential for obtaining the needed gain in x-ray and
high-performance free-electron lasers (FELs) [7–9].

FELs (and accelerators requiring emittance-dominated
beams) require, first, that the electron beam be focused
inside the laser beam, and second, that the gain
be maximized. The first requirement entails a severe
constraint when the laser wavelength is small, as

*nmoody@mailaps.org

for x-ray FELs (XFELs), and the second require-
ment entails that the current I be as large as pos-
sible. They are compactly addressed by demanding
that brightness be high, where B is related to beam
current I and emittance ε by B ∼ 2I/(γβε)2, where
β = v/c and γ 2 = 1/(1 − β2) are the usual rela-
tivistic factors. The remaining term, emittance (more
often represented as normalized rms emittance εn,rms)
governs the manner in which a beam spreads, with greater
spreading as the beam propagates being identified with
higher emittance. Specifically, emittance from a flat cir-
cular emission area goes as the product of the square
root of the area (πρ2

c ) of the emitting surface with the
mean transverse energy (MTE) of the electrons as they
are emitted, and so generally εn,rms ∝ ρc

√
MTE up to fac-

tors of order unity and constants such as mc2 related to
the electron rest energy [10]. A related concern, in par-
ticular for future XFELs, is that the electron bunches be
compressed or have designed pulse shapes, and this gen-
erally demands subpicosecond rise-fall times of the bunch,
translating into demands on emission promptness from the
photocathodes. Low-electron-affinity semiconductors gen-
erally have the highest quantum efficiency (QE), defined
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as the ratio of emitted electrons to incident photons, but
this usually comes at the expense of emission promptness.
This is partly due to emission of electrons that have ther-
malized during transport to the surface as a consequence
of deep laser-penetration effects, and such thermalized
tails indeed affect promptness and longitudinal emittance
[11,12]. These relationships are explained in greater detail
in the next section. Insofar as QE and εn,rms increase with
photon energy, and QE and response time both increase
by exploiting otherwise fragile coated semiconductors,
the various demands on the photocathodes clearly and
unavoidably demand a balancing of priorities.

XFELs place demands on photocathodes that are
presently unmet by existing photocathode technologies
because requirements for simultaneously obtaining high
QE and low emittance are correlated with bunch shape,
and both QE and emittance are themselves related such that
improving one compromises the other [10,13–22] because
of the inversely linked physics elaborated below [23,24].
These issues remain even though aggressive and substan-
tial efforts have been undertaken to reduce the MTE that
figures prominently in the emittance figure of merit. Efforts
include minimizing uncorrelated emittance growth affected
by space-charge forces through beam shaping of the initial
distribution [11] (thereby requiring photocathode response
times smaller than a picosecond) [25], increasing the pulse
length so as to enable smaller laser spot sizes [26], altering
the degree of band bending at the surface of a semicon-
ductor photocathode such as GaN so as to limit scat-
tering effects and the randomization of momentum gain
near the surface [26], and controlling the surface rough-
ness by improving the surface preparation procedures
in III-V negative-electron-affinity (NEA) photocathodes
[27,28].

Using ultracold photoemitters is a means of reducing the
MTE: when MTE is very low, disorder-induced heating
(that is, the binary interaction of electrons in the beam)
can become a significant effect [29], and investigation is
underway to study how surface nonuniformity as a conse-
quence of crystal-face variation induces MTE growth [30].
Pulse shaping, however, requires very fast (subpicosecond)
response times from the photocathodes to enable both
short duration and a pulse-shaping capability. Addition-
ally, although traditional photocathode candidates have
reached limits on further emittance reduction due to sur-
face roughness [31,32] and the chemical roughness asso-
ciated with work-function variation on grains, progress
in controlling roughness using codeposition [33] in con-
junction with stoichiometry [28] have been reported.
Apart from broad modifications to the cathode in the
form of doping and coatings, the engineering of photo-
cathode properties has not, as yet, made use of recent
advances in semiconductor heterostructures and nanoscale
features. Paths forward discussed herein include the fol-
lowing:

TABLE I. Photocathode metrics: quantum efficiency,
emittance, response time, lifetime, and ruggedness.

Metric What it affects Target goal

QE Bunch charge yield Large
εn,rms Beam spreading Small
�t Pulse shaping Fast
Lifetime Operational duration Long
Ruggedness Survivability in rf Insensitive

(a) Control of electronic energy structure in the material
by quantum-confinement methods

(b) Heterostructured surface layers that act as filters
or energy selectors when photoexcited or fed by broad
electron distributions [34]

(c) Stoichiometric control over optical properties, band
gap and transport properties, and band bending or field
penetration

(d) Improvement of surface stability through the use of
protective layers

This paper provides an overview of such nanostructures
and techniques, including recent results and future paths
toward integration, but firstly it is crucial to understand
the impact of photocathode metrics on the architecture and
performance of XFELs.

II. PHOTOCATHODE METRICS RELEVANT FOR
XFELS

Broadly, improvement is needed in each of the five pho-
tocathode performance metrics listed in Table I: (i) QE (in
the form of peak and average current for a given drive
laser intensity and duration), (ii) emittance εn,rms (in the
form of spatial spreading in the electron beam as it propa-
gates), (iii) response time �t, (iv) operational lifetime, and
(v) ruggedness in a photoinjector environment. Simultane-
ous improvements in all of these parameters are needed but
meeting all such goals has proven unrealistic with existing
bulk photocathode materials.

The entanglement of quantum efficiency QE, emit-
tance εn,rms, and response time �t originates with the
physics of electron transport through the bulk material and
the barrier conditions at the surface [10,26,35]. Namely,
material-dependent properties entail complex tradeoffs,
most notably with respect to the band gap Eg and effective
mass meff of the electron, the optical constants (n, k) that
govern the laser-penetration depth δ(ω) and the reflectivity
R(ω), and the electron affinity Ea or work function 
 that
are affected by both carrier concentration and the presence
of volatile coatings such as cesium. Both QE and εn,rms
increase with photon energy [10,35], and QE increases as
response time increases [25,26]. Both the deeper penetra-
tion and longer mean free paths for photoexcited electrons
affect the response time of semiconductor photocathodes.
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In metals, photons can excite electrons with an energy up
to �ω − 
 (for Cu, 
 = 4.5 eV), whereas in semiconduc-
tors up to �ω − Ea − Eg (for Cs3Sb, Ea + Eg is 1.9 eV)
so that the MTE can be larger, thereby increasing emit-
tance depending on how much the photon energy exceeds
the emission barrier. Accordingly, the normal (or forward)
energy is also larger, which leads to increased QE (they are
linked, as the total electron energy is the sum of the for-
ward energy and MTE). And lastly, although lifetime and
ruggedness appear to be distinct from QE and εn,rms, they
are not: compensating for low QE by increased drive laser
power causes heat-induced damage and ion back bom-
bardment can damage coatings in addition to the crystal
lattice. Such changes affect both bulk transport and surface
emission, making measured QE and εn,rms at a particu-
lar moment in time a consequence of the history of the
photocathode while at the same time being dependent on
the conditions under which the photocathode is forced to
perform. Attempting to lower emittance by exciting very
close to the emission threshold (i.e., limiting the excess
energy of emitted electrons) is also problematic: emittance
varies as

√
�ω − φ) for metals and so QE falls off catas-

trophically when approaching the threshold (QE varies
as (�ω − φ)2). These complex and interrelated tradeoffs
make it very challenging to decouple the most dominant
linkages between them and motivate the use of tailored or
engineered electronic states.

The reconsideration of the evaluation of QE for semi-
conductors in the moments framework [23,24] (which
shares common features with Spicer’s three-step model
[10,36,37]) demonstrates the viability of the method for
semiconductors, and therefore supports expectations that
the same methods may also apply in the moments equa-
tions from which εn,rms is evaluated. Consequently, the
Dowell-Schmerge relation for metals [Eq. (5) below] may
require modifications for semiconductors, although the
evaluation of the relation is in progress. As the analy-
sis shows, metals and semiconductors differ through the
nature of the effective electron mass, the emission proba-
bility, the existence of a band gap, and the behavior of band
bending. Critically, they additionally differ in the nature of
the scattering processes that affect electron transport and
escape.

The scattering rate (electron-electron in metals is fast,
electron-phonon in semiconductors is slower) in conjunc-
tion with the laser-penetration depth and the surface barrier
all affect how fast and how long emission from photo-
cathodes occurs [38]. Figures 1 and 2 illustrate the cor-
relations between QE, εn,rms, and response time. Metals
have short laser-penetration depths and electron-electron
(e-e) scattering rapidly reduces electron energy to below
the work function because such collisions tend to share
the energy of the colliding particles amongst the colli-
sion products. Semiconductors have deeper penetration
depths but also a magic window forbidding e-e scattering
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FIG. 1. Comparison of bunch charge Qbunch (red line and cir-
cle), εn,rms (blue line and square), and average beam current Iave
across several classes and/or examples of existing and future
electron source applications (based on discussions in Ref. [39]).
Ultra-fast electron diffraction (UED) and microscopy (UEM) are
time-resolved imaging techniques; these and other applications
mentioned are discussed further in Ref. [39]

because no electron final states exist within the band gap.
Phonon energies tend to be less than 100 meV (e.g., the
Debye energy of Cu is 27 meV, of Si is 54 meV), and
so electron-phonon (e-ph) scattering does not reduce the
energy as rapidly as (e-e) scattering, making it less detri-
mental to emission. Thus, QE improves, but response time
is lengthened.
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FIG. 2. QE vs response time for classes of photocathodes,
based on Fig. 14 in Ref. [38]. Dominant scattering mechanisms:
electron-electron (metals like Cu); electron-phonon (semicon-
ductors like Cs3Sb); drift diffusion (NEA like GaAs).
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Lastly, a cesiated metal surface likewise improves metal
photocathode QE by reducing the emission barrier [20]. In
the case of semiconductors like GaAs and GaAsP, cesium
termination of a surface (much like hydrogen termination
of diamond) removes the barrier altogether and results in
NEA surfaces, for which the vacuum level is below the
conduction-band minimum. The absence of a barrier addi-
tionally has consequences for response time: thermalized
electron populations generated deep in the bulk (up to a
μm) can reach the surface and by virtue of NEA contribute
to emitted current. Because they are drift-diffusion elec-
trons, their contribution is in the form of long tails in the
pulse that persist up to tens of picoseconds.

However, the inclusion of cesium as a surface layer neg-
atively impacts ruggedness and lifetime [13,14,40,41]. The
same mechanisms that improve transport and barrier height
negatively impact response time and emittance [35]. The
state of the surface, whether a polycrystalline vs single-
crystal material, may also act as sources of increased
emittance through geometric roughness and work-function
variation [27,42,43].

Emittance is caused by several processes at various loca-
tions in relation to the surface of the cathode (termed
surface emittance):

(a) Intrinsic emittance due to transverse-energy compo-
nents in the emitted electron distribution itself, including
changing electron effective-mass effects as the electron
transits from the material into vacuum

(b) Rough surface emittance due to electrons being
launched in directions at an angle to the beam direction
caused by geometric surface structure in the form of ridges
and protrusions and

(c) Applied field emittance due to the surface electric
field at the cathode

Of these, the intrinsic emittance is often comparatively
large (e.g., Fig. 23 of Ref. [44]) and its reduction is,
therefore, one of the highest priorities influencing cathode
design. Additionally, other sources of emittance (image
charge or wakefield, space charge due to nonuniform emis-
sion, and optical aberrations and space charge) occur but
do so at increasing distances (millimeters to centimeters
and beyond) from the cathode surface.

Operational lifetime is another important metric for
practical utilization of a photocathode in a particular elec-
tron gun. Here, we first call attention to the processes
responsible for degradation and discuss how these will
also affect other photocathode metrics. Although the phe-
nomenon of photocathode QE degradation is well known
[45], an understanding of the underlying processes has
remained vague, as evidenced by the use of terms like
poisoning [41] and routine quoting of 1/e lifetimes, even
when the published data exhibits nonexponential QE vs
time dependencies.

The view of this perspective is that as photocathodes
advance, an understanding of cathode degradation and its
quantitative description must likewise evolve. Ion back
bombardment is the dominating mechanism of QE degra-
dation in many cases, but its characterization is compli-
cated because physical destruction of the cathode usually
takes place. Another principal QE degradation mechanism,
oxidation by residual gases, has recently been used to study
the evolution of a photocathode’s surface and its impact
on photoemission in a controlled way. Significant progress
has been made in understanding the chemical recon-
struction of the cesiated GaAs surface upon exposure to
molecular oxygen [46–48], but only recently has a kinetic
model [49] based on experimental data [48] explained
nonexponential QE degradation dependencies by taking
into account an intermediate, physisorbed, state of the
oxidizing gas molecules. We consider this an important
refinement, because neglecting this state leads to inac-
curate estimates of the surface reaction rates. More
importantly, the kinetic model defines a universal QE
degradation metric as a set of three reactions rates
(physisorption, desorption, irreversible oxidation) [49],
instead of widespread but ambiguous lifetime expressed by
pressure over a time integral in Langmuir units.

A limitation of the kinetic model is that only abrupt
changes in the electron affinity are assumed to drive a
surface site from a photoemissive to a nonphotoemissive
state. This can be remedied, but the adoption of a com-
posite reaction-rate lifetime metric will ultimately depend
upon its practical utility in the field. Future models of
QE degradation will need to incorporate the net result of
reversible and irreversible surface chemical reactions, each
with its own rate (activation energy) [49] and effect on
electron affinity [50]. Since the known processes respon-
sible for QE degradation are limited to a few monolayer
depths, optical and bulk electronic properties of a pho-
tocathode are not affected. Therefore, the link between
the future QE degradation models and other photocath-
ode metrics resides in considering the time evolution of
a microscale spatially modulated Ea + Eg . It is worth not-
ing that oxidizing a cathode usually increases the electron
affinity only after a certain submonolayer threshold. For
coverages below the threshold, an activation, or enhance-
ment of longer wavelength response due to lowering of
the electron affinity, is observed [51], but these effects will
likely manifest differently (if at all) in the nanostructured
cathodes advocated below. Hence, careful consideration
is required to predict, for example, transverse emittance
changes during oxidation of a photocathode illuminated by
a laser with a wavelength close to photoemission thresh-
old. Experimental validation of future comprehensive QE
degradation models should be based on precise continu-
ous monitoring of the full spectral response evolution (as
well as background gas composition using a residual gas
spectrometer tool) during the photocathode degradation
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process, correlated with surface-state diagnostics [47], and
beam-emittance measurements.

A. Impact of photocathode performance on XFELs

Numerous studies, mostly based on the Ming-Xie gain-
length paramaterization method [52], show how reductions
in emittance improve both peak output power and pho-
ton energy of various self-amplified stimulated emission
(SASE) XFEL designs [53]. The goal for a SASE XFEL
design is to achieve high electron-beam energy γ with high
peak current Ipeak while maintaining low emittance εn,rms,
and small energy spread σδ so that x-ray output power
P(z), at x-ray radiation wavelength λfel, grows exponen-
tially with undulator distance z until saturation is reached
either at saturation length Lsat or the end of the undulator
(Lu) [54]. The relations governing XFEL performance are
as follows:

P(z) = P0 exp(z/Lg)|z<min(Lu,Lsat), (1)

Lg ≈ λu

4π
√

3ρ
, (2)

εn,rms < γ
λfel

4π
, (3)

σδ = ση

Eb
< ρ ≈ 1

4

(
Ipeakλ

2
u

2π2IAβεn,rms

K
γ

2)1/3

, (4)

where K is the undulator field strength, ρ is the FEL
parameter, Lg is the FEL gain length, and IA = 17.5 kA is
the Alfven current.

A case study (based on the Ming-Xie formula) is pre-
sented here for parameters in Table II equivalent to those
of LCLS-II/HXR [54]. Figure 3 shows that a reduction
in normalized emittance enables higher x-ray output per
pulse and significantly higher photon energy for a constant
electron-beam energy Eb = 15 GeV and fixed undulator
length Lu = 140 m. This example illustrates why emit-
tance reduction is usually a high priority: it provides strong

TABLE II. LCLS-II/HXR case study parameters.

Parameter Definition Value

Eb Beam energy 15 GeV
ση Energy spread 1.5 MeV
Lu Undulator length 140 m
λu Undulator period 26 mm
Ipeak Peak current 3.5 kA
β Mean beta 30 m
Qb Bunch charge 100 pC
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FIG. 3. Illustrating the important role of emittance in XFEL
performance: x-ray pulse energy (mJ) vs output photon energy
(keV), using the analysis of Ref. [52] and machine parameters of
LCLS-II/HXR [54] shown in Table II. A reduction in normalized
emittance is seen to increase peak photon energy.

leverage for achieving better SASE XFEL performance
[55]. Additionally, lasing becomes increasingly sensitive
to emittance growth at higher x-ray photon energies, as
shown in Fig. 4. Historically, emittance in the accelerator
was dominated not by the cathode thermal emittance but
by the beam dynamics in the photoinjector [56]. Emittance
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FIG. 4. X-ray output (photon per pulse) as a function of nor-
malized emittance for the various photon energies indicated (for
bunch charge Qb = 100 pC and a fixed electron-beam energy
of 15 GeV). This illustrates why submicron emittance is typ-
ically required for lasing near approximately 22 keV and that
the sensitivity to emittance increases at higher photon energy.
The direction of the gray arrow indicates increasing photon
energy (keV).
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entire bunch), showing that emittance plays a role in photoin-
jector beam dynamics that affect SASE XFEL machine architec-
ture: for a given bunch charge Qb = 100 pC, reduced thermal
emittance allows for shorter bunch lengths, which, in turn,
improves machine performance by relaxing bunch compression
requirements.

reduction at the cathode was, therefore, not a high priority
since such efforts would be inevitably negated.

Modern photoinjector designs, however, have evolved
to the point where the intrinsic emittance (that is, the con-
tribution to the emittance due to the cathode, elsewhere
termed thermal emittance as an equivalent designation [6])
limits both existing and future XFEL designs and upgrades
[39]. The impact of suppressed cathode thermal emit-
tance on future machine upgrades, can be illustrated as in
Figs. 5 and 6. Figure 5 shows the photoinjector tradeoff
between cathode response time (electron bunch length) and
field gradient: for a given field at the cathode, suppressed
thermal emittance allows for shorter bunch lengths [57].
Shorter bunch length out of the photoinjector is beneficial
in terms of machine cost and complexity because it reduces
downstream bunch compression ratios. Figure 6 shows
that for a desired x-ray performance target (approximately
22 keV in the LCLS-II/HXR example), emittance reduc-
tion allows lasing at a lower electron-beam energy despite
increased relative energy spread. Since lower electron-
beam energy equates to significant savings in both cost
and footprint of a large-scale user facility, the high priority
and focus on emittance suppression is justified. Further-
more, in terms of existing facility upgrades, cathodes are
generally much easier to improve and upgrade than other
critical components such as linacs, undulators, or periodic
focusing magnets, etc. Cathode optimization, therefore, is
increasingly viewed as a straightforward and cost-effective
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FIG. 6. X-ray pulse energy (mJ) at 12 keV as a function of
electron-beam energy for several values of normalized emit-
tance, demonstrating that lasing at this performance target can
be achieved at lower electron-beam energy if emittance is
suppressed.

upgrade path for existing facilities while also enabling
greater trade space for future XFEL designs.

B. Model of QE and emittance

Quantum efficiency and emittance εn,rms have received
significant attention in efforts to develop predictive mod-
els. The phenomenological three-step model of Spicer
[36,37,58] has not only proven useful in predicting QE,
but also in evaluating emittance [10,59], a feature com-
mon to the similar moments-based models [17,23] applied
to metal photoemitters. The underlying physics for metal
photocathodes was shown by Dowell and Schmerge [10]
to enable expressing QE as a function of emittance εn,rms,
leading to the Dowell-Schmerge relation

QE ∝ ε4
n,rms, (5)

that holds reasonably well for photon energies �ω near
the Schottky-reduced work function φ = 
 − √

4QF . It
demonstrates that improvements in QE and reductions
in emittance are oppositional: both increase with pho-
ton energy [10,35]. Moreover, QE generally increases as
response time increases [12,25,26,38,60,61], so for con-
ventional bulk metal photocathodes, laser wavelength and
pulse duration are the only adjustable parameters available.

Treating semiconductors requires additional physics
(e.g., band bending, barrier shape, and effective-mass vari-
ation), and has not yet resulted in a relation with the
aesthetic simplicity of Eq. (5). Nevertheless, a reconsid-
eration of QE using the moments model makes probable
a similar linkage between QE and εn,rms. Semiconduc-
tors such as Cs3Sb and K2CsSb can be treated by the
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moments model if modified by physics related to effec-
tive mass, band-gap modifications, band bending, and a
more complex tunneling barrier [62]. Reflectivity R(ω) and
laser-penetration depth δ(ω) are evaluated using variants
of a Lorentz-Drude model, and the relaxation time τ(E)

governing the mean free path l(E) of photoexcited elec-
trons accounts for e-e and e-ph scattering contributions.
QE is then a ratio of currents and of the form

QE = {1 − R(ω)} M1(kx)

2M1(k)|D=1,fλ=1
, (6)

where kx = k cos θ , D(E) is the transmission probabil-
ity for emission, fλ governs the loss of electrons due to
scattering in the fatal approximation, and

Mn(kx) ≡ 2
(2π)3

∫
kn

x f (�k)d�k. (7)

Other factors account for the occupation of the initial and
final scattering states.

Semiconductor QE differs from metals. For metals, the
initial and final occupation factors are (as temperature
T → 0)

fFD(E)[1 − fFD(E + �ω)] → �(μ − E)�(E − μ + �ω),
(8)

where E is the electron energy, fFD is the Fermi-Dirac
distribution, and �(x) is the Heaviside step function. Addi-
tionally, the transmission probability is a step function, or
D(E) = �(E − μ − φ), where μ is the Fermi energy and
φ = 
 − √

4QF is the Shottky-reduced work function in
response to field F = qE , and Q = 0.36 eV nm. Account-
ing for absorption, transport and emission for metals,
therefore, gives rise to (compare Ref. [10])

QE ≈ (1 − R)

∫ kF
km

k2dk
∫ xm

0 (�kx/m)fλ(x, p)dx

2
∫ kF√

k2
F−k2

ω

k2dk
∫ 1

0 (�k/m)dx
, (9)

where x = cos θ , xm = cos θm, �2k2
F/2m = μ, �2k2

m/2m =
μ − �ω, and �2k2

ω/2m = �ω. The integrand vanishes for
x = xm. Also, fλ(cos θ , p) = cos θ/(cos θ + p), where θ is
the angle with respect to normal to the surface, and p =
δ(ω)/l(E), where l(E) = �k(E)τ (E)/m is the mean free
path and E = �2k2/2m. The evaluation of Eq. (9) can be
shown to be proportional to (�ω − φ)2 to leading order.

How semiconductors differ is as follows. First, the pho-
toexcited electron must have an energy above the band
gap Eg . Second, assuming the barrier at the surface has
an increased triangular shape as per Spicer, the Schot-
tky barrier (image charge) transmission probability D(E)

is the triangular D	(E) treated by Fowler and Nordheim
[63] (but see Ref. [64]). Lastly, a magic window exists for

semiconductors, where scattering effects are not fatal as for
metals. For semiconductors then,

QE = (1 − R)

∫
�ω−Eg

Ea
EdE

∫ 1
xm

xdxD�[Ex2]fλ(x, p)

2
∫ �ω−Eg

0 EdE
∫ 1

0 dx
, (10)

where xm = √
Ea/E with E the energy of the photoexcited

electron. The transmission probability for an electron with
normal energy Ez for a triangular barrier is [24,65]

D	(E′) ≈ 4[E′(E′ − Ea)]1/2

(E′1/2 + (E′ − Ea)1/2)2
, (11)

where E′ = E cos2 θ . Approximating the angular integra-
tion by the trapezoidal approximation,

∫ 1

xm

xD(Ex2)
x

x + p
dx ≈

√
E − √

Ea

2(1 + p)
√

E
D(E), (12)

where p = δ(ω)/l(Ea) as the lower bound, leading to

QE ≈ C(1 − η)(1 − √
η)D(Em), (13)

where η = Ea/Em. Note that C ∝ (1 − R)/(1 + p) and
includes other factors that affect QE [e.g., a scale factor to
account for the underestimation of QE by using Eq. (12)].
In terms of the dimensionless s2 = (�ω − Eg − Ea)/Ea
then QE is

QE ≈ 2Cs5

(1 + s2)(1 + √
1 + s2)(s + √

1 + s2)
. (14)

Contrast Eq. (14) with the parametric form of Spicer [58]
that is equivalent to

QESpicer = (�ω − Eg − Ea)
3/2Go

(�ω − Eg − Ea)3/2 + γ
≡ s3G′

o

s3 + γ ′ , (15)

where Go is a constant. Such a parameterization gives
different values of (Go, γ , Eg + Ea) for different mea-
surements, e.g., (0.186, 0.699, 2.04) for Spicer [58] and
(0.397, 1.70, 1.88) for Taft and Philipp [66], as per Ref.
[24]. By comparison, Eq. (14) performs well in the inter-
mediate energy regime where s is of order unity, but
asymptotically has an s5 dependence as s → 0 and an s1

dependence for s � 1. Equation (14) is superior for mod-
eling the quantum efficiency of Cs3Sb for data taken by
Spicer [58] as well as Taft and Philipp [66], as shown
in Fig. 7: differences are accounted for by p , for which
the smaller C associated with Spicer implies a larger p
and, therefore, a smaller mean free path. Consequently,
whereas QE ∝ (�ω − φ)2 for metals, for semiconductors,
the power p differs from 2. Accounting for a scattered
electron contribution will also affect the overall scale, but
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FIG. 7. Comparison of the data of Spicer [58] and Taft and
Philipp [66] for cesium antimonide (Cs3Sb) (symbols) compared
to Eq. (14) with C = (1 − R)/(1 + p).

can be accounted for by amending QE with a wavelength-
dependent coefficient [35]. Thus, the relationship between
QE and εn,rms for semiconductors will likely show a power-
law relation as in Eq. (5) but with a different power. Stating
that QE and εn,rms are coupled for bulk materials in general
is therefore warranted.

Numerical QE calculations are vetted against data in the
literature, as shown in Fig. 8. Although Eq. (14) presumes
a constant value of C [it should vary because R(ω), δ(ω),
and l(�ω − Eg − Ea) vary], the correspondence is good.
Compared to more recent data for K2CsSb, albeit with the
presence of N graphene layers [71], with N = 5 and 8, is
shown in Fig. 9. Adding a graphene layer may modify the
transmission probability [72] and will be treated separately
[64], although note that for photon energies in excess of
twice the band gap, the magic window [38] of semiconduc-
tors is surmounted and electron-electron collisions begin to
shorten the mean free path l(E).

Note that C contains numerous internal factors, specif-
ically the reflectivity and the ratio of the laser-penetration
depth δ(ω) to the mean free path l(E), and implicitly
includes the fraction of the illuminated surface that is emit-
ting. In Eq. (14), these factors cannot be separated, but a
proper numerical evaluation of Eq. (10) using actual opti-
cal data, or even a Lorentz-Drude model, will begin show-
ing the impact of graphene layers on the electron emission,
and such a study is in progress. Interestingly, although the
theory line of Fig. 9 closely matches the 8L and 5L data
lines up to �ω ≈ 3 eV, a departure between theory and data
occurs, with the theory increasing as the data decreases
until by �ω ≈ 4.6 eV there is a factor of 2.5× difference
between them. The nature of a graphene layer on a cop-
per surface was therefore examined theoretically, and the
analysis is separate [64].
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FIG. 8. Comparison of the data of Bazarov et al. [67],
Michelato et al. [68] (represented after Ref. [69]), and the
HIBAF experiment [70] compared to Eq. (14) with C = (1 − R)/

(1 + p). The vertical dashed lines correspond to common laser
wavelengths and are (from left to right) for λ = 655, 532, and
405 nm.

III. MATERIAL DESIGN APPROACH

The linked metrics of conventional photocathodes
described above are a consequence of transport through
an unstructured bulk and a surface that, when it impedes
emission of thermalized carriers, acts only to provide an
obstacle over which electrons must pass. Several of
the most significant developments in semiconductor
nanofabrication and heterostructure, nanocrystalline, and
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FIG. 9. Comparison of Eq. (14) with C = (1 − R)/(1 + p) to
recent measurements of K2CsSb with N graphene layers, with
N = 5 or 8. Vertical dashed lines correspond to common laser
wavelengths and are (from left to right) for λ = 655, 532, 405,
375, and 266 nm.
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superlattice fabrication capabilities go well beyond this
and remain underutilized [73–77]. These include uti-
lizing: compositionally graded semiconductor materials
with widely tunable band gaps; heterostructure architec-
tures, quantum wells, quantum tunneling, enhanced carrier
transport using internal electric fields and superlattices
consisting of nanoscale structures (e.g., quantum dots
where quantum confinement restricts emission from dis-
crete energy levels). These emerging capabilities allow,
to varying degrees outlined below, tailoring of composi-
tion and electronic structure to influence the fundamen-
tal mechanisms of photoemission: absorption, transport,
and emission. Importantly, the requisite material synthesis
capabilities have recently matured over roughly the same
timescale as theoretical techniques have emerged allowing
for computational studies of photoemission physics from
these new material systems. A comprehensive material-
centric approach to cathode design suggests, at minimum,
the close integration of four key elements: (i) computation
materials physics models; (ii) nanoscale material synthe-
sis techniques; (iii) in situ surface-science characterization;
and (iv) correlation of specific material properties (such as
electronic structure) with electron-beam-emission charac-
teristics (such as thermal emittance). Each area is discussed
below by examining recent results that may benefit cathode
design.

A. Computational materials physics and modeling
tools

A prerequisite for exploiting design opportunities
offered by band structure engineering (BSE) of quantum
wells, dots, nanocrystals, graphene layers, heterostruc-
tures, and graded composition heterostructures, is the cou-
pling of computational physics models to experimental
investigations and evolving applications. For example, QE
alone is no longer the primary metric, but is one of a
number of metrics, such as QE plus low thermal emit-
tance plus long cathode lifetime and short response time
[12,54,78]. The modeling framework being pursued herein
conjoins computational materials physics frameworks such
as density-functional theory (DFT), tight binding methods,
and electronic structure calculations [79], with field and
photoemission theories (e.g., moments-based emission and
transport models coupled with quantum-mechanical trans-
fer matrix methods [35,72,80]). Predicting photocathode
performance for graded compositions with heterostruc-
tures or quantum features has necessitated the creation of
new theoretical models encompassing both computational
materials physics and emission and transport, broadly
characterized by (i) quantum effects such as resonant
tunneling, photoexcitation from discrete energy levels,
and quantum-mechanical emission models from discrete
energy levels; (ii) optical and material effects that gov-
ern the nature and location of absorption and excitation,

as well as band bending and surface barrier properties; (iii)
heterostructure effects that govern normal energy transport,
but also impact surface ruggedness, influence emission
barrier properties and emission time; and (iv) and doping
profiles and their effect on internal electric fields.

The DFT, tight binding, and electronic structure mod-
els provide theoretical replacements to historically absent,
ad hoc, and empirical relations for material and optical
parameters in the moments-based (distribution) approach
to modeling photocathodes. They provide the band edge
relations needed by transfer matrix approaches for the eval-
uation of resonant and quantum effects in heterostructures
as shown in Fig. 10. They also assist in developing models
of quantum wells and dots and the laser-excitation inter-
actions needed by the more phenomenological theoretical
models under development.

Computational materials physics methods include var-
ious approaches that can be used to find the effect
of material properties, heterostructure constructions, and
applied fields on the emission properties of engineered
confined-electron structures (including quantum wells and
dots). Each method operates in a spatial regime that
has applicability to heterostructures for treating potential
variation at interfaces at an atomic level up to model-
ing current flow, carrier transport, and mesoscale fea-
tures. Density-functional theory is perhaps the best known
method, but other computational approaches include DFT-
Hartree-Fock (for heterostructure and nanoscale features),
molecular dynamics (for atomic scale simulations), dissi-
pative particle dynamics and lattice Boltzmann or cellular
automata methods (for mesoscale simulations), continuum
mechanics and fluid dynamics, and simulations based on
macroscopic transport equations (for finite differences and
finite elements). A collection of interesting discussions
concerning materials simulation at different spatial scales
and their coupling using computational methods are given
in Ref. [81]. These suggest the following priorities:

(a) Near-term: Incorporation of computational materi-
als physics methods to treat band-gap tailoring, doping,
effective-mass variation, optical parameters controlling
laser-penetration depth and reflectivity, field penetration,
and material parameters in beam optics codes

(b) Long-term: Modeling of band bending and band-
gap variation by graded stoichiometric variation and
doping to tailor photoabsorption characteristics; het-
erostructures, doping, intrinsic electric fields, and quantum-
confinement models and their impact on electron emission
behavior as related to QE, emittance, and pulse-shaping
requirements

B. Nanomaterial synthesis and fabrication

Engineered stoichiometry and/or quantum confinement
by using quantum well heterostructures or a lattice
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FIG. 10. Effects of heterostructure barriers on filtering and
transmission probability. (Top to bottom) Potential as a function
of position for two to four barriers of height Vb = 0.75 eV, barrier
width of 0.35 nm, and well width of 1.5 nm. Transmission proba-
bility D(k) as a function of momentum k with �2k2

o/2m = Vb and
field in [eV/nm] for two, three, and four barriers in a waterfall
format (each line represents a different field).

of quantum dots, introduces absorption, transport, and
emission processes that can potentially decouple otherwise
competing metrics by discretely controlling the excita-
tion and emission energy levels, tailoring the band gap,
varying the internal electric fields, adjusting the effective-
mass variation, and specifying the dielectric and optical
properties. Among the many challenges in incorporat-
ing nanostructure in photocathode design is understanding
how the available features influence parameters govern-
ing photoemission (such as reflectance, laser absorption,
laser-penetration depth, electric-field penetration, and band
bending), such that new properties and processes emerge
that enhance photoemission (e.g., fast and direct photoex-
citation near the surface from confined energy levels in
quantum wells or dots).

1. Quantum confinement in cathode materials

Classes of reduced dimensionality and corresponding
(idealized) electronic energy levels are shown schemat-
ically in Fig. 11 spanning from bulk (3D) materials to
quantum wells (2D) to quantum wires (1D) to quantum
dots (0D). Quantum dots (QDs) are single semiconductor
nanocrystals on the order of 2–20 nm in size, as depicted in
Fig. 12, that exhibit a number of properties highly relevant
to photocathodes, such as discrete electronic states [83,84],
relaxation of carrier momentum constraints [85], and pre-
cise tuning of electronic structure and carrier behaviors
[86]. These emergent properties are a direct consequence
of quantum confinement and QD synthesis techniques
have now matured such that experimental photoemission
studies can begin in earnest [87]. Interestingly, the applica-
tions which first motivated QD development (wavelength
tunable phosphors) required suppression of photoioniza-
tion, whereas photoemission requires the exact opposite:
photoionization is a necessary step in electron emission.
The small volume defined by the dot produces a natural

dot

FIG. 11. Relation of dimensionality to energy level discrete-
ness, from bulk 3D to quantum dots.
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FIG. 12. Energy band diagram of a quantum dot and the elec-
tron and hole wave functions (left), based on Ref. [82] and the
depiction of a sophisticated QD heterostructure (right).

tendency toward photoionization, which can be exploited
(rather than suppressed) to favor photoemission.

The tuning and optimization of these material systems,
examples of which are indicated in Figs. 12 and 13,
occur by manipulating size, geometry, and composition of
the constituent nanocrystals. Strictly controlled synthesis
allows assembly into 3D superlattices [73,76] from indi-
vidual QD components, which can exhibit energy spread
on the order of kT as measured via single QD photolumi-
nesence [88,89]. Because these properties can be highly
controlled during synthesis (and validated via characteri-
zation) their tunability allows an engineering approach to
designer photocathode materials. While QDs share simi-
larities to bulk conventional semiconductor cathodes, care-
fully prepared and treated nanocrystals are also not as
chemically reactive, which further motivates their inves-
tigation for electron-beam generation, where low doses
of residual gases in the vacuum environment can often
corrupt cathode films [14,90].

Until recently, QDs were not practical for photocathode
applications due to the lack of methods for preparing

Nanocrystals

Photocurrent

FIG. 13. 3D lattice schematic showing potential energy for
electrons and holes in a periodic array undergoing photoex-
citation, resonant tunneling (dashed arrow) and photoexcited
transport (solid arrow), based on Ref. [74].

highly conductive QD films that can accommodate charge
injection, although measuring ionization potential and
effective work function of nanocrystals has emerged as
a powerful technique for the investigations of nanocrys-
talline films [91,92]. Largely driven by the needs of
QD-based photovoltaic and light-emitting technologies,
conductive films can now be achieved by ligand exchange
to small molecules [93,94] or by infilling of the inter-
QD space by metal oxides via atomic layer deposition
(ALD) [95,96]. These sophisticated methods to control QD
surfaces and interfaces, including film conduction, have
resulted in the emergence of practical QD-based technolo-
gies such as full-color displays [97], high-performance
solar cells [98,99], light-emitting diodes [82,100,101], and
photon detectors [102,103]. The optimization of electronic
excitation and transport in each of these demonstrated
applications suggests they could be applied to photocath-
odes.

Examination of multilayer QD films as photocathodes
has already begun and has shown a promising response in
a low-gradient DC electron gun configuration [87]. Pho-
toemission from PbSe, CdSe, CdSe/CdS has been studied
as a function of the excitation photon energy, intensity, and
pulse duration. The dominant mechanism in the multipho-
ton excitation regime was shown to involve short-lived hot
electrons, as determined from carrier lifetime studies car-
ried out by varying excitation pulse width. For short-pulse
emission, QDs have the potential to become charged if a
means for replenishing the electrons is not provided. Thus,
electrically conductive films must be prepared by spin-
coat methods [104–106], using a layer-by-layer approach
with treatments to remove the original surface ligands to
enhance charge mobility.

Photocurrents as high as 1 nA are achieved using
800-nm excitation (100-mW excitation power), whereas
higher-energy photons can produce up to 2 to 10 nA of
current at 10 to 50 mW. The experimental trends are highly
reproducible, as shown in Fig. 14, particularly for 400- and
266-nm excitation where nearly all photons are absorbed
by the PbSe film. By energy conservation, a single photon
(energy of 4.66 eV or less) cannot directly induce pho-
toemission from PbSe: consequently, two to four photons
must be involved per electron, depending on excitation
wavelength. Reproducibility and appreciable photocurrent
(3 to 5× higher QE than atomically clean copper) were
obtained at all wavelengths, including 800 nm. A poten-
tial advantage of using QDs for cathode applications is the
wide variety of material compositions available, includ-
ing multicomponent heterostructures, whose electronic
structure can be tailored to match design-specific needs
[86]. Thermal emittance measurements of these films are
planned [78] with the goal of correlating this metric with
QD shape and composition.

To illustrate some possibilities, a film of CdSe/CdS
core/shell heterostructure QDs is fabricated (using the
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FIG. 14. Electron-beam emission from QD films [87]: good
reproducibility of photoemission data across multiple samples of
PbSe at both 400- and 266-nm excitation.

synthesis procedures outlined in Ref. [87]) to compare
performance with single-component CdSe QDs. QD-size-
dependent photoelectron spectroscopy shows [107] that
photoelectron yield increases for smaller QDs, explained
as a consequence of the electron wavefunction extend-
ing outside of the QDs. Note that for QDs, electron
transport following excitation is very different from con-
ventional cathode materials because the wave function is
already near the vacuum surface barrier. The CdSe/CdS
heterostructures exhibit so-called quasi-type-II band align-
ment that promotes the spatial separation of electrons from
holes via reduced wavefunction overlap [82]. Because
of reduced electron-hole Coulomb interaction, removing
electrons from these core/shell structures into the vacuum
should be more efficient than in the case of core-only CdSe
QDs, and this is indeed observed experimentally.

For this core/shell composition and size (3.8-nm core
radius, band gap of 1.86 eV), the top of the valence band is
6.69 eV below the vacuum level. Therefore, two 4.66-eV
photons are required for the generation of each photoelec-
tron and this is apparent when plotting emission as shown
in Fig. 15. The maximum photocurrent is enhanced more
than threefold to 6.9 nA with the heterostructuring tech-
nique compared to core-only CdSe QDs at very modest
laser powers of 7.7–7.9 mW, showing the feasibility of
optimizing cathode performance. All QD samples exam-
ined in this study exhibited quantum efficiencies exceeding
that of atomically clean copper. Although this is sev-
eral orders of magnitude lower than the efficiency of the
best performing bulk semiconductor thin-film cathodes,
such as Cs3Sb [24] and K2CsSb [108,109] or NEA GaAs
[110], these are only preliminary studies with limited opti-
mization. Importantly, these films were briefly handled in
air while loading into a load-lock chamber, a procedure

FIG. 15. Photocurrent vs average number of excitons per QD
〈N 〉. The photocurrent scales approximately as the second and
third power of 〈N 〉 for 266- and 400-nm excitations, respectively,
consistent with the energy band diagram shown in the inset.

that would not be tolerated by bulk semiconductor cath-
odes, whose efficiencies degrade dramatically even under
< 1 × 10−10 Torr vacuum conditions [14,110]. Indeed, the
QD films showed no deterioration in performance after
several weeks in 2×10−8 Torr vacuum. Storage in air for
two months resulted in only a 55% drop in the maximum
photocurrent value when excited at the same power with
266-nm photons, comparable to copper in air [111].

2. Heterostructures in cathode materials

Heterostructure and superlattice layers introduce dis-
crete energy levels and quantum effects (e.g., resonant tun-
neling) as suggested by multibarrier structures in Fig. 10,
evaluated using an Airy transfer matrix approach [65],
where the addition of more barriers suppresses trans-
mission between resonant peaks, and puts greater struc-
ture on the peaks themselves: such a structure would be
smoothed by the rounding of physical barriers as evalu-
ated using, e.g., density-functional methods. Additionally,
a wide band-gap material used as a protective cap atop a
chemically sensitive surface may, if the bands are aligned
correctly, have little impact on the QE. Fabrication capabil-
ities include the design of pristine, ordered layers such as
graphene (e.g., Fig. 16) or other 2D films at the surface,
which in addition to modifying transport at the surface
can also impact surface sensitivity to contamination and
degradation [112].

The first examples of successful integration of pris-
tine few-layer graphene coatings with photoemission cath-
odes has occurred [114] in the form of atomically clean
bulk copper (Gr-Cu) applied to graphene photocathodes
[113] and the growth of high QE K2CsSb on suspended
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FIG. 16. Graphene consists of a single layer of carbon atoms in
a close-packed 2D honeycomb lattice (boron nitride, discussed
elsewhere, shares a similar lattice). Graphene and other 2D layers
exhibit many unique properties and the tunneling characteristics
are a result of charge density, as recently studied in conjunction
with its performance as a protective gas barrier layer [112,113].

transparent graphene substrates [71,115]. In the copper
study, the spectral response of the Gr-Cu system was mea-
sured as a function of the copper crystal face and thickness
of graphene. For monolayer graphene coatings, a reduc-
tion in work function 
 and an increase in QE is observed
for all faces with the greatest effect occurring for the 〈110〉
case.

In stark contrast to usual over-the-barrier emission pro-
cesses (which govern most photocathodes as well as all
thermionic cathodes), resonant tunneling and reflection-
less processes can substantially increase transport through
barriers and over heterostructure barriers and wells [65].

The distribution of electrons that would be filtered
through the heterostructures at the surface, or serve as the
energy levels in quantum dots that are directly photoex-
cited, can be modified or controlled by band-gap engineer-
ing using ALD, pulsed laser deposition (PLD), or MBE.
These methods can provide control over the stoichiometry
of the bulk material where photoexcitation and transport
to the surface occurs or the engineering of discrete energy
levels governing emission from quantum wells and dots.
Such control is similar to, but beyond, simple band bending
as a result of bulk doping. An engineered stoichiometry or
a purposely created quantum-confined structure, such as a
quantum well or a lattice of quantum dots, creates transport
and emission processes that can potentially decouple other-
wise competing metrics by controlling the discrete energy
levels, tailoring the band gap, adjusting the effective-mass
variation, doping, and specifying the dielectric and optical
properties. Thus, it is possible to control many of the fea-
tures upon which photoyield traditionally depends (such
as reflectance, laser absorption and penetration depth, and
field penetration and band bending) while enabling new
processes (fast and direct photoexcitation near the surface
from confined energy levels in quantum wells and dots).

Quantum confinement in 1D and 2D governs the unique
behavior of resonant tunneling diodes [116] and LEDs and
provides a practical model for employing similar resonant
behavior in nanoengineered photocathodes. Engineered
barrier structures can introduce resonances or quantum
wells imposing nontrivial structure on the transmission
probability D(Ek) that filters electron emission past the
surface barriers. The theoretical analysis of such effects
are reliant on representations of the wave function that
span the entire potential region and require numerical
approaches for analysis [117,118]. Examples are shown
in Fig. 10 for representative potentials involving resonant
transmission where band bending at the surface caused
by field penetration introduces energy levels of a separate
character but with analogous effects and which are time
dependent in conjunction with the rf fields under which
photocathodes would operate. The related transmission
probabilities show resonances and structure very differ-
ent from the step-function transmission probability gener-
ally used in three-step [10,38] or moments-based models
[15,24] of photoemission by allowing significant trans-
mission in narrow bands below the barriers, and reduced
transmission in bands above the barriers themselves (k/ko
in Fig. 10 marks the transition from below to above bar-
rier transport). Different behavior than that assumed in QE
models such as the three-step or moments model is evident.
The restrictions or modifications imposed on transmit-
ted electrons provides an opportunity for energy selection
that may be attractive even though such a structure may
degrade QE. The impact on either emittance or response
time may have the potential to be more advantageous in
some circumstances.

3. Advanced thin-film semiconductors and band-gap
engineering of photocathode materials

In the context of thin-film photocathode materials, there
are methods for utilizing nanoscale engineering to mod-
ify material properties that could favorably impact overall
photoemission processes. These methods fall into three
broad categories: tailoring a material’s optical absorp-
tion properties, improving carrier separation and transport,
and modifying the material’s crystal structure, morphol-
ogy, or architecture. It is worth noting that over the last
two decades, many semiconductor-based devices have
benefited from systematic application of one or more of
these methods to achieve record optical and electrical
performance. For example, blue LEDs utilize GaN-based
semiconductors with appropriate band-gap engineering,
doping, and quantum-well structures to achieve > 80%
efficiency for converting electrical current into optical out-
put [119]. It is our assertion that utilizing such methods for
developing the next generation of photocathodes should
provide unique paths for simultaneously achieving new

047002-13



MOODY et al. PHYS. REV. APPLIED 10, 047002 (2018)

FIG. 17. Customized surface-science characterization sys-
tem featuring in situincorporation of x-ray photoemission
spectroscopy (XPS), Auger spectroscopy, low-energy elec-
tron diffraction (LEED), and ion scattering spectroscopy (ISS)
together with material synthesis and electron-beam measurement
stations.

levels of quantum efficiency, low emittance, and longer
lifetimes.

Photon absorption is a necessary first step in photoe-
mission, and higher QEs are mostly attributable to the use
of semiconductor materials having well-defined band gaps
and relatively low electron affinities that promote electron
emission into the vacuum. For ultra-fast photocathodes,
work is underway to utilize wave-interference effects to
modulate the absorption profile (e.g., absorption as a func-
tion of depth [33]) in a way that also enhances emission
probability severalfold [120]. While largely theoretical in
nature, early studies indicate experimental confirmation
of these effects are likely. Compound III-V semiconduc-
tors (e.g., GaAs) and alkali antimonides are the most
established photocathodes offering high QEs following
appropriate surface treatments at the expense of limited
lifetimes. With a focus on solar blind photocathodes, there
has been limited success in developing wide bandgap III-
V semiconductor-based photocathodes utilizing advanced
nitride materials (e.g., GaN and AlN) as well as diamond
and other exotic materials [121–124]. In some cases, QEs
of well over 20% have been reported for NEA-treated
GaN-based photocathodes under UV illumination. Vari-
ous reports suggest that certain properties of GaN-based
semiconductors can be tailored to enhance photoemis-
sion, including band-gap engineering [125,126], doping
[127,128], utilizing inherent polarization fields [127],
nanowire structures [129], quantum-well structures [125,
126], and heterojunction schemes [122,130]. Some of
these reports show promising results for limited applica-
tion areas, but systematic investigations are lacking and
there is limited information regarding photocathode life-
times and no information on emittance measurements.

With the established energetic neutral atom-beam
lithography and epitaxy (ENABLE) nitride film growth
capability [131–133] (see description below) [134],

systematic investigations of wide band-gap GaN-based
photocathode candidates are possible. Of particular inter-
est is utilizing the broad band-gap tunability of the Ga-In-N
materials system [135] over a wide range of Ga-to-In com-
positions (band gap tunable from 3.4 eV for GaN to 0.7 eV
for InN) to optimize the optical absorption of the material
at energies just above the band gap for optimal QE and low
emittance. Thus, the inherent advantages of indium gal-
lium nitride materials (InxGa1−xN, 0 ≤ x ≤ 1), including
tunable band gaps, chemical robustness, built-in electric
fields, smooth surfaces, amenability to n- and p-type dop-
ing, and quantum-well confinement can be systematically
optimized for overall photocathode performance [136]. In
addition, wider band-gap nitride materials, such as AlN,
AlxGa1−xN, and AlxIn1−xN can be grown and incorpo-
rated into heterostructure architectures as appropriate for
tailoring optimal photocathode performance.

Band-gap engineering involves tailoring the energy
structure in a material through precisely controlled sto-
ichiometry, including changes in band-gap energy as a
function of depth in the material (e.g., graded band gaps).
Graded band-gap architectures are of particular interest
in photocathodes because such structures may provide
another novel mechanism for influencing beam emittance
that is not available in isotropic bulk materials. It should
be possible to tailor the energy-gap profile to maximize
forward transport and electron escape probability while
minimizing the final energy distribution of emitted elec-
trons. Thus, a means of directly minimizing electron-beam
emittance is possible.

In general, depth-dependent energy-gap materials are
sophisticated heterostructures that require low-temperature
thin-film growth. For the broadly tunable wide band-
gap semiconductor materials system InGaN, the unique
ENABLE method uses an energetic beam of neutral nitro-
gen atoms with kinetic energies tunable from 1 to 5 eV
as the active growth species to overcome reaction barriers,
thereby eliminating the need for high substrate tempera-
tures to activate desired surface chemistry [137]. The high
kinetic energy and high reactivity of N atoms allows low-
temperature, rapid growth of device quality GaN, InN,
and InGaN films by simultaneously exposing substrates to
energetic N atoms and an evaporated Ga and/or In metal
flux [137,138] in a clean MBE environment.

The ability to reduce film growth temperatures using
ENABLE is required for synthesis of graded band-gap
materials [131] and most of the devices based on graded
InGaN fall into the following categories: using graded
InGaN as a buffer to alleviate strain in various InGaN
based optoelectronic devices [139]; using graded InGaN
as the active layer in quantum-well devices to take
advantage of the band-gap bending and electric-field tai-
loring to enhance device performance [140]; and using
graded InGaN as the active layer in photocathodes to
take advantage of the inherent electric field for increasing
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quantum efficiency [141]. Because the direct band gap of
InGaN is tunable over a broad and relevant range of photon
energies, this material and its synthesis procedures pro-
vide a unique system for studying tailored electronic band
structures in photocathodes.

The following research priorities are suggested:

(a) Near-term: 1D quantum structures, heterostruc-
tures, and quantum-well nanostructures on metals and
simple semiconductors, band bending in semiconductors

(b) Long-term: superlattices, discrete energy levels
associated with resonant structures, quantum wells, 2D
electron gases, and surface nanoengineered structures to
filter and tune discrete E levels and tunneling and trans-
port properties with differing impacts on QE, εn,rms, and �t
linkages

C. In situ surface-science characterization

A key requirement in utilizing the tools of surface
science in photocathode studies is that they occur in situ
(e.g., in the same pristine vacuum environment) as other
functions such as material synthesis and beam physics
measurements. Many techniques are used for materials
chemical analysis and crystal structure measurements on
photocathodes. X-ray diffraction (XRD) and low-energy
electron diffraction (LEED) are used for crystal structure
analysis. X-ray fluorescence (XRF), Auger spectroscopy,
ion scattering spectroscopy (ISS) and x-ray photoemission
spectroscopy (XPS) are used for chemical and stoichio-
metric information. For imaging and surface morphol-
ogy, atomic force microscopy (AFM), x-ray reflectivity
(XRR), and photoemission electron microscopy (PEEM)
provide insight into film roughness and nonuniformity.
These techniques allow the evaluation of material com-
position, crystal structure, electrical conductivity, surface
morphology (roughness, lateral structure), layer thick-
ness and the extent of interdiffusion, doping concentra-
tions, and other relevant material properties. In some
cases, additional insight can be obtained by making these
measurements in operando—during the growth process

[142,143] allowing for adjusting growth parameters to
account for material incorporation into the film dur-
ing growth. A material-centric approach to photocathode
development now requires the availability of some combi-
nation of such techniques. The realization of such a system
is shown in Fig. 17.

Characterization of electrical and emission properties
are critical for understanding photocathode performance.
Other tools, such as angle-resolved photoemission spec-
troscopy (ARPES) and transverse momentum spread mea-
surements are less common but need to be integrated
into a material-centric approach to advanced photocathode
development. Given that doping and band-structure engi-
neering are becoming more prevalent, conductivity and
related measurements (especially in situ) are increasingly
desirable. Electron energy filtering techniques should
benefit by using in situ photoluminescence to directly
measure the peak energy of the filter.

These concepts suggest the following approaches:

(a) Near-term: evaluate material composition, crystal
structure, surface morphology (roughness, lateral struc-
ture); layer thickness and extent of interdiffusion, doping
concentration, and other relevant material properties

(b) Long-term: combine growth and analysis capabil-
ities with the ability to introduce photocathodes into an
accelerator and measure performance. Measurement capa-
bilities to be emphasized include electronic and emis-
sion properties (conductivity, spectral response, transverse
momentum spread, and temporal response). This goal
will require significant standardization across the com-
munity and the adoption of best practices from adjacent
disciplines (e.g., commercial semiconductor fabrication
processes)

D. Correlation of beam properties and electronic band
structure

Direct measurements establishing the correlation between
electronic structure and its impact on the beam parameters,

rf

FIG. 18. Schematic showing key features of an integrated diagnostic for measurement of intrinsic energy spread, thermal emittance,
longitudinal emittance, and emission promptness; based on the LBNL Momentatron [144].
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particularly emittance and response time, are critical to the
development of engineered quantum-confinement-based
photoemitters. To date, most discussions of advanced
cathodes have centered on reduction of the intrinsic
energy spread, or thermal emittance, as this impacts the
high-profile applications such as XFELs. However, other
cathode properties, such as response time, or emission
promptness, are also important. To this end, diagnostic sys-
tems, such as variations of the LBNL Momentatron [144]
(see implementation in Fig. 18) and/or fully instrumented
electron guns, must be used in conjunction with the pre-
viously discussed techniques to measure intrinsic energy
spread, spectral response, and emission promptness as a
function of material properties. Key practical features have
begun to include sophisticated cathode insertion and trans-
lation mechanisms to allow in situ exchange of the cathode
between synthesis and characterization stations, includ-
ing photoinjectors. Figure 19 shows the latest iteration
of LANL’s adaptation to the LBNL/INFN photocathode
geometry allowing compatible insertion and manipulation
of the cathode with commercial surface-science character-
ization systems as well as photoinjectors.

The Momentatron works by accelerating photoemitted
electrons across a gap and imaging the electron beam
divergence on a phosphor screen detector situated a known
distance from the cathode plane. Thermal emittance is then
obtained via

εt = εn,rms

σx
= rs

[
qeV

3mec2(2g + L)2

]1/2

, (16)

where rs is the spot size on the detector, and V is the
accelerating voltage. Particle-tracking simulations of the

FIG. 19. Schematic of the modified LBNL/INFN interchange-
able cathode geometry. The modifications are to accommodate
(a) the insertion and manipulation of the cathode plug-in com-
mercial surface-science characterization systems (that typically
accept silicon wafer holders), and (b) the insertion of the cathode
into a particular photoinjector.
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Momentatron (e.g., 0.2-mm laser spot size, 2-ps emission
time, and 20-kV accelerating voltage) indicate that mea-
sured thermal emittance is accurate down to 50 to 100
nm/mm for beam current on the order of 1 uA, as shown
in Fig. 20. In this study, the gap distance g = 5 mm
and the drift length to detector is L = 70 cm. The trans-
verse emittance measurement system is complemented by
an integrated electron spectrometer, allowing investiga-
tions of asymmetry between transverse and longitudinal
electron energy emission spectra. The cathode response
time-measurement system accommodates a phase-locked
laser and high-power rf source for finer resolution at lower
bunch charges.

Not only must an engineered photocathode be thor-
oughly tested in a rf gun, but its properties must be suf-
ficiently understood to enable simulation in an end-to-end
beam code or a beam optics (particle-in-cell) simulation.
Such a simulation will allow correlations between changes
in the material’s nanoscale properties to be observed
in the resulting electron-beam performance. Characteri-
zation facilities such as those indicated in Fig. 17 are
therefore integral to the effort. The following studies are
suggested:

(a) Near-term: measure correlation between electronic
structure and its impact on the beam parameters, partic-
ularly emittance; elucidate connection between specific
design features of cathode (e.g., tailored nanostructures)
and the resulting electron-beam properties

(b) Long-term: perform electron-beam simulations and
beam physics measurements to show how material design
features and changes in nanostructure impact electron-
beam generation and properties

IV. CONCLUSIONS

In summary, a material-centric approach to understand-
ing and exploiting nanostructure in photocathode films
is outlined. The demands placed on photocathodes by
challenging applications, in particular XFELs, are often
conflicting with regards to (particularly) high quantum
efficiency and low emittance, followed by bunch shape
and lifetime. Given that improvements in one are often at
the expense of another, there is a need to employ meth-
ods that undo their linkage. One path forward may be
the use of quantum-dot-like structures, heterostructures,
or introducing inhomogeneity at the nanoscale. Such a
program requires theoretical support in addition to fabri-
cation efforts. Perspectives regarding significant progress
and remaining challenges are presented along with sev-
eral potential paths forward, each drawing upon a req-
uisite set of tools, methods, and instruments. Tailoring
compositions and heterostructures in semiconductor pho-
tocathode films provides mechanisms for improving and
tuning charge transport and photoemission. While these
methods are still in their early stages of development,

they provide an optimistic future path towards overcoming
the detrimental linkages identified in Sec. II that exist
[most prominently, the joint increase of εn,rms with QE
as per Eq. (5)] amongst the identified photocathode met-
rics that prevent conventional bulk materials from meet-
ing future demands. The potential benefits are roughly
partitioned by:

(a) Modifications to the bulk materials properties:
includes band bending or band-gap variation by doping
or graded stoichiometries to create tailored conditions for
photoabsorption (modification of the optical properties,
particularly n and k) and photoexcitation (modification
of the transport properties, particularly Eg , mn). Such
control can affect delayed emission by impacting photon
absorption and electron transport;

(b) Energy filtering using nanostructure and surface
structure: superlattices, discrete energy levels associated
with resonant structures, quantum wells and dots, and 2D
electron gases. Band bending in semiconductors likewise
affects the photoemission process (as well as field emission
[145]). Surface nanoengineered filter structures can affect
discrete energy levels, tunneling amd transport properties,
and potentially separate the linkages between QE, εn,rms,
and response time.

Unlike conventional bulk and surface semiconductors,
nanostructures and compositional variations provide mul-
tiple approaches for improving photon absorption and elec-
tron emission. Two-dimensional layers, such as graphene,
boron-nitride, etc., may further provide a protective layer
for the photocathode surface. Instead of local conditions
governing the transport and emission probabilities, het-
erostructures and nanocrystalline materials may yield con-
ditions where photoemission is dictated by electron wave
functions being extended over many adjacent structures.
This suggests techniques to improve forward electron
transport and quantum efficiency may be employed with-
out significant effect on transverse energy and emittance.
Moreover, a means to control the spread in energy emerges
whereby heterostructures can potentially act as an electron
source or as an energy filter to modulate transport past the
surface.

The overarching goal in developing heterostructures and
nanoengineered materials is to favor electron transport
in the direction of the surface normal while maintaining
high quantum efficiency. Doing so, without significantly
increasing emittance in the transverse direction, will be a
noteworthy and technologically enabling accomplishment.
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