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In state of the art photoemission electron sources, the transverse emittance of the electron beam is
approaching its intrinsic value from the cathode. To reduce the intrinsic emittance, it is straightforward to
tune the photon energy of the drive laser toward the photocathode emission threshold. This paper aims at
constructing an improved model which takes into account an intermediate energy level to better explain the
near threshold photoemission for semiconductors. A dynamic model is also proposed to evaluate the
cathode degradation process due to surface oxidation. The models agree well with published results for
different materials under various conditions, including electric field, temperature and vacuum condition.
The dynamic model predicts that near threshold emission of an oxidized Cs;Sb cathode outperforms
UV photoemission of typical metal cathodes in terms of both quantum efficiency and intrinsic emittance.
With the oxidization layer, the robustness of semiconductor cathodes to gun vacuum condition may be
comparable to a metal cathode. This, however, needs further testing.

DOI: 10.1103/PhysRevAccelBeams.22.123403

I. INTRODUCTION

High brightness electron beams have enabled most
powerful scientific instruments, including for example
x-ray free electron lasers (XFEL) and ultrafast electron
diffraction (UED), for cutting edge research in ultrafast
science [1-6]. Reducing the emittance of electron beams is
highly desired to improve the performance of these instru-
ments. In state of the art photoemission electron sources,
the cathode sets ultimate limits on achievable beam quality.
Therefore lowering the intrinsic emittance is of vital
importance in both the FEL and UED communities [7-9].

To achieve lower intrinsic emittance from photocatho-
des, one of the promising approaches is to vary the
wavelength of driven laser to approach the photoemission
threshold [10-15]. For metal cathodes, the intrinsic emit-
tance can be barely below 0.5 mm mrad per mm laser spot
size (rms) [10,14] by tuning the laser wavelength, con-
strained by keeping a reasonable quantum efficiency (QE).
For semiconductors, the intrinsic emittance can be lower
(0.2-0.3 mm mrad/mmrms) when the incident photon
energy is near or below the threshold [11-13], while QE
still supports low average photoelectron current operation.
Some previous work has studied the photoemission
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mechanisms of semiconductors [16-19], but deviations
still exist between theories and experiments. Moreover,
the semiconductor is less robust against poisoning by the
residual gases and has a relatively short lifetime in practice,
and a dynamical model to investigate the cathode perfor-
mance during the degradation process is still missing.

This paper will propose a dynamic model for the cathode
degradation process due to residual gases. The cathode
degradation by ion back bombardment is not considered
in this model. Previous works have reported the decay of
cathodes’ QE with the presence of “poisonous” gases, like
0,, H,0, CO,. Some studies have been dedicated on the
chemical analysis of surface reactivity of common residual
gas molecules [20]. The conclusion was that the oxygen has
the most detrimental effect on QE. However, the dynamics
of the degradation process was not discussed. Exponential
fitting is a standard method used to evaluate the degradation
of the QE [21,22], while clear deviation of the entire
degradation process from the exponential trend was
observed [23,24]. Pavlenko and coworkers suggested to
include an intermediate and reversible physisorption step to
account for the discrepancy. Their model provided new
insights into the physical picture of the degradation of QE
for various materials, but the behavior of the intrinsic
emittance was not discussed [23]. It has been confirmed
experimentally that as the QE decays continuously with the
accumulated oxygen dose, the intrinsic emittance would
experience a reduction for GaAsP [25]. Hence it is
reasonable to expect a possible correlation between intrin-
sic emittance and QE degradation.
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In this paper, a static model is first introduced to describe
the semiconductor photoemission process in steady state
with the consideration of the acceptor level. Then a
dynamic model is proposed to describe the cathode
degradation process due to residual gases and it analyzes
the evolution of quantum efficiency and intrinsic emittance.
The static model is capable of reproducing the QE and
mean transverse energy of Cs;Sb near threshold emission
under low electric field and different temperature. The
dynamic model is applied to the evolution of cathode
performance for Cs;Sb and GaAsP due to oxygen absorp-
tion. The simulations show the oxidized Cs;Sb at threshold
photoemission might be able to replace metal cathodes
with UV photoemission, with the advantages of higher QE
and lower intrinsic emittance. Oxidized semiconductor
cathode might have comparable tolerance to gun vacuum
condition as metal cathodes, which can be benchmarked
with future experiments.

II. STATIC MODEL

The photoemission model presented in this paper is
displayed in Fig. 1. It is based on the three step model
[16,17,26]. The major differences lie in the consideration
of the contribution from the acceptor level located at the
band gap and the energy loss caused by scattering with the
crystal lattice in the analytical model. The band bending
region near the surface can alter the energy band and affect
the electrons emission. If the material is p-typed bulk with
n-typed surface, a shallow p-n junction will be formed near
the surface and the electric field helps to extract electrons,
reducing the effective barrier as shown in Fig. 1. Many
commonly used photocathodes are p-typed semiconductors
and have similar structures, like Cs3Sb, K,CsSb, GaAs.
With the acceptor density N, and the width of band
bending region d,,, the bending energy E,, can be estimated
through [27]
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FIG. 1. Photoemission of semiconductors. The dash part at the

surface side is the proposed model for degradation.

eNAd%,
E, = 4% 1
b= e e (1)

where &, is the material’s relative permittivity, g, is the
vacuum permittivity and e is the elementary charge.

There are two origins of electrons from the bulk. One is
the valance band, which is included in most of the models.
The other is the acceptor level. The lattice imperfections,
like foreign atoms or vacancies, can lead to the formation of
the acceptor level in the band gap. The contribution from
the acceptor level is usually not considered. In the follow-
ing we discuss the effects of the acceptor level in the
photoemission process. The Fermi level of the materials is
important to determine the distribution of electrons and it
is usually located at the gap between the conduction band
and valance band for semiconductors. Since there is lack
of record about the Fermi level for many semiconductors,
for simplicity, we follow the common rule discovered
from most of the III-V type semiconductors, and assume
that the Fermi energy of the surface state is fixed at one
third of the band gap [28,29]. As a stable and complete
system, the Fermi level of the bulk should be the same as
that at the surface. This can be achieved through band
bending. Therefore the difference between the bulk and
the surface Fermi energy is E;,. Consequently, the bulk
Fermi level E, with respect to the top of the bulk valance
band, is

EF:Eg/3—Eb. (2)

With the assumed Fermi energy above, the possibility of
electrons occupied at the acceptor level can be evaluated
following the Fermi distribution [28],

1

T ) = T e B = En) R T (3)

where E, is the energy of the acceptor level above the top
of the valance band, and E is the bulk Fermi energy.
kg and T are Boltzman parameter and temperature respec-
tively. Therefore, the contribution from the acceptor level
will be NA . fA(EA)

In the valance band, the energy state density of the
electrons is proportional to the square root of energy relative
to the top of the band in the simple free electron Fermi gas
model [30]. In the conduction band, the square root law is
still valid, except that the energy of the state is defined
relative to the bottom of the band. Therefore the expression
for the density of electrons per unit of energy [30] is

3
L (%)2 “E,—E. E<-E,
D,(E) = (4)

3
ziﬂz(%)\/ﬁ E>0
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where 7 is the Plank parameter and m,, is the rest electron
mass. E refers to the energy of electrons. Here the energy at
the bottom of conduction band is set to zero, shown in Fig. 1.

The possibility of electrons excited from energy E — Aiw
to E is the product of the density of filled states at E — A,
D,(E-how)f,(E—ho+E,), and the density of empty
states at E, D, (E)(1 — f.(E + E,)) [31]. Here f,(E) is the
Fermi-Dirac function at energy E for valance and con-
duction band and has the expression as

1
"1+ exp[(E - Ep)/kgT]’ )

At 300 K, the kgT is roughly 26 meV, which is usually
much smaller than the energy difference between the
Fermi energy and the valance band or the conduction band
among our interested photocathode materials. Therefore
fe(E = hw + E,) almost equals to 1, while f,(E + E,) is
very close to 0. Consequently, with photon energy A and
band gap E,, the distribution of excited electrons with
energy E is expressed as

fe(E)

N(E,w) =Ny fa(Es) - D (E) - 0(E — hw + E; — Ej)
+D,(E) - D,(E — ho) - H(hw — E, — E),
(6)

where 6(E) is the delta function and H(E) is the Heaviside
function. The first term describes the contribution from the
acceptor level. Ny - f4(E,) is the acceptor level’s contri-
bution and D, (E) refers to the density at excited energy. In
principle, electrons and holes are Fermions and they should
not occupy the same states when coupling exist. However,
since the density of the acceptors is low, the distance
between two acceptors is far enough to decouple with each
other. Therefore, the acceptors are assumed to stay at the
same energy level [30]. The delta function is used to
describe the energy distribution of excited electrons from
the acceptor level. It can be inferred from the Eq. (6) that
the initial energy of electrons from the acceptor level
after excitation is 7w — E, + E,, while those from valence
band lie in the range from 0 to Aw — E,. Therefore,
electrons from the acceptor level generally have higher
energy and larger possibility to emit into vacuum.

After photon absorption, some of the excited electrons
will move toward the surface for emission. We assume
the distribution of the initial direction is isotropic. This
assumption may have some deviations from the reality due
to the penetration of applied electric field. If the photon
energy is less than twice the band gap, the phonon
scattering will be the dominant mechanism for the electron
scattering. Here the analytical model only considers the
energy loss during the scattering. The corresponding
change of the trajectory motion is included in a
Monte Carlo simulation, which will be discussed later.
A semiclassical picture is used to determine the energy loss,

AE=—2

B xy\/2E/m* .

where x denotes cosf and @ is the direction of motion
relative to the normal direction of the surface. s is the depth
from the cathode surface where the electron absorbs a
photon and gets excited. m* is the electrons’ effective mass
and can be roughly estimated through [17]

A(E) - Egp, (7)

m* = —gmo (8)

where R, is the Rydberg energy 13.606 eV.

A(E) in Eq. (7) refers to the scattering rate and E, is the
phonon energy. For simplicity, we only consider the polar
optical phonon scattering and intervalley scattering, since
they have the most significant effect on the energy loss of
electrons and the mean free path is short enough to exert
influence on the states of excited electrons in the thin film.
Acoustic phonon scattering is neglected due to its small
phonon energy (~1 meV) and long mean free path, and
hence less effect on electrons. When electrons lie in one
band, polar optical phonon scattering is the dominate
process. According to the previous references [28,32],
the scattering rate from the polar optical phonon 4,(E)
can be calculated through

- e2mE Ny +3F )
4\/§7th280€pE%

Aoj: (E) 11'1‘

where +/— means phonon absorption and emission respec-
tively. £, is defined as the reciprocal of (1/&, —1/¢,) where
&, and &, are material’s static and high frequency dielectric
constant, respectively. N, is the occupation number of the
phonon, following the Bose-Einstein statistics [30],

1
N, = .
" exp(E,;/kgT) — 1

(10)

When electrons’ energy is high enough to scatter into
other valleys, intervalley scattering will be dominant.
The corresponding scattering rate 4;(E) is much higher,
leading to larger energy loss, and can be calculated as
follows [28,32]

B () = 2N, + 5 F )
. V2rh?pE,,

(E£E,)? (1)

where D, is the deformation potential, which is often taken
as 1 x 10° eV/cm, and p is the density of material.

As mentioned above, we are more interested in the
energy loss during the scattering process. In a phonon
scattering event, an electron can emit or absorb a phonon,
resulting in the increase or decrease of energy by E,.
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For most of the electrons’ energy range, the possibility of
emission is higher than that of the absorption. Therefore the
scattering rate in Eq. (7) is A(E) = 4,_ —4,, for those
electrons with energy lower than the minimum of the
second lowest band and A(E) = 4,_ — 4,, + 4,_ — 4;, for
those with higher energy.

When the electrons approach the surface, they will
traverse the band bending region and obtain extra E; in
the longitudinal direction, as mentioned above. Finally,
photoelectrons have to overcome the barrier to emit into the
vacuum. The function D(E) in Jensen’s papers [17,33] is
adopted here as the transmission probability, which is

2
D(E.£.E,) = (e B I (1 e 0B)] (12)
2+/EH(E) 4
0, E>E,
O(E) = 13
(E) {M 2m*(E,—E)’, E<E, (13)

= J(E-E)? + (RR(ec?/am ), (14)

where £ is the electric field and f, is a dimensionless
number and the value is 0.51697. This expression connects
the electron affinity £, and electric field £ to tunneling
possibility. A higher electric field and a lower electron
affinity will lead to a higher tunneling possibility.

The following is the derivation of the expression of QE
and intrinsic emittance. Taking into account the trans-
mission rate of photon, absorption rate by electrons and the
possibility of emission, the expression of QE is given as

QE _ JoJoJs"N

1 -R(w)

)T(E,s,x,& E,)dEdsdx
fo E)AE [1, dx ’

(15)

T(E,s5,x,&E,) = D((E— AE)X? + Ey, & E,),  (16)

F(s) = a(w)e=)s, (17)

where T(E,s,x,& E,) is the transmission possibility of
electrons excited from the depth s with energy E and
direction x [see Eq. (7)] to tunnel through the electron
affinity E,. AE is the energy loss defined in Eq. (7). [ is the
thickness of the cathode. a(w) is the photon absorption
coefficient and R(w) is the reflectivity, which vary with
the laser angular frequency w. F(s) is the distribution of
the position of excited electrons.

The intrinsic emittance is the normalized rms emittance
at the cathode and it is related to the mean transverse energy
(MTE) of emitted electrons through [26]

e MTE

€xn pX
mgc moyc?

(18)

Here o, is the rms laser size and (p2) is the electrons’
transverse momentum variance. c¢ is the speed of light. It is
assumed that the transverse position has no correlation with
the transverse momentum [26], commonly used in the
calculation of intrinsic emittance. The horizontal intrinsic
emittance €,,, should be theoretically the same with the
vertical one €,,,, since no x — y asymmetry terms are present
in our model. The conservation of transverse energy at the
interface is assumed. Thus the MTE can be expressed as

RN
M= fo

VF(s) T(E s,x,&,E,)(1=x*)EdEdsdx
N(E)F(s)T(E,s,x,¢,E,)dEdsdx

(19)

The analytical model, including Egs. (15) and (19),
does not consider the change of electron’s trajectory after
scattering. A Monte Carlo simulation based on the ana-
lytical model is developed to examine this simplification.
In the simulation, an electron is randomly generated at a
position with given initial energy, following Eq. (17) and
Eq. (6), respectively. The initial direction follows the
isotropic assumption. The scattering rate is determined
by Egs. (9) and (11). In the simulation, the absorption and
emission of phonon can be distinguished and thus a better
evaluation of the energy change is available. When the
electron’s energy is lower than the minimum of the second
lowest band, the scattering rate is given by A = 4,_ + 1,..
Ao—/A is the possibility to emit a phonon, leading to an
energy loss of E,,;,, while 1, /A is the possibility to absorb
a phonon, accompanied by an energy gain of E,,. For
electrons with energy above the minimum of the second
lowest band, the scattering rate is A =4,_ +4,, +4,_+
Air, where (4,_ + 4,_)/A is the possibility for phonon
emission and (4, + 4;.)/4 is for phonon absorption.
The electron’s free time ¢ can be derived from the scattering
rate A and the distribution is f(7) = exp (—t/t;) where
t; = 1/A. During the free time, the electron drifts freely
with velocity v = /2E/m*, where E is energy and m* is
effective mass. A scattering event leads to an energy gain or
loss of E,;, and changes the direction as well. The change
of the direction is not isotropic, but following a specific
distribution. The polar angle € between the original and
new trajectory and the azimuthal angle ¢ will follow the
distributions [28,32],

sind
gl(g)ocE—i—(EiEph)—Z E(EXE,;)cos0 (20
1
92(45):%- (21)
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When the electron arrives at the surface, it should overcome
the barrier to become a photoelectron. The possibility is
decided in Eq. (12). If the electron eventually overcomes
the barrier, its information will be recorded for the later
calculation of QE and MTE.

In the following, Cs;Sb is presented as an example to
validate the above photoemission model by comparing to
experimental results [12]. In the experiment, the incident
photon energy is 1.8 eV (690 nm) and the QE and MTE are
measured at two temperatures, 300 K and 90 K [12]. The
band gap E, and electron affinity £, of Cs3;Sb are 1.6 eV
and 0.3 eV, respectively. The acceptors in Cs;Sb are
believed to be the results of the cesium vacancies [34]
and the energy E, is 0.5 eV above the top of the valance
band [35-37]. The contribution from acceptor level is
significant at room temperature when the photon energy
is near threshold but negligible at cryogenic environment.
It is because f4(E,) at 90 K in Eq. (3) is 5 orders of
magnitude smaller than the value at 300 K and conse-
quently the contribution from the acceptor level at 90 K
can be neglected. Therefore, this is a suitable case for the
validation of the model. The excited electrons from the
valance band have energy below (Aw—E,) =02 eV
while those from the acceptor level have energy around
(hwo —E, + E4) = 0.7 eV. Since E;, is 1.6 eV, m" in
Eq. (8) would be 0.1176 m. The estimation is valid near
the conduction band minimum, but not for those electrons
with high energy. It can be inferred from the band diagram
of Cs3Sb the electrons with energy more than 0.6 eV stay
at another band [38]. Therefore in both analytical and
simulation calculation, electrons with energy below 0.6 eV
have effective mass m* as 0.1176 m and those with energy
above 0.6 eV have effective mass m™* as m,. The effective
mass is used in the calculation of drift velocity and the
scattering rate.

Since the band bending energy has not been evaluated
experimentally in the literature, it is treated as a flexible
parameter to fit the experiment data[12] and the result is
around 0.175 eV. The acceptor density N, can be deduced
from band bending energy in Eq. (1). It is found to be
1.586 x 10?° cm™3, lying in the reported range [16,36].
Based on Eq. (1)-(3), the Fermi energy is derived to be
located at 0.363 eV and the occupation possibility at
acceptor level f4(E,) would be 2.5 x 1073,

The photoemission results of Cs;Sb with 1.8 eV photon
energy against electric field are shown in Fig. 2 and the
value of the relevant parameters can be found in Table I.
The experimental [12], analytical and simulation results
roughly agree with each other. In Fig. 2, the calculated
MTE slightly decreases with electric field at 300 K while it
increases at 90 K. The main difference between 300 K and
90 K is the participation of acceptor level in photoemission.
At 90 K, the acceptor level is almost empty, so the
photoelectrons are dominated by the valance band elec-
trons. The increase of electric field reduces the tunneling
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FIG. 2. Comparison between the analytical results, simulation
results and the experiment data [12] in QE and MTE for Cs;Sb
threshold photoemission with 690 nm laser. The MTE plots
include data points at two temperatures, 300 K and 90 K. The
thickness of the photocathode is assumed to be 30 nm.

barrier and leads to a higher MTE. At 300 K, the photo-
electrons are dominated by electrons from the acceptor
level, resulting in a higher MTE than at 90 K. The increase
of electric field allows more valance band electrons to

TABLE I. Parameter used for the case of Cs;Sb.

Band gap E, 1.6 eV [12]
Electron affinity E, 0.3 eV [12]
Degraded electron affinity E,, 0.4 eV [39]
Band bending energy E; 0.175 eV (fit)*
Width of the band bending region d,, 1 nm [34]
Effective mass (E<0.6eV) m*/m, 0.1176 [17]

Effective mass (E>0.6eV) m*/m, 1
Photon absorption coefficient o 38277cm™! (1.8 eV) [16]
71332cm™! (1.9 eV) [16]
485197cm™" (3.06 eV) [16]
23.11% (1.8 eV) [17]
25.29% (1.9 eV) [17]
32.04% (3.06 eV) [17]
30 nm [12]
0.027 eV [18,40]
0.5 eV [35-37]

Reflectivity R

Thickness [
Phonon energy E ),
Energy of acceptor level E,

Static dielectric constant & 8.2 [17]
High frequency dielectric constant &, 5.0 [17]
Oxygen partial pressure p, 10~ Torr

5% 10" cm™2 [41,42]
0.3 nm [42,43]
6.1 nm (fit)°

Density of oxygen atoms per layer N
Thickness of one layer d
Decay length L,

*Obtained by fitting the experiment data in Fig. 2 with Eq. (15).
®Obtained by fitting the experiment data in Fig. 3 with
Egs. (15) and (28).
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overcome the barrier. The contribution from acceptor level
electrons decreases relatively and thus the MTE is reduced.

In the plot of QE, the analytical results are about two
thirds of the simulation and there are mainly two reasons.
The first reason is that the analytical calculation does not
consider the trajectory change in the scattering events. For a
material without boundary or with uniform electron exci-
tation, the scattering will not cause differences between
the forward current and the backward current. However, the
cathode surface, as a boundary, should be considered in the
photoemission study and a larger amount of electrons get
excited near the surface [see Eq. (17)]. When the trajectory
change is considered after a scattering, the excited electrons
which move initially backward would still have opportu-
nities to reach the surface due to back scattering, which is
not possible in the analytical model. Simulations show the
absence of trajectory change in scattering accounts for
roughly 21% reduction of the QE in analytical models. The
second reason is that the electrons continuously lose energy
in the analytical model and the value is proportional to the
transport distance, while in simulation the electron will not
lose energy before a scattering event. As a result, after the
last scattering, the electron loses a bit more energy in
analytical model than in simulation. For threshold photo-
emission, the tunneling possibility is very sensitive to the
electron energy. Therefore, the extra energy loss in ana-
lytical model leads to a lower tunneling possibility and
thus a lower QE. Simulations show the energy loss after
final scattering accounts for another 10% reduction of
the QE results.

III. DYNAMIC MODEL

The static model discussed above does not include the
surface degradation from the residual gases in vacuum.
The continuous reduction of QE caused by the gas
adsorption has been confirmed in experiments [23,44],
while the impact on intrinsic emittance is not fully under-
stood [25]. In the following, a dynamic model is established
to describe the evolution of QE and intrinsic emittance
during surface degradation process without ion back
bombardment.

Many references have indicated that the residual gases
have reaction with some elements of the cathodes and new
composites form on the surface [45—47]. For most semi-
conductor photocathodes, the surface is cesium enriched to
reduce the electron affinity. Cesium is chemically active
and easily reacts with oxygen contained molecules. The
newly formed layers, shown as the dash part in Fig. 1, will
change the electron affinity and electron transmission
probability. A higher electron affinity and thicker surface
layer are the reasons for degradation.

To evaluate the evolution of electron affinity, we assume
N is the number of atoms of the original material on the
surface of a fresh cathode. After reacting with the residual
gas, the number of atoms of the original becomes N; and

the number of atoms of the new composition is N,. The
original electron affinity is £,; and the new composition’s
electron affinity is E,,. The absorption rate is assumed to
be proportional to N; with time constant z. The time-
dependent electron affinity of the contaminated surface can
be derived as

dN
d—t‘ = —N,/t = N; = Nyexp (-t/7),  (22)

Ny =Ny —N; = (1 —exp(=t/7))Ny, (23)

_NiEa+N2Es

=E E, —Ep)e*. (24
N1+N2 a2+( al a2)e ( )

Ey(1)

The value of the electron affinity will gradually approach
E,. Since E,, is normally larger than E,;, the photo-
cathode will experience a QE degradation. The parameter 7
is approximately the time for the formation of one layer and
is evaluated as follows. Due to the low pressure, the gas
molecules follow the ideal gas equation. They stay in a
thermal equilibrium state and follow the Maxwell-
Boltzmann distribution. As a result, the number of mole-
cules n; that hit the surface in unit time and area is given as

- m \: om0\ s
nl_n(anBT> ///vxexp( 2kBTv>d1J
[kgT [ 1
p— pu— s 25
" 2nm p 2nmkgT (25)

where p, T and kp are pressure, temperature and
Boltzmann constant, respectively. Mass m depends on
the properties of the gases. If N is the density of molecules
per layer, then 7T can be estimated by

T= i, (26)
nny
where 1 refers to the stoichiometry number of target element
in the interested gas molecules. Here we have assumed the
pressure p in n; is a time independent constant.

The absorption of oxygen also results in the thickness
growth of the surface layer. The growth speed is simplified
to be a constant of »;. A rough estimation can be made by
the thickness of one layer d divided by t in Eq. (26).

The newly formed surface layer contains defects, impu-
rities and recombination centers. Their presence leads to the
loss of photoelectrons and reduce the possibility of emis-
sion. Therefore, a decay factor T () is defined as,

exp (— 2_1[:)’ t< dbL]“X
7\(1) = ) ) 27)
exp (— 2—“;) > TLI“
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where L, is the attenuation length, related to the condition
of the surface layer. L, cannot be derived analytically and it
is left as a fitting number. d,,,c is the maximum thickness
that the oxide layer can reach. There are some results that
the degradation would stop at some point in a study from
CERN [48]. It is hard to determine the value of d,,,,, since
it is related to the cathode surface and vacuum condition.
Further studies are needed to derive an analytical expres-
sion for d, .. dmax 18 Not involved in the calculation of the
following examples, since their QE degradations do not
stop in the interested region.

Based on the above derivation, the time dependent
emission possibility is

T(E,s,x,E E,(1),1)
= D((E = AE)X* + Ey & E,(1)T (7). (28)

The main differences between Egs. (28) and (16) are the
time dependant electron affinity E,(¢) and the decay factor
T,(t), corresponding to the two mechanisms. In dynamic
model, Eq. (16) in the expressions for QE and MTE is
replaced with Eq. (28).

The independent variable is time in the above discussion.
A new parameter, oxygen dose D, is introduced below. It
is the integration of oxygen partial pressure with time.

D,(1) = A ", (2)dr. (29)

The unit of D, is Langmuir (L), which is 107 Torr s.
When the oxygen partial pressure is time independent,
the oxygen dose D, is the product of the oxygen partial
pressure and the time range. In the following discussions,
the time ¢ is replaced by the oxygen dose D,,.

Here a dynamic model is established to analyze the
semiconductor photoemission degradation due to surface
contamination. It has been confirmed that oxygen would
result in a significant decrease of QE for GaAs in an
experiment [44]. In addition, the first-principle calculation
indicates that oxygen is the dominant poisonous gas to
degrade alkali-based photocathodes [20]. Therefore, semi-
conductors degradation by oxygen can be representative for
the influence of residual gases. The following discussion is
based on the assumption that the effects of other oxygen
containing molecules on the performance of the cathode are
similar. Other elements are not considered in this model.

An oxygen controlled contamination experiment has
been done on Cs3Sb with incident photon energy
3.06 eV (405 nm) by a group from LANL [23]. The
oxygen dominates the vacuum environment and the pres-
sure is roughly 10~ Torr. A fresh Cs;Sb cathode is cesium
enriched on the surface. The exposure in the oxygen
enriched environment would result in the formation of
cesium oxide on the surface. The electron affinity of cesium
oxide Cs,0 is 0.4 eV. Since oxygen is the dominant gas

here, the mass m in Eq. (25) is the mass of an oxygen
molecule and the stoichiometry number 7 in Eq. (26) is 2.
Under the condition of pressure 10~° Torr and temperature
300 K, n, is calculated as 3.572 x 10! cm™2s~! from
Eq. (25). It is reported that the number of oxygen atoms per
layer is about 5 x 10'* cm=2 [41,42]. Based on Eq. (26),
the time constant 7 is derived to be around 700 s. The
thickness of one layer d is approximately 0.3 nm [42,43].
v, is estimated with the quotient of d and z, which is
4.286 x 107 nm/s.

The QE degradation has been observed in the reference
experiment and the fitting results from the presented model
are shown in Fig. 3. The degradation can be divided into two
stages. In the first stage, the increase of electron affinity is
more important, leading to a fast QE decay. In the second
stage, the electron affinity has almost reached a constant and
the dominant term is the decay factor 7' (r). A relatively
slower decay is observed at this stage. The recesiation is able
to reduce the electron affinity to the original level, but the
deposition of extra cesium increases the thickness of the
surface layer and the decay factor T (¢) would continue to
exert its influence. This might be a reason why the QE is
partly recovered after recesiation. Apart from the evolution
of QE, the variation of the intrinsic emittance of photo-
cathode can also be evaluated with an analytical model. The
cathode intrinsic emittance decreases a little bit and stabilizes
at about 0.762 mm mrad/mmrms, as shown in Fig. 3.

When the incident photon energy is lower than the
emission threshold, things are more complicated and the
acceptor level would have a great influence. Examples
are taken on Cs;Sb with the incident photon energy of
1.8 eV under the electric field of 4 MV/m and 50 MV/m,

’

0.8 Experiment T
E 0.9 Analytical
% @ 08
S 0.79 'S i
€ > o7
€ 2
S &
-t w 06
S 0.78 o |
i 0.5
=
@ 0.4
2 077} 1T 2 3 4 5 ]
£ Oxygen dose(L)
C

0.76 .
0 1 2 3 4 5
Oxygen dose(L)

FIG. 3. The predicted time evolution of intrinsic emittance of

Cs;Sb from analytical model is presented as the blue line. The
working condition, including oxygen pressure of 10=° Torr and
photon energy of 3.06 eV, is the same as in Ref. [23]. The inset
shows the model fitting to Pavlenko’s paper [23], which gives a
L, of 6.1 nm, shown in Table I. 1 Langmuir equals to 10~ Torrs.
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FIG. 4. The development of QE and intrinsic emittance of
Cs;Sb in the oxygen enriched environment with different
incident photon energy and applied electric field. 1 Langmuir
equals to 107 Torrs.

typical values for the DC gun and rf gun, as presented in
Fig. 4. In simulation, every photoelectron’s initial state is
recorded and the ratio from the acceptor level is obtained,
shown in Fig. 5. In Fig. 4, the analytical and the simulation
results agree with each other. The QE degrades in both
cases while the intrinsic emittance differs a lot. During the
surface contamination, the intrinsic emittance at 4 MV,/m
considerably increases while it slightly decreases at
50 MV/m. The opposite performance can be explained
by the differences of relative contribution from the acceptor
level under two electric fields. In the model, the barrier of
the cathode increases due to the surface oxidation and
finally stays at a higher value. The transmission possibility
of electrons from valance band will considerably decrease,

10° T T

‘E-__ﬂ,—‘ﬂ'—-ﬂ._-ﬂ-——u'--ﬂ‘__w
102§ = 3
L', —e— 1.8eV, 4MV/m

- @ - 1.8eV,50MV/m

1.9eV, 4MV/m

The ratio of photoelectrons
from acceptor level

1 1 1 1

0 1 2 3 4 5
Oxygen dose (L)

FIG. 5. The ratio of photoelectrons from acceptor level change
under different conditions as shown in Fig. 4. All the results are
obtained from the simulation.

while those from the acceptor level are hardly affected. At
4 MV /m, the increase of the barrier is the dominant factor
and thus the acceptor level would gradually become the
main source of photoelectrons. As shown in Fig. 5, the ratio
of the acceptor level accounts for 80%. Since electrons
from the acceptor level have higher energy, the intrinsic
emittance is expected to increase. However, at 50 MV /m,
the high electric field is able to compensate the opposite
effect from the growing barrier. Therefore, the valence band
electrons still dominate in the photoemission, which is
important for a lower intrinsic emittance at threshold
photoemission. There is another method to reduce the
intrinsic emittance after oxidation at 4 MV /m, which is to
raise the photon energy. As shown in Fig. 4, both QE and
the intrinsic emittance with photon 1.9 eV get an improve-
ment compared with those with photon 1.8 eV. It is a very
interesting result for the intrinsic emittance, since the
conventional formula (MTE = (hw — E, — E,)/3) expects
a higher intrinsic emittance with 1.9 eV photon [49,50].
The examples suggest that the acceptor level plays an
important role in threshold photoemission at room temper-
ature and the ratio between the contribution from the
valance band and the acceptor level is sensitive to the
working condition.

The model predicts that Cs3Sb working at threshold
photoemission under high electric field of 50 MV/m
still has higher QE (> 1073) and lower intrinsic emittance
(~0.28 mm mrad/mm rms) than copper, which is the most
common metal cathode working at high electric field but
driven by UV laser (~266 nm). As a comparison, the QE of
copper is from 107 to 107*, depending on the surface
cleanness and working condition, with the intrinsic emit-
tance above 0.5 mm mrad/mm rms. However, the lifetime
of Cs;3Sb is an important issue. When the oxide layers reach
the maximum thickness d,,,, the chemical robustness of
the cathode is expected to be similar to the metal and a
comparable lifetime is possible. It should also be noted that
the lifetime of cathodes in the rf gun is affected by other
factors as well, like laser and rf field [50]. Their influence
on Cs;Sb is not clear and more efforts should be devoted
into the lifetime study experimentally. The response time is
another key parameter for photocathodes. For copper, it is
around 10~15 s. For semiconductors, it is related to incident
photon energy [11,25]. Experimental data [12] indicate the
response time of Cs3;Sb with incident photon energy of
1.8 eV is less than 1 ps. Based on the above analysis, a
prediction is made that Cs;Sb should be able to replace
metal cathodes in normal conducting rf guns with a higher
QE, lower intrinsic emittance and possible comparable
lifetime, which is still to be confirmed experimentally.

Another controlled contamination experiment on GaAsP
in oxygen enriched environment [25] is analyzed with the
dynamic model. In the experiment, the incident laser is
532 nm (2.33 eV) and the oxygen pressure p, is a constant
of 10719 Torr. By fitting to their results, it is discovered that
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FIG. 6. The evolution of electron affinity of GaAsP during
degradation process under oxygen enriched environment
(1071° Torr) with photon energy 2.33 eV (532 nm) in the
experiment [25]. The fitting line from Eq. (30) is presented.

the growth of electron affinity during degradation can be
well described by Eq. (24),

D()
Ea(D0> = Ea2 + (Eal - EaZ) eXp _m

D
= 0.117 + ((=0.34) = 0.117) x exp (— 5 09"24>.
(30)

Here the independent variable is replaced by the oxygen
dose D, instead of the time ¢. The values of E,;, E, and 7
are obtained from the fitting, shown in Fig. 6. Good
agreement has been achieved with the experimental data.
As for the decay factor T (¢), it can be expressed with
oxygen dose as an independent variable, shown as

TABLE II. Parameter used for the case of GaAsP.

Band gap E, 1.723 eV [51]
Electron affinity E,, —0.34 eV [25]
Degraded electron affinity E,, 0.117 eV [25]
Band bending energy E, 0.54 eV [27]
Width of the band bending region d,, 9 nm [27]

Effective mass m*/my 1
Photon absorption coefficient a 60000 cm™! (2.33 eV) [52]
Reflectivity R 65% (2.33 eV) [53]
Phonon energy E,, 0.029 eV [27]
Static dielectric constant & 13.18 [27]
High frequency dielectric constant &, 10.89 [27]
Oxygen partial pressure p,, 1071% Torr [25]
Density of oxygen atoms per layer N 5x 10" cm™ [41,42]
Thickness of one layer d 0.3 nm [42,43]
Decay length L, 0.04 nm (ad hoc)*

*Obtained by fitting the experiment data in Fig. 7.

T (t)=e ! e £ Po
=ex —— ) =ex . —
! P, P\ " NV2mmi,TL,
D() o
—exp (- mz) =120 (31)

With the above derivation and the listed parameter in
Table 11, the Monte Carlo simulation based on the proposed
model is applied to reproduce the data in the GaAsP
experiment at room temperature. The simulation results of
both QE and MTE have good agreement with experimental
data. It is a strong support to the proposed dynamic model.
As displayed in Fig. 7(b), the MTE decreases by more than
40% after exposure to oxygen. The MTE reaches a plateau
when the electron affinity is close to zero, and the reason is
as following. Many electrons accumulate at the bottom of

(a) O Experiment

—— Model simulation

0 0.05 0.1 0.15 0.2 0.25
Oxygen dose (L)

150 T T T T
‘L (b) O  Experiment

—— Model simulation

120

110r

MTE (meV)

100 1

Q0F

80 [

0 0.05 0.1 0.15 0.2 0.25
Oxygen dose (L)

FIG. 7. The evolution of QE and MTE of GaAsP during
degradation process under oxygen enriched environment
(1071% Torr) with photon energy 2.33 eV (532 nm) in the
experiment [25]. (a) is about QE and (b) is about MTE. The
monte carlo simulation results on QE and MTE are also presented
respectively.
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the conduction band during transport to the cathode surface
due to multiple scatterings with phonons. They have very
low energy and thus very low MTE. These low energy
electrons transmission probabilities are sensitive to the
increase of the vacuum barrier. Therefore, their weight in
photoelectrons drops significantly after the electron affinity
reaches zero, leading to a larger MTE. Meanwhile, the
excess energy of the photoelectrons decreases due to the
increase of the barrier, leading to a lower MTE. The
interplay of the two opposite effects results in a MTE
plateau near the zero electron affinity region.

IV. DISCUSSION AND SUMMARY

A Monte Carlo simulation on Cs3Sb was presented in the
Ref. [19]. The simulation is specifically for Cs;Sb and the
detailed band structures of Cs3;Sb from density functional
theory calculations are applied. The simulation in this paper
does not limit the discussions to Cs3;Sb and thus the
common parabola shape energy band is used. Some
parameters are adopted with different values, like the
energy of acceptor level above the valance band and the
electron affinity. The intervalley scattering is considered
for the high energy electrons in our simulation, which is
neglected in the reference paper. Despite some differences,
the treatment of acceptor level as a mono energy level in the
band gap in our simulation is similar to the isolated
acceptor level in Sakata scenarios in the reference paper.

Some photoemission physics are not discussed in this
paper. For example, we ignore the surface roughness which
tends to increase the emittance [54—56], especially at high
cathode gradient. The laser heating effect is not included.
Our model also neglects the possible variation of the band
gap with temperature and the details of band structure
for the specific materials. In the dynamic model, we do not
consider the ion back bombardment, which is another
important reason for the degradation of cathode perfor-
mance. Further extensions should include these impacts.
The decay length L, in Eq. (29) should be well defined in
future work. Despite the above simplifications, our model
achieved satisfying agreements with experiment data on
different materials from different groups.

In summary, an improved model of semiconductor
photoemission with the consideration of acceptor level
has been proposed to evaluate the cathode performance
near threshold emission. The experimental data of the QE
and MTE of Cs;Sb under different electric fields can be
reproduced by the model. A dynamic model is also
proposed to understand the physical process in the QE
degradation of cathodes due to residual gases absorption.
The model has been applied to analyze two examples,
including the QE degradation of Cs;Sb and the evolution of
the electron affinity, QE and MTE of GaAsP under oxygen
enriched environment, and good agreement has been
achieved with the experimental data. The simulation results
suggest that the performance of near threshold emission of

oxidized Cs3;Sb cathode may be better than UV photo-
emission of metal cathodes in terms of both QE and thermal
emittance. With the oxidization layer, the tolerance of
semiconductor cathode to gun vacuum condition may be
comparable to metal cathode, which needs further test in
experiment. The dynamic photoemission model in this
paper not only helps experiment efforts toward realizing
next generation low emittance semiconductor cathodes,
but also gives a new direction for semiconductor cathode
applications in photoinjectors.

This work is supported by Science Challenge Project
No. TZ2018005.
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