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The development of photoemission electron sources to specifically address the competing and
increasingly stringent requirements of advanced light sources such as X-ray Free Electron Lasers
(XFELSs) motivates a comprehensive material-centric approach that integrates predictive compu-
tational physics models, advanced nano-synthesis methods, and sophisticated surface science char-
acterization 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 applications. Recent results and near-term op-
portunities 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 increas-
ingly wide array of disciplines'. Extremely short, intense,
coherent x-ray pulses can probe the structure and dynam-
ics of matter on length and time scales defined by molec-
ular resonances, electronic transitions, and the spatial
scale of atomic bonds?*. 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®. Realizing
this potential depends critically upon improvements in
electron sources®. A design capability at the cathode is
essential for obtaining the needed gain in x-ray and high
performance free electron lasers (FELs)" 7.

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 con-
straint when the laser wavelength is small, as for x-ray
FELs (XFELs), and the second requirement entails that
the current I be as large as possible. They are com-
pactly addressed by demanding that brightness be high,

where B is related to beam current / and emittance ¢
by B ~ 21/(vB¢)?, where 3 = v/c and 2 = 1/(1 — 3?)
are the usual relativistic factors. The remaining term,
emittance (more often represented as normalized rms-
emittance €, rms) governs the manner in which a beam
spreads, with greater spreading as the beam propagates
being identified with higher emittance. Specifically, emit-
tance from a flat circular emission area goes as the prod-
uct of the square root of the area (mp?) of the emitting
surface with the MTE of the electrons as they are emit-
ted, and so generally €, rms x p.VMTE up to factors
of order unity and constants such as mc? related to the
electron rest energy!’. A related concern, in particular
for future XFELs, is that the electron bunches be com-
pressed or have designed pulse shapes, and this gener-
ally demands sub-picosecond rise-fall times of the bunch,
translating into demands on emission promptness from
the photocathodes. Low electron affinity semiconductors
generally have the highest quantum efficiency (QFE), de-
fined as the ratio of emitted electrons to incident pho-
tons, but this usually comes at the expense of emission
promptness. This is partly due to emission of electrons
that have thermalized during transport to the surface as
a consequence of deep laser penetration effects, and such



thermalized tails indeed affect promptness and longitu-
dinal emittance'™'?. These relationships are explained
in greater detail in the next section. Insofar as QFE and
€n,rms increase with photon energy, and () E and response
time both increase by exploiting otherwise fragile coated
semiconductors, the various demands on the photocath-
odes clearly and unavoidably demand a balancing of pri-
orities.

XFELs place demands on photocathodes that are
presently unmet by existing photocathode technolo-
gies because requirements for simultaneously obtain-
ing high QF and low emittance are correlated with
bunch shape, and both QF and emittance are them-
selves related such that improving one compromises the
other!'®13722 because of the inversely linked physics elab-
orated below?324. These issues remain even though ag-
gressive and substantial efforts have been undertaken to
reduce the MTE that figures prominently in the emit-
tance figure of merit. Efforts include minimizing un-
correlated emittance growth affected by space charge
forces through beam shaping of the initial distribution'!
(thereby requiring photocathode response times smaller
than a picosecond)?®, increasing the pulse length so as
to enable smaller laser spot sizes?, altering the de-
gree of band bending at the surface of a semiconductor
photocathode such as GaN so as to limit scattering ef-
fects and the randomization of momentum gain near the
surface?, and controlling the surface roughness by im-
proving the surface preparation procedures in I1I-V NEA
photocathodes?"28.

Using ultracold photoemitters is a means of reducing
the MTE: when MTE is very low, disorder-induced heat-
ing (that is, the binary interaction of electrons in the
beam) can become a significant effect'?®, and investiga-
tion is underway to study how surface non-uniformity
as a consequence of crystal face variation induces MTE
growth?”. Pulse shaping, however, requires very fast
(sub-picosecond) response times from the photocathodes
to enable both short duration and a pulse shaping ca-
pability. Additionally, although traditional photocath-
ode candidates have reached limits on further emittance
reduction due to surface roughness®**! and the “chemi-
cal roughness” associated with work function variation
on grains, progress in controlling roughness using co-
deposition®? in conjunction with stoichiometry?® have
been reported. Apart from broad modifications to the
cathode in the form of doping and coatings, the engi-
neering of photocathode properties has not as yet made
use of recent advances in semiconductor heterostructures
and nanoscale features. Paths forward discussed herein
include:

1. Control of electronic energy structure in the mate-
rial by quantum confinement methods;

2. Heterostructured surface layers that act as filters /
energy selectors when photoexcited or fed by broad

electron distributions'*?;

3. Stoichiometric control over optical properties, band

TABLE I. Photocathode metrics: Quantum efficiency, emit-
tance, response time, lifetime, and ruggedness.

Metric What it affects
QFE Bunch charge yield Large
€n,rms Beam spreading Small
At Pulse shaping Fast
Lifetime Operational duration Long

Ruggedness Survivability in rf  Insensitive

Target Goal

gap and transport properties, and band bending /
field penetration; and

4. 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) QF
(in the form of peak and average current for a given drive
laser intensity and duration), (i) emittance ey rms (in the
form of spatial spreading in the electron beam as it prop-
agates), (7) response time At, (iv) operational lifetime,
and (v) ruggedness in a photoinjector environment. Si-
multaneous 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 QF, emit-
tance €, rms, and response time At originates with the
physics of electron transport through the bulk material
and the barrier conditions at the surface!%-2%:33, Namely,
material-dependent properties entail complex trade-offs,
most notably with respect to the band gap E, and ef-
fective mass mcyss of the electron, the optical constants
(n, k) that govern the laser penetration depth §(w) and
the reflectivity R(w), and the electron affinity F, or work
function ® that are affected by both carrier concentra-
tion and the presence of volatile coatings such as cesium.
Both QF and €, s increase with photon energy!’??,
and QF increases as response time increases®®2%. Both
the deeper penetration and longer mean free paths for
photoexcited electrons affect the response time of semi-
conductor photocathodes. In metals, photons can excite
electrons with an energy up to fiw — @ (for Cu, & = 4.5
eV), whereas in semiconductors up to iw — E, — E (for
Cs3Sh, E,+ E4 is 1.9 €V) so that the MTE can be larger,
thereby increasing emittance depending on how much the
photon energy exceeds the emission barrier. Accordingly,



the normal (or “forward”) energy is also larger which
leads to increased QF (they are linked, as the total elec-
tron energy is the sum of the forward energy and MTE).
And lastly, although lifetime and ruggedness appear to
be distinct from QE and €, yms, they are not: compensat-
ing for low QF by increased drive laser power causes heat
induced damage and ion back-bombardment can damage
coatings in addition to the crystal lattice. Such changes
affect both bulk transport and surface emission, making
measured QF and ey, rms at a particular 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 elec-
trons) is also problematic: emittance varies as v/hw — @)
for metals and so QF falls off catastrophically when ap-
proaching the threshold (QF varies as (hw — ¢)?). These
complex and interrelated tradeoffs make it very challeng-
ing to decouple the most dominant linkages between them
and motivate the use of tailored or engineered electronic
states.

The reconsideration of the evaluation of QF for semi-
conductors in the Moments framework?*?* (which shares
common features with Spicer’s Three Step Model'":34:3%)
demonstrates the viability of the method for semiconduc-
tors, and therefore supports expectations that the same
methods may also apply in the Moments equations from
which &, rms is evaluated. Consequently, the Dowell-
Schmerge relation for metals (Eq. (5) below) may require
modifications for semiconductors, although the evalua-
tion of the relation is in progress. As the analysis shows,
metals and semiconductors differ through the nature of
the effective electron mass, the emission probability, the
existence of a band gap, and the behavior of band bend-
ing. 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 bar-
rier all affect how fast and how long emission from pho-
tocathodes occurs®®. Figures 1 and 2 illustrate the cor-
relations between QFE, €y 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 scat-
tering 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-p) scattering does not reduce
the energy as rapidly as (e-e) scattering, making it less
detrimental to emission. Thus, QF improves, but re-
sponse time is lengthened.

Lastly, a cesiated metal surface likewise improves metal

3 : : T
10 g_ —o= Qbunch [nC] _E
10% F —Fe ]
:
w 107 3
o F
2 10} 3
G 107 L
107
107 F ¢
104 L :
UED / New X-FEL LCLS TESLA IR/UV
UEM  X-FEL SRR X-FEL ERL
FIG. 1. Comparison of bunch charge Qpuncr (red line and

circle), €n,rms (blue line and square), and average beam cur-
rent Iq,e across several classes and/or examples of existing
and future electron source applications (based on discussions
in Ref.""). Ultra-fast electron diffraction and microscopy
(UED/UEM) are time-resolved imaging techniques; these and
other applications mentioned are discussed further in Ref.*!

photocathode QF by reducing the emission barrier?°. 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
Negative Electron Affinity (NEA) surfaces, for which the
vacuum level is below the conduction band minimum.
The absence of a barrier additionally has consequences
for response time: thermalized electron populations gen-
erated deep in the bulk (up to a um) can reach the surface
and by virtue of NEA contribute to emitted current. Be-
cause they are drift diffusion electrons, their contribution
is in the form of long tails in the pulse that persist up to
10’s of picoseconds.

However, the inclusion of cesium as a surface layer neg-
atively impacts ruggedness and lifetime!'® 43738 The
same mechanisms that improve transport and barrier
height negatively impact response time and emittance®’.
The state of the surface, whether a polycrystalline vs.
single crystal material, may also act as sources of in-
creased emittance through geometric roughness and work
function variation?”3%49,

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

e intrinsic emittance due to transverse energy com-
ponents in the emitted electron distribution itself,
including changing electron effective mass effects as
the electron transits from the material into vacuum;

e rough surface emittance due to electrons being
launched in directions at an angle to the beam di-
rection caused by geometric surface structure in the
form of ridges and protrusions; and
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based on Figure (14) in Ref.?*. Dominant scattering mech-
anisms: electron-electron (metals like Cu); electron-phonon
(semiconductors like Cs3Sb); drift-diffusion (NEA like GaAs).

e applied field emittance due to the surface electric
field at the cathode.

Of these, the intrinsic emittance is often comparatively
large (e.g., Figure (23) of Ref.*?) and its reduction is
therefore one of the highest priorities influencing cathode
design. Additionally, other sources of emittance (image-
charge / wakefield, space charge due to non-uniform 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
electron gun. Here, we first call attention to the pro-
cesses responsible for degradation and discuss how these
will also affect other photocathode metrics. Although
the phenomenon of photocathode QF degradation is well
known*?, an understanding of the underlying processes
has remained vague, as evidenced by the use of terms
like “poisoning”®® and routine quoting of 1/e lifetimes,
even when the published data exhibits non-exponential
QF 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 QF
degradation in many cases, but its characterization is
complicated because physical destruction of the cath-
ode usually takes place. Another principal QFE degra-
dation mechanism, oxidation by residual gases, has re-
cently been used to study the evolution of a photocath-
ode’s surface and its impact on photoemission in a con-
trolled way. Significant progress has been made in un-
derstanding the chemical reconstruction of the cesiated
GaAs surface upon exposure to molecular oxygen** 46,

4

but only recently has a kinetic model*” based on exper-
imental data‘® explained non-exponential QF degrada-
tion dependencies by taking into account an intermedi-
ate, physisorbed, state of the oxidizing gas molecules.
We consider this an important refinement, because ne-
glecting this state leads to inaccurate estimates of the
surface reaction rates. More importantly, the kinetic
model defines a universal QF degradation metric as a
set of three reactions rates (physisorption, desorption,
irreversible oxidation)*”, instead of widespread but am-
biguous lifetime expressed by pressure over 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 non-photoemissive
state. This can be remedied, but the adoption of a com-
posite reaction-rate lifetime metric will ultimately de-
pend upon its practical utility in the field. Future models
of QF degradation will need to incorporate the net result
of reversible and irreversible surface chemical reactions,
each with its own rate (activation energy)*” and effect on
electron affinity*®. Since the known processes responsi-
ble for QF 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 QF degradation models and other photocath-
ode metrics resides in considering the time evolution of
a micro-scale spatially modulated E, + E,. It is worth
noting that oxidizing a cathode usually increases the elec-
tron affinity only after a certain sub-monolayer threshold.
For coverages below the threshold, an “activation”, or en-
hancement of longer wavelength response due to lowering
of the electron affinity, is observed®”, but these effects
will likely manifest differently (if at all) in the nanos-
tructured cathodes advocated below. Hence, careful con-
sideration is required to predict, for example, transverse
emittance changes during oxidation of a photocathode
illuminated by a laser with a wavelength close to photoe-
mission threshold. Experimental validation of the future
comprehensive QF degradation models should be based
on precise continuous monitoring of the full spectral re-
sponse evolution (as well as background gas composition
using a residual gas spectrometer tool) during the photo-
cathode degradation process, correlated with the surface
state diagnostics®®, and beam emittance measurements.

A. Impact of Photocathode Performance on XFELs

Numerous studies, mostly based on the Ming-Xie gain-
length paramaterization method®’, show how reductions
in emittance improve both peak output power and pho-
ton energy of various self-amplified stimulated emission
(SASE) XFEL designs®. The goal for a SASE XFEL
design is to achieve high electron beam energy y with
high peak current I,cq; while maintaining low emittance
€n,rms, and small energy spread o5 so that x-ray output
power P(z), at x-ray radiation wavelength Af.;, grows
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FIG. 3. Illustrating the important role of emittance in XFEL
performance: x-ray pulse energy (mJ) vs. output photon en-
ergy (keV), using the analysis of Ref.”® and machine param-
eters of LCLS-II/HXR"! shown in Table II. A reduction in
normalized emittance is seen to increase peak photon energy.

TABLE II. LCLS-II/HXR Case Study Parameters

Parameter Definition Value
Ey Beam Energy 15 GeV
on Energy Spread 1.5 MeV
L, Undulator Length  140m

Au Undulator Period 26mm

Tpeak Peak Current 3.5 kA
B8 Mean Beta 30 m
Qb Bunch Charge 100 pC

exponentially with undulator distance z until saturation
is reached either at saturation length Lg,; or the end
of the undulator (L,)°'. The relations governing XFEL
performance are:

P(z) = Poexp(2/Lg)|:<min(Lu.Lua) (1)
Ay
Ly~ m (2)
€n,rms < ’7% (3)
1/3
7= %Z <P i (2772I;jtgi\irms 52) (4)

where K is the undulator field strength, p is the FEL
parameter, L, is the FEL gain length, and [4,=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 LOLS-II/HXR"!. Figure 3 shows that a reduction in
normalized emittance enables higher x-ray output per
pulse and significantly higher photon energy for a con-

stant electron beam energy E, = 15 GeV and fixed un-
dulator length L,, = 140m. This example illustrates why
emittance reduction is usually a high priority: it pro-
vides strong leverage for achieving better SASE XFEL
performance®. Additionally, lasing becomes increasingly
sensitive to emittance growth at higher x-ray photon en-
ergies, as shown in Figure 4. Historically, emittance
in the accelerator was dominated not by the cathode
thermal emittance but by the beam dynamics in the
photoinjector®®. Emittance 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 contribution to the emittance due to the cathode,
elsewhere termed “thermal emittance” as an equivalent
designation®) limits both existing and future XFEL de-
signs and upgrades*'. The impact of suppressed cathode
thermal emittance on future machine upgrades, can be
illustrated as in Figures 5 and 6. Figure 5 shows the pho-
toinjector tradeoff between cathode response time (elec-
tron bunch length) and field gradient: for a given field
at the cathode, suppressed thermal emittance allows for
shorter bunch lengths®. Shorter bunch length out of
the photoinjector is beneficial in terms of machine cost
and complexity because it reduces down-stream bunch
compression ratios. Figure 6 shows that for a desired x-
ray performance target (~22 keV in the LCLS-II/HXR
example), emittance reduction allows lasing at a lower
electron beam energy despite increased relative energy
spread. Since lower electron beam energy equates to sig-
nificant savings in both cost and footprint of a large-scale
user-facility, the high priority and focus on emittance
suppression is justified. Furthermore, 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 upgrade path for
existing facilities while also enabling greater trade-space
for future XFEL designs.

B. A Model of QE and Emittance

Quantum efficiency (QF) and emittance ey, ;s have
received significant attention in efforts to develop predic-
tive models. The phenomenological Three-Step model
of Spicer®#?%:56 has not only proven useful in predicting
QF, but also in evaluating emittance'®°7, a feature com-
mon to the similar Moments-based models'?? applied to
metal photoemitters. The underlying physics for metal
photocathodes was shown by Dowell and Schmerge!? to
enable expressing QF as a function of emittance €y, rms,
leading to the Dowell-Schmerge relation

QF x ¢! (5)

n,rms
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malized emittance for the various photon energies indicated
(for bunch charge @, =100 pC and a fixed electron beam en-
ergy of 15 GeV). This illustrates why sub-micron emittance
is typically required for lasing near ~22 keV and that the
sensitivity to emittance increases at higher photon energy.
Direction of gray arrow indicates increasing photon energy
(keV).

that holds reasonably well for photon energies hw near
the Schottky-reduced work function ¢ = ® — \/4QF. It
demonstrates that improvements in QF and reductions
in emittance are oppositional'**: both increase with pho-
ton energy!'??3. Moreover, QF generally increases as re-
sponse time increases!?:2%:26:36:58:59 5o for conventional
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
variation), and has not yet resulted in a relation with the
aesthetic simplicity of Eq. (5). Nevertheless, a reconsid-
eration of QF using the Moments model makes probable
a similar linkage between QF and ey yms. Semiconduc-
tors such as Cs3zSb and KyCsSb can be treated by the
Moments model if modified by physics related to effec-
tive mass, band-gap modifications, band bending, and a
more complex tunneling barrier®. Reflectivity R(w) and
laser penetration depth §(w) are evaluated using variants
of a Lorentz-Drude Model, and the relaxation time 7(E)
governing the mean free path [(F) of photoexcited elec-
trons accounts for e-e and e-p scattering contributions.
QF is then a ratio of currents and of the form

M (k)
2My (k) p=y =1

QE={1-R(w)} (6)

where k, = kcosf, D(E) is the transmission probabil-
ity for emission, f) governs the loss of electrons due to
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FIG. 5. Curves of constant thermal emittance at the cath-

ode relating emitted bunch length with space charge limit
field Escr (defined as the minimum field strength required
to extract the entire bunch), showing that emittance plays a
role in photoinjector beam dynamics that affect SASE XFEL
machine architecture: for a given bunch charge Q=100 pC,
reduced thermal emittance allows for shorter bunch lengths,
which, in turn, improves machine performance by relaxing
bunch compression requirements.
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tance, demonstrating that lasing at this performance target
can be achieved at lower electron beam energy if emittance is
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scattering in the fatal approximation, and

My (k,) = 2 / K £ (R)dk (7)

(2m)
Other factors account for the occupation of the initial
and final scattering states.

Semiconductor QF differs from metals. For metals, the



initial and final occupation factors are (as temperature
T —0)

frp(E)(1=frp(E+hw)) = O(u—E)O(E—pu+hw) (8)

where F is the electron energy, frp is the Fermi-Dirac
distribution, and ©(x) is the Heaviside step function.
Additionally, the transmission probability is a step func-
tion, or D(E) = ©(F — p — ¢), where p is the Fermi
energy and ¢ = ® — /4QF is the Shottky-reduced work
function in response to field F' = ¢&€, and @ = 0.36 eV-
nm. Accounting for absorption, transport and emission
for metals therefore gives rise to (compare Ref.!?)

JEr k2dk [y (hkx/m) f(w, p)da
2 f\’“/’ﬁ k2dk [} (hk/m)dz

QE~ (1-R) (9)

where * = cosf, x, = cosb,, h*k%L/2m = p,
h%k2,/2m = p — hw, and A?k2 /2m = hw. The integrand
vanishes for z = z,,,. Also, fx(cosf,p) = cos@/(cos0+p),
where 0 is the angle with respect to normal to the sur-
face, and p = §(w)/I(F), where I(E) = hk(E)7T(E)/m is
the mean free path and E = h?k?/2m. The evaluation
of Eq. (9) can be shown to be proportional to (hw — ¢)?
to leading order.

How semiconductors differ is as follows. First, the pho-
toexcited electron must have an energy above the band
gap F,. Second, assuming the barrier at the surface has
an increased triangular shape as per Spicer, the Schottky
barrier (image charge) transmission probability D(F) is
the triangular D (E) treated by Fowler and Nordheim®!
(but see Ref. [*?]). Lastly, a “magic window” exists for
semiconductors, where scattering effects are not fatal as
for metals. For semiconductors then,

fh‘“_Eg EdE fxlm zdxDa[Ex?] fA(z, p)

QE = (1 - R)== —
2[5 BdE [ du

(10)
where z,, = \/E,/E with E the energy of the photoex-
cited electron. The transmission probability for an elec-
tron with normal energy E, for a triangular barrier is?*%?

A[E'(E' — E,)]'/?

DA(E/) ~ 5
(B2 4+ (B — B)V?)

(11)

where £/ = Ecos?f. Approximating the angular inte-
gration by the trapezoidal approximation,

1 — A/
/ rD(Ez?) T dx & vVE Ea D
. r+p 2(1+p)VE
where p = 6(w)/I(E,) as the lower bound, leading to
QE~C(1—n)(1—/n)D(Enm) (13)

where n = E,/E,,. Note that C « (1 — R)/(1+ p) and
includes other factors that affect QE (e.g., a scale factor

()  (12)

m

to account for the underestimation of QF by using Eq.
(12)). In terms of the dimensionless s* = (hw — E, —
E,)/E, then QF is

2C's°
CE~ (1+82)(1+ V1 +82)(s+ 1+ s2) (14)

Contrast Eq. (14) with the parametric form of Spicer
that is equivalent to
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(hw — E, — E,)3%G,
(hw—E; —E,)32 +~ —

3G
s3 + ,Y/

QEspicer = (15)

where G, is a constant. Such a parameterization
gives different values of (G,,v,Ey + E,) for different
measurements, e.g., (0.186,0.699,2.04) for Spicer®® and
(0.397,1.70, 1.88) for Taft and Philipp®*, as per Ref.?*.
By comparison, Eq. (14) performs well in the intermedi-
ate energy regime where s is of order unity, but asymp-
totically has an s® dependence as s — 0 and an s' de-
pendence for s > 1. Eq. (14) is superior for model-
ing of the quantum efficiency of Cs3Sb for data taken
by Spicer®® as well as Taft and Philipp®*, as shown in
Figure 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 QF o (hw — ¢)? for metals, for semiconduc-
tors, the power p differs from 2. Accounting for a scat-
tered electron contribution will also affect the overall
scale, but can be accounted for by amending QF with a
wavelength-dependent coefficient®?. Thus, the relation-
ship between QFE and ey, yms for semiconductors will likely
show a power law relation as in Eq. (5) but with a dif-
ferent power. Stating that QF and €y, ;ms are coupled for
bulk materials in general is therefore warranted.

Numerical QF calculations are vetted against data
in the literature, as shown in Figure 8. Although Eq.
(14) presumes a constant value of C' [it should vary be-
cause R(w), é(w), and I(hw — E, — E,) vary], the cor-
respondence is good. Compared to more recent data
for KoCsSh, albeit with the presence of N graphene
layers®”, with N = 5 and 8, is shown in Figure 9.
Adding a graphene layer may modify the transmission
probability®® and will be treated separately®?, although
note that for photon energies in excess of twice the band
gap, the “magic window”3¢ of semiconductors is sur-
mounted and electron-electron collisions begin to shorten
the mean free path [(E).

Note that C contains numerous internal factors, specif-
ically the reflectivity and the ratio of the laser penetra-
tion depth d(w) to the mean free path {(F), and implic-
itly includes the fraction of the illuminated surface that
is emitting. In Eq. (14), these factors cannot be sepa-
rated, but a proper numerical evaluation of Eq. (10) us-
ing actual optical data, or even a Lorentz-Drude model,
will begin showing the impact of graphene layers on the
electron emission, and such a study is in progress. In-
terestingly, although the theory line of Figure 9 closely
matches the 8L and 5L data lines up to hw = 3 eV, a
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N = 5 or 8. The vertical dashed lines correspond to common
laser wavelengths and are (from left to right) for A\ = 655 nm,
532 nm, 405 nm, 375 nm, and 266 nm.

departure between theory and data occurs, with the the-
ory increasing as the data decreases until by fiw =~ 4.6 eV
there is a factor of 2.5x difference between them. The na-
ture of a graphene layer on a copper surface was therefore
examined theoretically, and the analysis is separately®?.

III. MATERIAL DESIGN APPROACH

The linked metrics of conventional photocathodes de-
scribed 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 nanofab-
rication and heterostructure / nanocrystalline / super-
lattice fabrication capabilities go well beyond this and
remain underutilized”!~"°. These include utilizing: com-
positionally graded semiconductor materials with widely
tunable band gaps; heterostructure architectures, quan-
tum wells, quantum tunneling, enhanced carrier trans-
port using internal electric fields and superlattices con-
sisting of nanoscale structures (e.g., quantum dots where
quantum confinement restricts emission from discrete en-
ergy levels). These emerging capabilities allow, to vary-
ing degrees outlined below, tailoring of composition and
electronic structure to influence the fundamental mecha-
nisms of photoemission: absorption, transport, and emis-
sion. Importantly, the requisite material synthesis ca-
pabilities 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 mini-
mum, the close integration of four key elements: (7) com-
putation materials physics models; () nanoscale ma-
terial synthesis techniques; (#4) in situ surface science
characterization; and (4v) correlation of specific mate-
rial properties (such as electronic structure) with elec-
tron beam emission characteristics (such as thermal emit-
tance). 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 of-
fered by band structure engineering (BSE) of quantum
wells, dots, nanocrystals, graphene layers, heterostruc-
tures, and graded composition heterostructures, is the
coupling of computational physics models to experimen-
tal investigations and evolving applications. For exam-
ple, QF alone is no longer the primary metric, but is
one of a number of metrics, such as QF plus low thermal
emittance plus long cathode lifetime and short response
time'?°17%, The modeling framework being pursued
herein conjoins computational materials physics frame-



works such as density functional theory (DFT), tight
binding methods, and electronic structure calculations’”,
with field and photoemission theories (e.g., , Moments-
based emission and transport models coupled with quan-
tum mechanical Transfer Matrix methods®**%%7). Pre-
dicting photocathode performance for graded composi-
tions with heterostructures or quantum features has ne-
cessitated the creation of new theoretical models encom-
passing both computational materials physics and emis-
sion / 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; (i) optical and ma-
terial effects that govern the nature and location of ab-
sorption and excitation, as well as band bending and sur-
face barrier properties; (ii7) heterostructure effects that
govern normal energy transport, but also impact sur-
face ruggedness, influence emission barrier properties and
emission time; and (#v) and doping profiles and their ef-
fect on internal electric fields.

The DFT, tight binding, and electronic structure mod-
els provide theoretical replacements to historically ab-
sent, 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 ap-
proaches for the evaluation of resonant and quantum ef-
fects in heterostructures as shown in Figure 10. They
also assist in developing models of quantum wells and
dots and the laser excitation interactions needed by the
more phenomenological theoretical models under devel-
opment.

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 po-
tential variation at interfaces at an atomic level up to
modeling current flow, carrier transport, and mesoscale
features. Density Functional Theory (DFT) is perhaps
the best known method, but other computational ap-
proaches include DFT-Hartree-Fock (for heterostructure
and nanoscale features), Molecular Dynamics (for atomic
scale simulations), Dissipative Particle Dynamics and
Lattice Boltzmann or cellular automata methods (for
mesoscale simulations), continuum mechanics and fluid
dynamics, and simulations based on macroscopic trans-
port equations (for finite differences and finite elements).
A collection of interesting discussions concerning mate-
rials simulation at different spatial scales and their cou-
pling using computational methods are given in Ref.”.
These suggest the following priorities:

e near-term: Incorporation of computational mate-
rials physics methods to treat band gap tailoring,
doping, effective mass variation, optical parameters
controlling laser penetration depth and reflectivity,
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field penetration, and material parameters in beam
optics codes;

e [ong-term: Modeling of band bending and band
gap variation by graded stoichiometric variation
and doping to tailor photo-absorption character-
istics; heterostructures, doping, intrinsic electric
fields, and quantum confinement models and their
impact on electron emission behavior as related to
QF, emittance, and pulse shaping requirements.

B. Nanomaterial Synthesis and Fabrication

Engineered stoichiometry and/or quantum confine-
ment by using quantum well heterostructures or a lattice
of quantum dots, introduces absorption, transport, and
emission processes that can potentially decouple other-
wise competing metrics by discretely controlling the exci-
tation 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 incorporating
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
photoexcitation 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 Figure 11 spanning from bulk (3D) materials
to quantum wells (2D) to quantum wires (1D) to quan-
tum dots (0D). Quantum dots (QDs) are single semicon-
ductor nanocrystals on the order of 2-20 nm in size, as
depicted in Figure 12, that exhibit a number of proper-
ties highly relevant to photocathodes, such as discrete
electronic states®”:®!, relaxation of carrier momentum
constraints®?, and precise tuning of electronic structure
and carrier behaviors®. These emergent properties are
a direct consequence of quantum confinement and QD
synthesis techniques have now matured such that experi-
mental photoemission studies can begin in earnest®*. In-
terestingly, the applications which first motivated QD de-
velopment (wavelength tunable phosphors) required sup-
pression of photoionization whereas photoemission re-
quires the exact opposite: photoionization is a necessary
step in electron emission. The small volume defined by
the dot produces a natural tendency toward photoioniza-
tion which can be exploited (rather than suppressed) to
favor photoemission.
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FIG. 11. Relation of dimensionality to energy level discrete-
ness, from bulk 3D to quantum dots.
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Radius (nm)

FIG. 12. Energy band diagram of a quantum dot and the
electron and hole wave functions (left), based on Ref.®® and
the depiction of a sophisticated QD heterostructure (right).

The tuning and optimization of these material sys-
tems, examples of which are indicated in Figures 12 and
13, occur by manipulating size, geometry, and composi-
tion of the constituent nanocrystals. Strictly controlled
synthesis allows assembly into 3D superlattices”"* from
individual QD components which can exhibit energy
spread on the order of kT as measured via single QD
photoluminesence®>:%6. Because these properties can be
highly controlled during synthesis (and validated via
characterization) their tunability allows an engineering
approach to “designer” photocathode materials. While
QDs share similarities to bulk conventional semiconduc-
tor cathodes, carefully prepared and treated nanocrystals
are also not as chemically reactive, which further moti-
vates their investigation for electron beam generation,
where low doses of residual gases in the vacuum environ-
ment can often corrupt cathode films'*57.

Until recently, QDs were not practical for photocath-
ode applications due to the lack of methods for prepar-
ing highly conductive QD films that can accommodate
charge injection, although measuring ionization potential
/ effective work function of nanocrystals has emerged as



nanocrystals

—

Yoot
Cle1¢191Y

@®———> photocurrent

|

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

a powerful technique for the investigations of nanocrys-
talline films®?°. Largely driven by the needs of QD-
based photovoltaic and light-emitting technologies, con-
ductive films can now be achieved by ligand exchange to
small molecules”"?? or by infilling of the inter-QD space
by metal oxides via atomic layer deposition (ALD)"3:%4,
These sophisticated methods to control QD surfaces and
interfaces, including film conduction, have resulted in
the emergence of practical QD-based technologies such
as full-color displays®®, high performance solar cells?%"7,
light-emitting diodes®®?%?? and photon detectors'®%10t,
The optimization of electronic excitation and transport
in each of these demonstrated applications suggests they

could be applied to photocathodes.

Examination of multilayer QD films as photocathodes
has already begun and has shown promising response in
a low gradient DC electron gun configuration®*. Photoe-
mission 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 multi-
photon excitation regime was shown to involve short-
lived hot electrons, as determined from carrier lifetime
studies carried 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'%> 1% using a layer-by-
layer approach with treatments to remove the original
surface ligands to enhance charge mobility.

Photocurrents as high as 1 nA were 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 were
highly reproducible, as shown in Figure 14, particularly
for 400 nm and 266 nm excitation where nearly all pho-
tons are absorbed by the PbSe film. By energy conserva-
tion, a single photon (energy of 4.66 eV or less) cannot
directly induce photoemission from PbSe: consequently,
2 to 4 photons must be involved per electron, depend-
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FIG. 14. Electron beam emission from QD films®: good

reproducibility of photoemission data across multiple samples
of PbSe at both 400nm and 266nm excitation.

ing on excitation wavelength. Reproducibility and ap-
preciable photocurrent (3 to 5x higher QF than atomi-
cally clean copper) were obtained at all wavelengths, in-
cluding 800 nm. A potential advantage of using QDs
for cathode applications is the wide variety of material
compositions available, including multi-component het-
erostructures, whose electronic structure can be tailored
to match design-specific needs®®. Thermal emittance
measurements of these films are planned”® with the goal
of correlating this metric with QD shape and composi-
tion.

To illustrate some possibilities, a film of CdSe/CdS
core/shell heterostructure QDs was fabricated (using
the synthesis procedures outlined in Ref.®*) to compare
performance with single component CdSe QDs. QD-
size-dependent photoelectron spectroscopy shows'? 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 Cd-
Se/CdS heterostructures exhibit so-called quasi-type-1I
band alignment that promotes the spatial separation of
electrons from holes via reduced wavefunction overlap®®.
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 experi-
mentally.

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
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QD (N). The photocurrent scales approximately as the 2nd
and 3rd power of (N) for 266 nm and 400 nm excitations,
respectively, consistent with the energy band diagram shown
in the inset.

in Figure 15. The maximum photocurrent is enhanced
more than three-fold to 6.9 nA with the heterostructuring
technique compared to core-only CdSe QDs at very mod-
est laser powers of 7.7—7.9 mW, showing the feasibility
of optimizing cathode performance. All QD samples ex-
amined in this study exhibited quantum efficiencies ex-
ceeding that of atomically clean copper. Although this is
several orders of magnitude lower than the efficiency of
the best performing bulk semiconductor thin-film cath-
odes, such as CszSb?* and KyCsSb'Y%107 or “negative
electron affinity” (NEA) GaAs'’®) these are only pre-
liminary studies with limited optimization. Importantly,
these films were briefly handled in air while loading into
a load lock chamber, a procedure that would not be tol-
erated by bulk semiconductor cathodes, whose efficien-
cies degrade dramatically even under < 1 x 1071% Torr
vacuum conditions'*'%%, Indeed, the QD films showed
no deterioration in performance after several weeks in
2x10~® Torr vacuum. Storage in air for two months re-
sulted in only a 55% drop in the maximum photocurrent
value when excited at the same power with 266 nm pho-
tons, comparable to copper in air'4°.

2. Heterostructures in Cathode Materials

Heterostructure and superlattice layers introduce dis-
crete energy levels and quantum effects (e.g., resonant
tunneling) as suggested by multi-barrier structures in
Figure 10, evaluated using an Airy Transfer Matrix
Approach®, where the addition of more barriers sup-
presses transmission between resonant peaks, and puts
greater structure on the peaks themselves: such structure
would be smoothed by the rounding of physical barriers
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FIG. 16. Graphene consists of a single layer of carbon atoms
in a close-packed 2D honeycomb lattice (boron nitride, dis-
cussed elsewhere, shares a similar lattice). Graphene and
other 2D layers exhibit many unique properties and the tun-
neling characteristics are a result of charge density, as recently
studied in conjunction with its performance as a protective
gas barrier layer!®%11!,

as evaluated using, e.g., density functional methods. Ad-
ditionally, 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. Fabri-
cation capabilities include the design of pristine, ordered
layers such as graphene (e.g., Figure 16) or other 2D films
at the surface, which in addition to modifying transport
at the surface can also impact surface sensitivity to con-
tamination and degradation'®”.

The first examples of successful integration of pristine
few-layer graphene coatings with photoemission cathodes
has occurred''” in the form of atomically clean bulk cop-
per (Gr : Cu) applied to graphene photocathodes'!! and
the growth of high QF K>CsSb on suspended transpar-
ent graphene substrates®> 2. In the copper study, the
spectral response of the Gr : C'u system was measured
as a function of the copper crystal face and thickness of
graphene. For monolayer graphene coatings, a reduction
in work function ® and an increase in QFE was observed
for all faces with the greatest effect occurring for the
(110) case.

In stark contrast to usual “over-the-barrier” emission
processes (which govern most photocathodes as well as
all thermionic cathodes), resonant tunneling and reflec-
tionless processes can substantially increase transport
through barriers and over heterostructure barriers and

wells®2.

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 pho-
toexcited, can be modified or controlled by band gap en-
gineering using ALD, Pulsed Laser Deposition (PLD),
or Molecular Beam Epitaxy (MBE). These methods can
provide control over the stoichiometry of the bulk mate-
rial where photo-excitation and transport to the surface
occurs or the engineering of discrete energy levels govern-
ing emission from quantum wells and dots. Such control



is similar to, but beyond, simple band bending as a re-
sult 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 trans-
port and emission processes that can potentially decouple
otherwise competing metrics by controlling the discrete
energy levels, tailoring the band gap, adjusting the ef-
fective mass variation, doping, and specifying the dielec-
tric and optical properties. Thus, it is possible to control
many of the features upon which photoyield traditionally
depends (such as reflectance, laser absorption and pene-
tration depth, and field penetration and band bending)
while enabling new processes (fast and direct photoex-
citation 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'!'? and
LEDs and provides a practical model for employing simi-
lar resonant behavior in nano-engineered photocathodes.
Engineered barrier structures can introduce resonances
or quantum wells imposing non-trivial structure on the
transmission probability D(F}) that filters electron emis-
sion past the surface barriers. The theoretical analy-
sis of such effects are reliant on representations of the
wave function that span the entire potential region and
require numerical approaches for analysis''*!'!'°. Exam-
ples are shown in Figure 10 for representative potentials
involving resonant transmission where band bending at
the surface caused by field penetration introduces en-
ergy 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 different from the step-function trans-
mission probability generally used in Three-Step'%3¢ or
Moments-based models'®?* of photoemission by allow-
ing significant transmission in narrow bands below the
barriers, and reduced transmission in bands above the
barriers themselves (k/k, in Figure 10 marks the tran-
sition from below to above barrier transport). Different
behavior than that assumed in QFE models such as the
Three-Step or Moments model is evident. The restric-
tions or modifications imposed on transmitted electrons
provides an opportunity for energy selection that may
be attractive even though such structure may degrade
QFE. The impact on either emittance or response time
may have the potential to be more advantageous in some
circumstances.

8. 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 modify materials properties that could favorably im-
pact overall photoemission processes. These methods fall
into three broad categories: tailoring a material’s optical
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absorption properties, improving carrier separation and
transport, and modifying the material’s crystal structure,
morphology, 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 bandgap engineering,
doping, and quantum-well structures to achieve > 80
% efficiency for converting electrical current into optical
output!'®. It is our assertion that utilizing such meth-
ods for developing the next generation of photocathodes
should provide unique paths for simultaneously achiev-
ing new levels of quantum efficiency, low emittance, and
longer lifetimes.

Photon absorption is a necessary first step in pho-
toemission, and higher QEs are mostly attributable to
the use of semiconductor materials having well-defined
bandgaps and relatively low electron affinities that pro-
mote 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 function of depth®?) in a way
that also enhances emission probability several-fold''”.
While largely theoretical in nature, early studies indi-
cate experimental confirmation of these effects are likely.
Compound III-V semiconductors (e.g., GaAs) and alkali
antimonides are the most established photocathodes of-
fering high QEs following appropriate surface treatments
at the expense of limited lifetimes. With a focus on
solar blind photocathodes, there has been limited suc-
cess in developing wide bandgap III-V semiconductor-
based photocathodes utilizing advanced nitride materi-
als (e.g., GaN and AIN) as well as diamond and other
exotic materials''® 2!, In some cases, QEs of well over
20% have been reported for NEA treated GaN-based pho-
tocathodes under UV illumination. Various reports sug-
gest that certain properties of GaN-based semiconductors
can be tailored to enhance photoemission including band
gap engineering!?%'23, doping!?%'?°, utilizing inherent
polarization fields'??, nanowire structures'?®, quantum
well structures'?*!23, and heterojunction schemes'!?>'27,
Some of these reports show promising results for lim-
ited application areas, but systematic investigations are
lacking and there is limited information regarding photo-
cathode lifetimes and no information on emittance mea-
surements.

With the established Energetic Neutral Atom Beam
Lithography & Epitaxy (ENABLE) nitride film growth
capability! 257130 (see description below)'*", systematic
investigations of wide band gap GaN-based photocathode
candidates are possible. Of particular interest is utilizing
the broad band gap tunability of the Ga-In-N materials
system'®! over a wide range of Ga-to-In compositions
(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 bandgap for optimal QF and
low emittance. Thus, the inherent advantages of indium



gallium nitride materials (In,Ga; N, 0 < 2 < 1) includ-
ing tunable bandgaps, chemical robustness, built-in elec-
tric fields, smooth surfaces, amenability to n- and p-type
doping, and quantum well confinement can be systemati-
cally optimized for overall photocathode performance'3?.
In addition, wider bandgap nitride materials such as AIN,
Al,Ga;_.N, and Al,In;_,N 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 bandgap 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 materi-
als. It should be possible to tailor the energy gap profile
to maximize forward transport and electron escape prob-
ability while minimizing the final energy distribution of
emitted electrons. 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 nitrogen atoms with kinetic energies tunable
from 1 to 5 eV as the active growth species to over-
come reaction barriers, thereby eliminating the need for
high substrate temperatures to activate desired surface
chemistry!?3. The high kinetic energy and high reactiv-
ity of N atoms allows low-temperature, rapid growth of
device quality GaN, InN, and InGaN films by simulta-
neously exposing substrates to energetic N atoms and
an evaporated Ga and/or In metal flux'3*!** in a clean
MBE environment.

The ability to reduce film growth temperatures using
ENABLE is required for synthesis of graded bandgap
materials'?® and most of the devices based on graded
InGaN fall into the following categories: using graded In-
GaN as a buffer to alleviate strain in various InGaN based
optoelectronic devices'®; using graded InGaN as the ac-
tive layer in quantum well devices to take advantage of
the bandgap bending/electric field tailoring to enhance
device performance'®®; and using graded InGaN as the
active layer in photocathodes to take advantage of the in-
herent electric field for increasing quantum efficiency!3”.
Because the direct bandgap of InGaN is tunable over a
broad and relevant range of photon energies, this mate-
rial and its synthesis procedures provide a unique system
for studying tailored electronic band structures in pho-
tocathodes.

The following research priorities are suggested:

e near-term: 1D quantum structures, heterostruc-
tures, and quantum well nanostructures on metals
and simple semiconductors, band bending in semi-
conductors;

FIG. 17.  Customized surface science characterization sys-
tem featuring in situ incorporation of x-ray photoemission
spectroscopy (XPS), Auger spectroscopy, low energy electron
diffraction (LEED), and ion scattering spectroscopy (ISS) to-
gether with material synthesis and electron beam measure-
ment stations.

e [ong-term: superlattices, discrete energy levels as-
sociated with resonant structures, quantum wells,
2D electron gases, and surface nano-engineered
structures to filter and tune discrete E levels and
tunneling / transport properties with differing im-
pacts on QF, en yms, and At linkages.

C. In Situ Surface Science Characterization

A key requirement in utilizing the tools of surface sci-
ence 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 struc-
ture analysis. X-ray fluorescence (XRF), Auger spec-
troscopy, ion scattering spectroscopy (ISS) and x-ray
photoemission spectroscopy (XPS) are used for chemi-
cal/stoichiometric information. For imaging and surface
morphology, atomic force microscopy (AFM), x-ray re-
flectivity (XRR), and photoemission electron microscopy
(PEEM) provide insight into film roughness and non-
uniformity. These techniques allow the evaluation of ma-
terial composition, crystal structure, electrical conduc-
tivity, surface morphology (roughness, lateral structure),
layer thickness and the extent of interdiffusion, doping
concentrations, and other relevant material properties.
In some cases, additional insight can be obtained by mak-
ing these measurements in operando - during the growth
process 2139 allowing for adjusting growth parameters
to account for material incorporation into the film dur-
ing growth. A materials-centric approach to photocath-
ode development now requires the availability of some
combination of such techniques. The realization of such
a system is shown in Figure 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
measurements are less common but need to be integrated
into a materials-centric approach to advanced photocath-
ode development. Given that doping and band structure
engineering are becoming more prevalent, conductivity
and related measurements (especially in situ) are in-
creasingly desirable. Electron energy filtering techniques
should benefit by using in situ photoluminescence to di-
rectly measure the peak energy of the filter.

These concepts suggest the following approaches:

e near-term: evaluate material composition, crystal
structure, surface morphology (roughness, lateral
structure); layer thickness and extent of interdiffu-
sion, doping concentration, and other relevant ma-
terials properties;

e [ong-term: combine growth and analysis capabil-
ities with the ability to introduce photocathodes
into an accelerator and measure performance. Mea-
surement capabilities to be emphasized include
electronic and emission properties (conductivity,
spectral response, transverse momentum spread,
and temporal response). This goal will require sig-
nificant standardization across the community and
the adoption of best practices from adjacent disci-
plines (e.g., commercial semiconductor fabrication
processes).

D. Correlation of Beam Properties and Electronic
Band Structure

Direct measurements establishing the correlation be-
tween electronic structure and its impact on the beam
parameters, particularly emittance and response time,

multiport flange

planar gap gun
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are critical to the development of engineered quantum
confinement-based photoemitters. To date, most dis-
cussions of advanced cathodes have centered on reduc-
tion of the intrinsic energy spread, or thermal emit-
tance, as this impacts the high-profile applications such
as XFELs. However, other cathode properties, such as re-
sponse time, or emission promptness, are also important.
To this end, diagnostic systems, such as variations of
the LBNL Momentatron'*’ (see implementation in Fig-
ure 19) and/or fully instrumented electron guns, must be
used in conjunction with the previously discussed tech-
niques to measure intrinsic energy spread, spectral re-
sponse, and emission promptness as a function of ma-
terial properties. Key practical features have begun to
include sophisticated cathode insertion and translation
mechanisms to allow in situ exchange of the cathode be-
tween synthesis and characterization stations, including
photoinjectors. Figure 18 shows the latest iteration of
LANL’s adaptation to the LBNL/INFN photocathode

FIG. 18. Schematic of the modified LBNL/INFN inter-
changeable cathode geometry. The modifications are to ac-
commodate a.) the insertion and manipulation of the cathode
plug in commercial surface science characterization systems
(that typically accept silicon wafer holders), and b.) the in-
sertion of the cathode into a particular photoinjector.

geometry allowing compatible insertion and manipula-
tion of the cathode with commercial surface science char-
acterization systems as well as photoinjectors.

port

Dual solenoids for no net

RF deflector

20-kV feedthrough.

FIG. 19.

The Momentatron works by accelerating photoemitted

beam rotation wound on
custom nipple, spaced
with shaft collars.

dual MCP system from
Beam Imaging Solutions

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
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electrons across a gap and imaging the electron beam di-



vergence on a phosphor screen detector situated a known
distance from the cathode plane. Thermal emittance is
then obtained via:

€n,rms q.V

1/2
[ o, =Ts |:3m602(2g+L)2:| (16)

where r, is the spot size on the detector, and V is the
accelerating voltage. Particle tracking simulations of the
Momentatron (e.g., 0.2mm 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 Figure 20. In this study, the gap distance ¢ = 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 an RF gun, but its properties must be
sufficiently understood to enable simulation in an end-to-
end beam code or a beam optics (Particle-in-Cell) simu-
lation. Such a simulation will allow correlations between
changes in the material’s nanoscale properties to be ob-
served in the resulting electron beam performance. Char-
acterization facilities such as those indicated in Figure 17
are therefore integral to the effort. The following studies
are suggested:

e near-term: measure correlation between electronic
structure and its impact on the beam parame-
ters, particularly emittance; elucidate connection
between specific design features of cathode (e.g.,
tailored nanostructures) and the resulting electron
beam properties.

e [ong-term: perform electron beam simulations and
beam physics measurements to show how material
design features and changes in nanostructure im-
pact electron beam generation and properties.

IV. CONCLUSIONS

In summary, a material-centric approach to under-
standing and exploiting nanostructure in photocathode
films has been outlined. The demands placed on pho-
tocathodes by challenging applications, in particular
XFELs, are often conflicting with regards to (particu-
larly) high quantum efficiency and low emittance, fol-
lowed by bunch shape and lifetime. Given that improve-
ments in one are often at the expense of another, there
is a need to employ methods that undo their linkage.
One path forward may be the use of quantum dot-like
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FIG. 20. Performance characteristics of a modified emittance
measurement system based on the LBNL Momentatron*°.
Top: Detector spot size in mm (color) as a function of gap
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agreement for all ranges of operating voltage; Bottom: Mea-
surement error as a function of actual thermal emittance at
various beam currents.



structures, heterostructures, or introducing inhomogene-
ity at the nanoscale. Such a program requires theoretical
support in addition to fabrication efforts. Perspectives
regarding significant progress and remaining challenges
were presented along with several potential paths for-
ward, each drawing upon a requisite set of tools, meth-
ods, and instruments. Tailoring compositions and het-
erostructures in semiconductor photocathode films pro-
vides mechanisms for improving and tuning charge trans-
port and photoemission. While these methods are still
in their early stages of development, they provide an op-
timistic future path towards overcoming the detrimental
linkages identified in Section IT that exist [most promi-
nently, the joint increase of ey, yms With QF as per Eq.
(5)] amongst the identified photocathode metrics that
prevent conventional bulk materials from meeting future
demands. The potential benefits are roughly partitioned
by:

e Modifications to the bulk materials properties: in-
cludes band bending or band gap variation by dop-
ing or graded stoichiometries to create tailored con-
ditions for photoabsorption (modification of the op-
tical properties, particularly n and k) and photoex-
citation (modification of the transport properties,
particularly Eg, m,). Such control can affect de-
layed emission by impacting photon absorption and
electron transport;

e Nanostructure & Energy Filter / 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'*!). Surface nano-engineered filter
structures can affect discrete energy levels, tunnel-
ing / transport properties, and potentially sepa-
rate the linkages between QF, €, yms, and response
time.

Unlike conventional bulk and surface semiconduc-
tors, nanostructures and compositional variations pro-
vide multiple approaches for improving photon absorp-
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tion and electron 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 emis-
sion probabilities, heterostructures and nanocrystalline
materials may yield conditions where photoemission is
dictated by electron wave functions being extended over
many adjacent structures. This suggests techniques to
improve forward electron transport and quantum effi-
ciency may be employed without significant effect on
transverse energy and emittance. Moreover, a means
to control the spread in energy emerges whereby het-
erostructures 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 nano-engineered materials is to favor electron trans-
port in the direction of the surface normal while main-
taining high quantum efficiency. Doing so, without sig-
nificantly increasing emittance in the transverse direc-
tion, will be a noteworthy and technologically enabling
accomplishment.
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