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ABSTRACT
A Monte Carlo model was developed to simulate electron transport and emission from thin GaAs photocathodes with diﬀerent active layer
thicknesses and dopant concentrations. The simulation accurately predicts expected behavior, namely, quantum eﬃciency (QE) is enhanced
for thicker GaAs photocathodes and for higher dopant concentrations. More signiﬁcantly, the simulation predicts that electrons excited to
the conduction band of the GaAs can be reﬂected by the band bending regions of the AlGaAs barrier layer, which contributes to enhance
QE. The simulation also predicts that electrons in the conduction band suﬀer more scattering for thicker GaAs photocathodes and for
higher dopant concentration, leading to longer emission response time. This Monte Carlo model will improve our understanding and predicting of the performance of more complicated GaAs-based heterojunction structures composed of multiple thin layers.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5113804

I. INTRODUCTION
GaAs-based photocathodes are widely used as photon detectors in the ﬁelds of x-ray spectroscopy and electron microscopy.1
They are also used as electron sources at accelerators because of
their many advantages which include high quantum eﬃciency
(QE) and low dark current and their ability to generate electron
beams with narrow energy spread and high spin polarization.2–4
For electron accelerator applications, considerable eﬀort has been
devoted toward improving photocathode QE, electron spin polarization (ESP), and operating lifetime and this work continues today.
Photoemission from negative electron aﬃnity (NEA) GaAs photocathodes has been described using Spicer’s three-step model
(TSM), which considers the mechanisms of photoexcitation, electron transportation, and emission.5 Based on this model, an expression for quantum eﬃciency for GaAs photocathodes was derived
by solving the one-dimensional continuity equations.6 With the
development of numerical simulation techniques, the Monte Carlo
(MC) method was used to simulate the electron transportation and
emission from GaAs.7,8 Recently, the MC method incorporating
the TSM was successfully applied to GaAs,9 K2 CsSb, 10 and GaN11
photocathodes, predicting the quantum eﬃciency of these photocathodes in good agreement with experimental data.
To meet some special requirements, thin and ultrathin GaAs
photocathodes were manufactured. For example, the thin bulk
GaAs and strained-layer GaAs photocathodes were introduced to
provide higher electron spin polarization (ESP) than conventional
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thick bulk GaAs that typically provides ESP of only 35%.12,13
Spin polarized electrons that diﬀuse through a thin active layer
suﬀer less depolarization and provide the shortest possible electron
bunch length.14,15 However, conventional expressions used to predict
the quantum eﬃciency of typical bulk GaAs photocathodes do not
accurately predict the experimental data for these photocathodes.
Recently, a revised quantum eﬃciency model for thin GaAs-based
photocathodes was proposed by solving the one-dimensional continuity equations based on a three-step model.16 In this work, we
report a Monte Carlo simulation that describes thin GaAs layer
grown atop an AlGaAs barrier layer and incorporating photoexcitation, electron transportation in the GaAs, and electron emission at
the surface. The simulation was used to explain features of QE
spectral response data obtained experimentally and accurately predicts expected behavior, namely, QE is enhanced for thicker GaAs
photocathodes and for higher dopant concentrations. More signiﬁcantly, the simulation predicts that electrons excited to the conduction band (CB) of the GaAs can be reﬂected by the AlGaAs barrier
layer and contribute to enhanced QE. This Monte Carlo model
improves our understanding of electron transport within thin
GaAs, where the junction interface of the substrate barrier layer
must be taken into account.
II. MONTE CARLO MODEL
The MC model was developed incorporating Spicer’s TSM
depicted schematically in Fig. 1: (1) electrons absorb incident
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FIG. 1. The energy band diagram of a thin NEA GaAs photocathode grown
on an AlGaAs barrier layer, where the vacuum level (VL) lies below the
bulk conduction band minimum (CBM). EF is the Fermi level. The energy
bands of GaAs can be divided into three regions: the band bending region
(BBR) near the emission surface, the bulk region, and the GaAs-AlGaAs interface region.

photons and are excited from the valence band to the conduction
band, (2) these electrons travel to the surface, and (3) ﬁnally, the
surface electrons cross the surface barrier into the vacuum. In this
section, we describe the theories and implementations for each step
of photoemission in considerable detail.
Figure 2 shows a ﬂowchart of the MC model. First, the basic
parameters of the simulation are speciﬁed, such as temperature,
dopant, photon energy, and photon number. Then, the initial
photoexcited electrons are generated, for which the distributions
of energy, momentum, angular, and position are included. The
scattering rates for all possible electron scattering mechanisms
are then calculated, and these rates depend on the distribution
function of the electrons. The electron distributions are calculated
and recalculated following scattering at a speciﬁed time interval,
Δt. Finally, the model evaluates each electron state to see if electrons have recombined with hole, been emitted to vacuum, or
survived in the conduction band with continued scattering. The
simulation time interval Δt ranged from 2 to 20 fs, which
depends on the scattering rate (Δt ¼ 1=5Pmax , with Pmax is the
maximum scattering rate among all the scattering mechanism at
time t). The model runs one cycle at each simulation time interval, and thousands of cycles are required to simulate the electron
scattering and emission. The emission process usually ﬁnished
within 100 ps for thin GaAs samples due to all electrons were
emitted into vacuum or recombined back to the valence band
(i.e., the number of electrons that stay in the conduction band
was zero). Once the emission process ﬁnished, the MC simulation
stopped. To get convergent results, the incident photon number
was set to 100 000.
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FIG. 2. Flowchart of the Monte Carlo model, where t is the time for excited
electrons surviving in the conduction band, Δt is the simulation time interval,
and N is the number of excited electrons that still survive in the conduction
band after time t.

A. Band structure
The three-valley model9 of the ﬁrst conduction band was used
in the MC model. The band structures in the model include the
ﬁrst conduction band and the top three valence bands (heavy hole,
light hole, and split-oﬀ valence band), where the ﬁrst conduction
band is treated as a combination of three valleys (Γ valley, L valley,
and X valley). The top three valence bands are assumed to be parabolic near the Γ point, and the three conduction band valleys are
assumed to be nonparabolic. For a nonparabolic band, the dispersion relation is usually treated by means of the Herring-Vogt transformation and given by17,18
γ E ¼ Eð1 þ αi EÞ ¼ E0 þ

h
2 jk  k0 j2
,
2meff

(1)

where E0 and k0 are the minima energy and wave-vector of the
band valleys, respectively, αi is the nonparabolicity factor for the
Γ, L, and X valleys, and meff is the density of state (DOS) eﬀective
mass of electrons in each valley. The parameters used for band
structure calculation are listed in Table I.19–22
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TABLE I. Parameters for conduction and valence bands used in the MC model.

Symbol
E0
meff
α
Z
Φd
Symbol
E0
meff

Parameters (unit)

Γ

Band minima energy (eV)
0
DOS effective mass (m0)
0.063
Nonparabolicity factor (1/eV)
0.64
Number of equivalent valleys
1
Acoustic deformation potential (eV) 7.01
Parameters (unit)
Band minima energy (eV)
DOS effective mass (m0)

HH

L

X

0.29
0.55
0.461
4
9.2

0.48
0.85
0.204
3
9.0

LH

SO

−1.42 −1.42 −1.76
0.5
0.076 0.145

scitation.org/journal/jap

Figure 3 shows results from the MC model related to the
process of photoexcitation, for illumination with light at 1.8 eV:
the position distribution of excited electrons as a function of
distance from the photocathode surface and the energy distribution of the excited electrons. The following comments help to
appreciate features of the distribution plots. As mentioned above,
the energy band diagram of the thin GaAs test samples can be
divided into three regions, and each region will have a diﬀerent
energy distribution for electrons excited to the conduction band.
In the MC model, the conduction band minimum (CBM) within
the bulk region is set to 0 eV; thus, the CBM within the band
bending range (BBR) near the emission surface is negative and
the CBM at the GaAs-AlGaAs interface region is positive. In the
BBR near the surface, the absorption coeﬃcient is considered to

B. Photoexcitation
The MC model simulates the reﬂection-mode photocathode
illuminated by a monochromatic light source. The light impinges
on the front surface (i.e., the emission surface) of the photocathode
and decays exponentially via absorption. The light intensity at a
depth z from the surface is given by
I ¼ I0 ð1  RÞeαν z ,

(2)

where I0 is the intensity of the incident light, R is the surface reﬂectivity of the material, and αν is the absorption coeﬃcient of material. The optical constants are calculated using Adachi’s model,23,24
which provides a good ﬁt to accepted experimental data.13 Here, we
assume only transitions from any one of the top three valence
bands to the Γ, L, and X valleys contribute to the light absorption
process. The multiphoton, intervalence band, and higher-order
band transitions are ignored because their transition probabilities
are very small.
In the photoexcitation process, an electron occupying the
hω and can
energy state E j in the valence band absorbs a photon 
be excited to the energy state E ¼ E j þ hω  Eg , provided there is
an empty state with the same energy in the conduction band. The
initial energy distribution of the excited electrons in the conduction
band can be determined by the convolution of the density of states
(DOS) of electrons in the conduction and valence bands.10 The
number nðEÞ of electrons in the conduction band with energy from
E to E þ ΔE is given by


 
g E þ Eg g E þ Eg  hω ΔE
(3)
nðEÞ ¼ n0 Ð hωEg 
 
 ,
g E þ Eg g E þ Eg  hω dE
0
where n0 is the initial photon number, E is the excited electron
energy state above the conduction band minimum (CBM), Eg is the
bandgap energy, ΔE is the interval energy, and g ðEÞ is the DOS
function.25–27 The DOS function used in the MC model includes
only the top three valence bands and the ﬁrst conduction band.
It is noted that the ﬁrst conduction band is a continuum in the
DOS function, but it is treated as three separated Γ, L, and X
valleys in the MC model, which does not aﬀect the energy distribution of the excited electrons because the photon energy considered
in the MC model is lower than the energy at the junction between
the Γ, L, and X valleys.
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FIG. 3. (a) The position distribution of excited electrons as a function of distance from the photocathode surface and (b) the energy distribution of the
excited electrons. These plots were simulated for the GaAs sample with a thickness of 270 nm and a dopant concentration of 8  1017 cm3 when illuminated
with 100 000 photons of energy 1.8 eV. The MC model sets the CBM inside the
bulk region of the GaAs active layer to 0 eV.
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be the same as that in the bulk region, and any other changes
caused by the band bending are ignored. Because of these considerations, some electrons excited in the BBR will lie below 0 eV,
i.e., their energy is designated negative.
To maintain a constant Fermi level at the vacuum interface, the
MC model assumes both valence and conduction bands are bent at
the photocathode surface (i.e., this is the nature of the BBR). But at
the GaAs-AlGaAs interface region, only the conduction band is
bent. This is because the dopant concentration of the AlGaAs layer
is only slightly higher than that of GaAs layer, which means the
valence band maxima (VBM) of the GaAs and AlGaAs layers are
nearly the same. As a result, the photon absorption coeﬃcient will
decrease with depth within the GaAs-AlGaAs interface region due to
the increasing bandgap. This means electrons excited in this region
always lie above 0 eV.

ARTICLE

In the BM approach, the screened Coulomb potential is
given by30
V(r) ¼

1. Impurity scattering
There are two types of electron-impurity scattering: neutral
impurity and ionized impurity scattering. Typically, neutral impurity
scattering can be ignored at room temperature due to the fact that
most impurities in GaAs are ionized. Thus, only ionized impurity
scattering is considered in this work. Electrons and ionized impurities interact through a screened Coulomb potential, which can be
described using the Brooks-Herring (BH) approach. This scattering
is treated as an elastic process.

Ze βs r
e ,
4πεs r

(4)

where Z is the number of charge units of ionized impurity, e is the
electron charge, εs is the static dielectric constant of material, r is
the distance from the ionized impurity, and β s is the inverse screening length or inverse screening radius. In the Debye formulation,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nI e2
βs ¼
,
(5)
εs kB TI
in which nI is the concentration of ionized impurity, kB is the
Boltzmann constant, and TI is the temperature of the ionized
impurity. The ionized impurity scattering rate is given by18

C. Electron transport
Electrons excited to the conduction band will diﬀuse in all
directions with an initial velocity and then experience a variety of
scattering processes. The MC model tracks both the real space
(position in material) and k-space (momentum and energy)
history of the electrons during transportation. A large variety of
electron scattering mechanisms in GaAs28,29 are shown in Fig. 4.
Each scattering process has a diﬀerent scattering rate, and each
process aﬀects real space and k-space behavior in diﬀerent ways.
The physics and implementation of each scattering process
included in the MC model is described below.

scitation.org/journal/jap

PeI ¼

nI Z 2 e4
b2 dγ E
,
1
3
pﬃﬃﬃ
32 2πε2s m2eff γ 2E 1 þ b dE

(6)

with
b¼

4k2 8meff γ E
¼ 2 2 ,
β 2s
 βs
h

(7)

where E is the electron energy, and γ E is given by Eq. (1).

2. Carrier scattering
Electron-carrier scattering includes electron-electron scattering,
electron-hole scattering, and electron-plasma scattering.9 The excited
electrons may scatter with each other inside the conduction band,
and also they may scatter with the electrons in the valence band
when their energy is higher than the bandgap Eg .10 The electron
density in GaAs is small and the electron energy considered in this
work is smaller than Eg , so electron-electron scattering can be
ignored. For p-doped GaAs, the plasma oscillations are heavily
damped and any interaction with them can also be ignored.7 Thus,
only electron-hole scattering is taken into account in the MC model.
As with electron-ionized impurity scattering, electrons and
holes interact through a screened Coulomb potential and can be
described using the BH approach.31 Similarly, the electron-hole
scattering rate can be calculated using Eqs. (5) and (6), but replacing quantities related to ionized impurities with the concentration
nh and temperature Th of holes. Because the hole density is much
higher than the electron density, holes can be considered thermalized throughout the simulation, i.e., Th set to room temperature.
Although the electron-hole scattering is elastic, the energy of the
electron may change during scattering, resulting in a net transfer of
energy from the hot electrons to the thermalized holes until the
electron population reaches a steady-state distribution.

3. Phonon scattering
FIG. 4. Electron scattering mechanism in GaAs.
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Electron-phonon scattering is the process whereby electrons
interact with crystal lattice vibrations. During this process, electrons
are scattered from one energy state to another by absorbing or
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emitting a phonon. Five varieties of electron-phonon scattering are
considered below:
a. Deformation potential (DP) scattering. A deformation
potential is a quantity proportional to a matrix element of an
operator belonging to a crystal deformation between the ﬁnal and
initial electron state. The interaction of electrons with the crystal
lattice through the deformation potential is called DP scattering.
This describes the scattering of electrons that results from the
crystal strain caused by short-wavelength acoustic waves, and the
wave-vectors of the ﬁnal and initial states of electrons are within
the same valley. As such, DP scattering is also called intravalley
acoustic deformation potential scattering. The maximum energy
transfer (i.e., the acoustic phonon energy) for DP scattering is
2mvul , which is much smaller than the electron kinetic energy
mv2 =2, where m is the electron mass, v is the electron velocity,
and ul is the longitudinal sound velocity. Thus, the DP scattering
is considered an elastic scattering process and the scattering rate
is given by18
pﬃﬃﬃ 32
2meff kB T0 ψ 2d 1 dγ E
PDP ¼
γ 2E
,
(8)
dE
πh4 u2l ρ
where T0 is the temperature of material, ψ d is the acoustic deformation potential, and ρ is the mass density of material.
b. Piezoelectric scattering. Due to the lack of inversion symmetry, a macroscopic electric ﬁeld is induced in the GaAs crystal
lattice known as the piezoelectric eﬀect. This eﬀect provides an
additional coupling between electrons and acoustic phonons, and
the scattering process is called piezoelectric scattering. This scattering is also assumed to be elastic because the acoustic phonon
energy is much smaller than the electron kinetic energy. The scattering rate is given by
PPie ¼

2
e2 Kav
kB T0
lnð1 þ bÞ,
4πεs h2 jvj

(9)

2
is the electromechanical coupling constant (0.0252 for
where Kav
GaAs),9 v is the electron velocity, and b is given by Eq. (7).

c. Nonpolar optical phonon (NOP) scattering. The phonons
that usually dominate in the scattering rate are the long-wavelength
optical phonons, which produce a short-range potential within the
crystal that shifts the energy states. The modiﬁcation of energy
states per unit ionic displacement associated with optical phonons
is called the optical phonon deformation potential, and the interaction of electrons with the crystal lattice through the optical phonon
deformation potential is called NOP scattering. The energy associated with nonpolar optical phonons can be assumed to be constant
and given by hωij that is comparable to the electron kinetic energy.
Thus, the NOP scattering is an inelastic scattering process and the
scattering rate for absorption and emission are given by18
PNOP

3
  

dγ E 0
Zij m2eff D2ij
1
k
N ωij
¼ pﬃﬃﬃ
,
γ 2E 0
3
k
N
ω
þ
1
dEk0
ij
2πρh ωnop
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where ij means electrons scattering from i valley to j valley, Zij is the
number of equivalent
j valleys, Dij is the optical phonon deformation
 
for nonpolar optical
with
potential, N ωij is the population

 phonon

frequency of ωnop [N ωij is for absorption, N ωij þ 1 is for
emission], γ E 0 is given by Eq. (1), and Ek0 ¼ Ek + hωij is the ﬁnal
0
k
electron energy after scattering, in which k is the ﬁnal electron
wave-vector.
d. Polar optical phonon (POP) scattering. In polar semiconductors, such as GaAs, long-wavelength optical phonons are also
accompanied by a long-range macroscopic electric ﬁeld which
produces additional scattering, called POP scattering. The electron(longitudinal) polar optical phonon scattering is an important intersubband scattering mechanism for electrons when the intersubband
separation is larger than the longitudinal optical phonon energy.33
The POP scattering rate for absorption and emission is given by9,32
PPOP ¼



 
N ðωlo Þ
e2 
hω pop ε p
1
1
1

β
s
β 2max þ β 2s β 2min þ β 2s
4π
h2 jvj N ðωlo Þ þ 1 2
 2

β þ β 2s
þ ln max
(11)
2
2
β min þ β s

with
β min

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2meff γ Ek
hωlo
¼+
1 þ 1 +
,
h
Ek

β max

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2meff γ Ek
hωlo
1þ 1+
¼
,
h
Ek

(12)

(13)

where ε p ¼ ε11  ε1s is the eﬀective dielectric constant of GaAs, ε1 is
the high frequency dielectric constant, N ðωlo Þ is the population for
longitudinal optical phonon with frequency of ωlo , and Ek is the electron energy before scattering. The ﬁnal electron energy after scattering is given by Ek0 ¼ Ek + hωlo.
e. Intervalley scattering. In GaAs, electrons may be scattered
by the phonons from one valley to another one, called intervalley
scattering. Such scattering is usually treated, formally, in the same
way as intravalley scattering by nonpolar optical phonons with a
deformation potential interaction.18 The scattering rate for intervalley scattering is also given by Eq. (10), in which the ﬁnal electron
energy after scattering is changed to Ek0 ¼ Ek + hωij  ΔEij . The
NOP scattering corresponds to the case i ¼ j, and the intervalley
scattering corresponds to the case i = j.

4. Electron tracking
The MC model tracks electron information in 3D space, calculating electron position, velocity, and direction of motion at
speciﬁed time intervals, Δt, following the many scattering processes.
The MC model also tracks energy changes stemming from inelastic
scattering. These diﬀerent scattering processes can be categorized
as isotropic or anisotropic. For GaAs, the acoustic phonon and
nonpolar optical phonon scattering processes are isotropic, whereas
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POP and Coulomb scattering (ionized impurity and hole
scattering) are anisotropic processes. The angle θ between the
wave-vectors before and after scattering is given by Ref. 34.
For isotropic scattering processes,
cos θ ¼ 1  2r:

(14)

For anisotropic scattering processes,
ð1 þ ξÞ  ð1 þ 2ξÞr
,
ξ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 γ Ek γ E 0
k
ðPOPÞ,
ξ¼
pﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃ 2
γ Ek  γ E 0
cos θ ¼

(15)

k

cos θ ¼ 1 

2r
ðCoulombÞ,
1 þ bð1  rÞ

(16)

where r is a random number uniformly distributed between 0 and
1, and b is given by Eq. (7).
Excited electrons obtain energy from the incident light and lose
energy by electron-hole scattering and electron-phonon scattering
(where impurity scattering is assumed to be elastic and resulting in
no energy loss in the MC model). The electron energy relaxation
process is illustrated in Fig. 5. The energy of incident light is transferred to electrons. Some electron energy ﬂows to holes by electronhole scattering, and this energy transfers to the crystal lattice by the
hole-phonon scattering. And, some electron energy ﬂows directly to
the crystal lattice by electron-phonon scattering. During electronphonon scattering, the electron also obtains energy from the crystal
lattice by absorption of phonons. Electrons will reach a steady-state
distribution after experiencing a series of scattering events.

FIG. 5. The energy-ﬂow channels in GaAs with incident photon energy, the
width of the arrows indicates the relative size of each energy-ﬂow channel.
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5. Band bending considerations
The downward sloping conduction band at the GaAs-AlGaAs
interface and in the BBR can strongly inﬂuence electron transport
within the photocathode. A bent conduction band serves to provide an
internal electric ﬁeld that can change the kinetic energy of the electrons.
Electrons in these regions can gain energy and be rapidly propelled
toward the emission surface under the inﬂuence of the internal electric
ﬁeld or have their trajectories modiﬁed via reﬂection. The MC model
treated the GaAs-AlGaAs interface and the BBR as triangle shape with
widths of 7–38 nm, which depend on the dopant concentration of the
photocathode.9 The MC model accounts for electron transport features
related to the conduction band bending at the GaAs-AlGaAs interface
region and in the BBR near the emission surface.
Electrons in the GaAs-AlGaAs interface region and bulk
region with total energy below the CBM will be trapped and
returned to the valence band. And, electrons in the BBR with total
energy below vacuum level will be trapped and eventually will be
captured by a surface state. From these states, they can come back
to the bulk valence band.
To verify the accuracy of the MC model as it relates to electron
transport in the conduction band, MC simulation results were compared to predictions based on the conventional diﬀusion equation,6,13
for electron transport in very thick p-type bulk GaAs. In the
model, the bulk region thickness was set to 10 μm, which is much
larger than the laser absorption length of 2 μm. The number of
electrons that reach the surface was obtained by the MC simulation, and then the transport eﬃciency was calculated by dividing
the surface electron number by the total number of electrons
excited to the conduction band. The results of this comparison
are shown in Fig. 6. When only the bulk region was considered,
the transport eﬃciency agrees with the conventional diﬀusion
equation. But when the band bending of the conduction band is
considered, the transport eﬃciency is larger, which speaks to the
signiﬁcance of the internal electric ﬁeld in the BBR.

FIG. 6. Transport efﬁciency of electrons in the conduction band for very thick
p-type bulk GaAs with a dopant concentration of 1  1019 cm3 . When the
BBR region is accounted for in the MC model, transport efﬁciency to the photocathode surface is enhanced.
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D. Emission
As mentioned above, when electrons reach the surface, they can
either be reﬂected backward by the surface barrier or cross the
barrier into vacuum. Electrons that cross the surface barrier into
vacuum must overcome the barrier or tunnel through it. The exact
parameters of the surface barrier depend signiﬁcantly on the photocathode surface preparation and activation procedure and are critical
to calculating the emission probability. In the literature, rectangular35
and triangular36 barriers have been modeled by ﬁtting quantum
eﬃciency and energy distributions of emitted electrons, respectively.
In our MC model, the triangular barrier was used to calculate the
electron transmission probability and assigned a height of 4 eV and a
width of 1.5 Å, as shown in Fig. 7.
The transmission probability across the surface barrier was
calculated using the transfer matrix (TM) method37,38 which solves
the Schrodinger equation for electrons across an arbitrary potential
by dividing the potential into series of stair-step rectangular potentials. Figure 7 shows the triangular surface barrier used in the MC
model consisting of 10 rectangular potentials, but 100 rectangular
potentials were used in the MC model. The transmission probability
P is the transfer matrix for the
was calculated by T ¼ jP 1 j2 , where Q
11
surface barrier and given by P ¼ N1 P j , in which P j is a 2  2
matrix calculated from the Schrodinger equation in jth rectangular
potential region with length L j ,37
1
P j ¼ P j,free P j,step ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 k j,k k jþ1,k
"
#
ðk j,k  k jþ1,k Þeik j,k L j
ðk j,k þ k jþ1,k Þeik j,k L j



,
 
k j,k  k jþ1,k eik j,k L j
k j,k þ k jþ1,k eik j,k L j

(17)

where P j,free is the transfer matrix for electrons propagating in the jth
rectangular potential region, P j,step is the transfer matrix for electrons

FIG. 7. The photocathode surface barrier, shown approximated by a series of
stair-step rectangular potentials, used to calculate the transmission probability
via the transfer matrix (TM) method.
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propagating from jth rectangular potential region to (j þ 1)th rectangular potential region, and kj,k is the electron longitudinal wave-vector
in jth rectangular potential region. The conservation of electron
energy and transverse momentum should be obeyed when electrons
cross the potential barrier, resulting in E j ¼ E j1  ΔE j,j1 ¼ E  V j
and kj,? ¼ kj1,? ¼ k? þ Λ? . Thus, the k j,k term is given by
k j,k ¼

1
h


ﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


2m j E  V j  ðhk? þ hΛ? Þ2 ,

(18)

where E and k? are, respectively, the total kinetic energy and transverse wave-vector of electrons above the valley bottom at the surface
in which they attempt to cross the surface barrier. The term Λ? is
the transverse wave-vector of electrons corresponding to the valley
bottom. The terms V j and m j are the potential and the eﬀective
mass of electrons in jth rectangular potential region, respectively.
In the MC model, electrons are assumed to be in vacuum when they
move into the barrier, i.e., the eﬀective mass of the electron changes
instantaneously to vacuum mass at the interface of GaAs (j ¼ 0) and
the ﬁrst rectangular potential region (j ¼ 1). Thus, m0 ¼ meff and
m j ¼ me for j . 0. It is worth mentioning that the k0,k =k1,k in
Eq. (18) should be replaced with me k0,k =meff k1,k to satisfy the continuity of the Schrodinger equation. meff can be equal to either mΓ ,
mL , or mX , depending on which conduction valley the electrons are
located when they cross the barrier and the direction of the surface
normal. For example, only electrons in Γ valley and certain X valley
are allowed to emit from the (100) surface.9,36 The transmission
probability of electrons through the surface barrier from the Γ valley
as a function of the longitudinal kinetic energy is shown in Fig. 8.
The diﬀerence between the eﬀective mass of the electron in GaAs
and vacuum (meff , me ) will cause a refraction that narrows the
escape angle around the surface normal. For Γ valley electrons with
NEA surface, the calculated escape angle is less than 15 , which has
been observed experimentally.39

FIG. 8. The transmission probability of electrons through the GaAs surface
barrier, calculated for electrons in the valley with a dopant concentration of
8  1017 cm3 and an electron afﬁnity (EA ) of 0:04 eV.
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FIG. 9. Time evolution of the number of electrons in the conduction band (CB)
emitted to vacuum, and the energy of electrons in the conduction band (CB)
simulated for a GaAs photocathode with a thickness of 270 nm, a dopant concentration of 8  1017 cm3 , and an electron afﬁnity of 0:04 eV, for illumination by 100 000 photons of energy 1.8 eV.

The time evolution of the number of excited and emitted
electrons is shown in Fig. 9, for a 270 nm thick GaAs photocathode with a dopant concentration of 8  1017 cm3 and an electron
aﬃnity of 0:04 eV. (The reason for choosing electron aﬃnity
0:04 eV is discussed below.) The simulation predicts 56 000
electrons will be excited to the conduction band when illuminated
by 105 photons with 1.8 eV photon energy. Electrons diﬀuse to
the surface and those with suﬃcient energy are quickly emitted.
Approximately 40% of the electrons that reach the emission
surface are emitted, and this occurs very quickly, in less than 1 ps
(blue curve). The average energy of the excited electrons in the
conduction band quickly falls due to scattering processes (black
curve). And beyond 1 ps, emission continues but at a lower rate.
The total number of excited electrons that stay in the conduction
band (called “electrons in the conduction band” in Fig. 9) falls
steadily as electrons leave the conduction band (red curve), but
photoemission essentially stops after approximately 40 ps (note
only a 10 ps time window is shown in Fig. 9).
Figure 10 shows the two-dimensional (2D) distribution of
emitted and excited electrons for a 270 nm thick GaAs photocathode with a dopant concentration of 8  1017 cm3 and an electron
aﬃnity of 0:04 eV and for a Gaussian laser spatial distribution
with σ ¼ 0:25 mm and 1.8 eV photon energy. The electron distributions mimic that of the laser proﬁle as a result of scattering in
the material and because the electrons are emitted very quickly, so
there is very little opportunity for the electrons to diﬀuse far from
the initial laser distribution and still escape to vacuum.
III. EXPERIMENT AND QE SPECTRAL RESPONSE
RESULTS
The experimental assessment of photocathode QE was performed at Jeﬀerson Lab. Five GaAs samples with varying active layer
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FIG. 10. The 2D distribution of excited and emitted electrons simulated for a
GaAs photocathode with a thickness of 270 nm, a dopant concentration
of 8  1017 cm3 , and an electron afﬁnity of 0:04 eV under excitation with
1.8 eV photons. The laser was assigned a Gaussian spatial distribution with
σ ¼ 0:25 mm.

thickness and dopant density were purchased from a commercial
vendor.40 The samples were fabricated on 2 in. diameter p-type
GaAs substrates using the process of metal-organic chemical vapor
deposition (MOCVD) and composed of a 200 nm p-type GaAs
buﬀer layer, a 900 nm Al0:3 Ga0:7 As barrier layer, and the GaAs
active layer of interest, with speciﬁcations detailed in Table II.
Because GaAs and AlGaAs have very nearly identical lattice constants, the ternary alloy barrier layer can be grown on GaAs without
introducing signiﬁcant strain. One at a time, samples were installed
within a vacuum chamber (Fig. 11) that was pumped by nonevaporable getter and ion pumps and baked at 250  C for approximately
36 h inside a hot-air oven. Following bake-out, the vacuum chamber
routinely achieved 1011 Torr-scale pressure.
Photocathode samples were attached to a molybdenum plug
using indium foil and a retaining ring made of tantalum. The molybdenum plug was brazed to the end of a stainless-steel tube, into
which a heater could be inserted, and providing a means to heat
samples via thermal conduction. Samples were heated to 575  C
for 2 h and cooled to room temperature and then “activated” to
achieve a negative electron aﬃnity condition by applying Cs and
NF3 using a yo-yo activation protocol. At this point, the relative QE
spectral response was measured using a white light monochromator
which produced wavelength-tunable light with a spatial proﬁle that
exceeded the size of the photocathode. Accurate QE values were
assigned by scaling the monochromator data to an exact QE value
obtained at 770 nm using a low power diode laser that illuminated
only a small region of the photocathode.
Samples were cut to size using diﬀerent techniques: simple
cleaving into 15  15 mm squares or using a stainless-steel cupshaped cutting tool with a diamond-grit slurry to provide 15 mm
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TABLE II. The parameters of ﬁve photocathode samples.

Sample
p-type GaAs active layer
Thickness (nm)
Dopant concentration (cm−3)
p-type Al0.3GaAs barrier layer
Thickness (nm)
Dopant concentration (cm−3)

1

2

3

4

5

140
3.8 × 1017

180
9.0 × 1017

180
3.7 × 1018

270
5.8 × 1017

270
8.0 × 1017

900
4.3 × 1017

960
1.0 × 1018

870
3.7 × 1018

940
6.0 × 1017

950
9.5 × 1017

diameter disks. When using the second method, a protective microscope cover slide was aﬃxed to the surface of the sample using an
acetone-soluble wax. Because handling the photocathode can introduce contamination on the surface, particularly when using the
cutting method involving wax and diamond-slurry abrasive, samples
were subjected to repeated intervals of in situ atomic-hydrogen
cleaning as described in Refs. 41 and 42. Following each exposure to
atomic hydrogen, samples were heated, cooled, and reactivated, and
the QE spectral response was re-evaluated. Hydrogen cleaning was
repeated until QE values were essentially unchanged following

successive activations. The results presented in Fig. 12 show the
highest QE values obtained from each sample. Spectral response
curves exhibit the expected trend, with QE falling to small values as
photon energy approaches the bandgap energy. Thicker GaAs
samples and higher dopant densities provided the highest QE, and
this is reasonable. A thicker active layer can absorb more photons,
which means more electrons can be excited into the conduction
band, thus more electrons reach the surface to be emitted. And a
higher dopant concentration serves to increase band bending which
helps to drive electrons toward the emission surface, and it also
reduces the surface work function, both factors leading to higher QE.
IV. COMPARING MC MODEL PREDICTIONS AND
EXPERIMENTAL RESULTS
The electron aﬃnity (i.e., the surface work function) is a very
important but complicated parameter because it is inﬂuenced
by many factors, such as the dopant concentration and surface
contamination that is sometimes unknown and hard to control.
By evaluating the thin GaAs samples that form the basis of this study
in the same vacuum apparatus and using the same methodology, and

FIG. 11. Schematic diagram of the vacuum chamber used to evaluate the photocathode QE spectral response of the ﬁve GaAs photocathodes. The vacuum
chamber included an atomic-hydrogen dissociator for in situ atomic-hydrogen
cleaning of each sample.
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FIG. 12. The experimental spectral response curves for the ﬁve GaAs photocathode samples, with information about active layer thickness and dopant concentration provided in the legend. The unsmooth of red line above 1.8 eV
caused by the experimental system error.
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FIG. 13. To assign a value to electron afﬁnity (EA ), simulation results were compared to actual QE measurements from thick bulk GaAs with a dopant concentration of 1  1019 cm3 . The best ﬁt to experimental results was obtained for
EA ¼ 0:04 eV.

repeatedly cleaning the sample with atomic hydrogen, uncertainty
associated with surface contamination was minimized. But because
the samples have diﬀerent dopant concentrations, the electron
aﬃnity was not expected to be constant. To assign a reasonable value
to electron aﬃnity, the MC model was used to predict QE as a function of photon energy (i.e., the QE spectral response) for thick bulk
GaAs (thickness set to 10 μm), for which electron reﬂection at the
buﬀer layer is not relevant. Figure 13 shows the simulated spectral
response obtained for various electron aﬃnity values and compared
to experimental results13 for bulk p-type GaAs with dopant concentration 1  1019 cm3 . The best match between the simulated and
experimental results was obtained for electron aﬃnity 0:04 eV.
Based on this result, for the thin GaAs photocathode samples, the
MC model used electron aﬃnity as a variable set to values within the
range of 0:05 to 0:03 eV, to obtain the best ﬁt between experimental and simulated results.
Predicted QE spectral response curves for two of the thin
GaAs samples described in Table II are shown in Fig. 14, together
with experimental measurements ﬁrst presented in Fig. 12. For
clarity, only the results for two samples are displayed, but similar
plots were obtained for all ﬁve samples. There is good agreement
between measurement and prediction for photon energies below
1:65 eV [see Fig. 14(a)]. As mentioned above, the MC model simulated only the electrons produced in the GaAs active layer and not
electrons produced in the AlGaAs barrier layer. It must be noted
that the bandgap of Al0:3 GaAs is 1.8 eV.43 When photon energy
exceeds 1:8 eV, the AlGaAs barrier layer begins to absorb light,
sending additional electrons to the conduction band and some
of these electrons escape to vacuum thereby enhancing QE.
More precisely, the AlGaAs barrier layer also absorbs photons with
energy lower than 1.8 eV because of the depletion layer at the
AlGaAs/GaAs interface, which was not considered in the MC
model. Thus, the best agreement between predicted and measured
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FIG. 14. Comparison of simulated (S) and experimental (E) spectral response
for two photocathode samples labeled 2 and 5 in Table II (a) for the full MC
model that included reﬂections at the AlGaAs/GaAs interface and (b) for the
reﬂection at the AlGaAs/GaAs interface not included. Electron afﬁnity was set to
0:04 eV and 0:05 eV, respectively.

QE values occurs for lower photon energies. The importance of
considering reﬂection at the AlGaAs/GaAs interface is abundantly
clear as shown in Fig. 14(b), where there is marked disagreement
between predicted and measured QE, when reﬂected electrons are
ignored in the simulation.
V. TEMPORAL RESPONSE
Besides predicting photocathode QE spectral response, the MC
model was used to evaluate the temporal pulse-response times of the
diﬀerent photocathodes, although experimental measurements were
not performed at Jeﬀerson Lab. The “pulse-response time” τ 90 is
deﬁned as the time interval in which 90% of the pulse charge is
contained. When illuminated with 1.8 eV photon energy, the MC
model predicts electron response pulse-response times ranging
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FIG. 16. The simulated ratio of emitted electrons to excited electrons for ﬁve
samples. The NEA for all samples are set to 0:04 eV. Higher dopant concentration exhibits higher emission probability.

FIG. 15. The simulated temporal response curves of ﬁve photocathode samples
under 1.8 eV photon excitation (a) for the full MC model that included reﬂections
at the AlGaAs/GaAs interface, and (b) when reﬂection at the AlGaAs/GaAs
interface was not included. The “pulse-response time” τ 90 is deﬁned as the
interval in which the 90% of the pulse charge is contained.

from 3 to 10 ps, with thicker samples providing longer bunches,
as expected (see Fig. 15). Although the stated τ 90 values are very
small, the MC predictions show very long tails that extend many
tens of picoseconds beyond the central bunch, for each of the
photocathode samples, a phenomenon observed experimentally.44,45 Much shorter pulses are predicted when electron reﬂection at the AlGaAs/GaAs interface is ignored, with τ 90 predictions
ranging from 1 to 3 ps (see Fig. 15), but by now it should be
obvious to the reader that reﬂections cannot be ignored. Less
obvious is the observation that higher dopant density also serves
to increase the length of emitted bunches. Higher dopant density
leads to higher hole density, and consequently resulting in an
increased electron scattering rate. Thus, electrons in conduction
band will suﬀer more scattering for GaAs samples with higher
dopant concentration, resulting in longer response time. What is
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more, lower dopant density leads to a weaker band bending, and
consequently resulting in a higher electron aﬃnity, which can ﬁlter
out the low energy electrons, as a result of shorter response time.
The MC predictions described here are in agreement with
measurements reported in the literature.14,45,46 In particular, the
group at the University of Mainz has performed extensive temporal
response studies of unstrained and strained GaAs, as a function of
active layer thickness, dopant density, and laser illumination wavelength. For example, Aulenbacher et al. measured a response time
of 4.6 ps from an thin GaAs photocathode with a 200 nm active
layer,47 comparable to the predicted response time of 5.4 ps from
the thin GaAs sample described here that was 180 nm thick.
In the references mentioned above, temporal response measurements were compared to predictions based on a one-dimensional
diﬀusion model, which provided very good ﬁts to experimental data;
however, in light of discussions presented here noting the inadequacy
of the diﬀusion model to adequately predict reﬂection at the band
bending regions, it seems likely that good ﬁts to data might
simply be a result of using the diﬀusion coeﬃcient as a ﬁt parameter. This assertion is supported by noting that diﬀusion coeﬃcient values obtained from ﬁtting were not in total agreement
with the published values.45,46
VI. DISCUSSION AND CONCLUSION
A ﬁnal analysis of the ﬁve thin photocathode samples is shown
in Fig. 16, which presents the ratio of emitted electrons to excited
electrons, a metric termed the “emitted electron ratio.” The MC
model makes clear the impact of active layer thickness and dopant
concentration as important factors that aﬀect the spectral response of
GaAs photocathodes. A thicker GaAs active layer absorbs more light
and produces more excited electrons, which results in higher QE. On
the other hand, electrons within thick photocathode layers suﬀer
more scattering, which leads to energy loss before reaching the
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emission surface which will decrease the emission probability;
however, the MC model shows this eﬀect to be relatively small.
Rather, it is the dopant concentration that predominantly dictates
emission. Higher dopant concentration deeper the band bending
region and lower the vacuum level, which helps to increase the emission probability and leads to higher QE. One can see from the ﬁgure
that the dopant concentration dominates the emission probability.
This work presents a Monte Carlo simulation based on the
three-step model describing photoemission from thin GaAs photocathodes that accurately predicts experimental results. The thin GaAs
photocathodes were modeled as three regions: the interface region
between GaAs and barrier layer, the bulk region, and the band
bending region. Electron production and transport is diﬀerent in
each region as a result of scattering processes and internal electric
ﬁelds which signiﬁcantly impact electron transport to the surface.
This study helps to improve our understanding of the evolution of electrons in thin GaAs photocathodes and should permit
optimization of desired photoemission characteristics. The Monte
Carlo simulation is a powerful technique to study the physical processes of photoemission. We believe our simulation can be applied
to other III-V semiconductors and can also be extended to more
complicated multilayer structures.
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