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The anticorrelation between quantum efficiency (QE) and electron spin polarization (ESP) from a p-doped
GaAs activated to negative electron affinity (NEA) is studied in detail using an ensemble Monte Carlo ap-
proach. The photoabsorption, momentum and spin relaxation during transport, and tunnelling of electrons
through the surface potential barrier are modeled to identify fundamental mechanisms, which limit the effi-
ciency of GaAs spin-polarized electron sources. In particular, we study the response of QE and ESP to various
parameters such as the photoexcitation energy, doping density, and electron affinity level. Our modeling re-
sults for various transport and emission characteristics are in a good agreement with available experimental
data. Our findings show that the behaviour of both QE and ESP at room temperature can be fully explained
by the bulk relaxation mechanisms and the time which electrons spend in the material before being emitted.

I. INTRODUCTION

GaAs and GaAs-based photocathodes activated to
negative electron affinity (NEA) is the only existing tech-
nology to produce spin-polarized electron beams of high
intensities for advanced nuclear-physics and particle-
physics experiments designed to study nucleon spin
structures, parity-violating mechanisms, and other spin-
dependent phenomena at leading accelerator facilities,
including SLAC and Jefferson Lab’s Continuous Elec-
tron Beam Accelerator Facility (CEBAF).! These exper-
iments set a number of requirements for electron sources,
including high quantum efficiency QF and high elec-
tron spin polarization ESP to maximize the expression
ESP? . QF, which is often used®?® as a figure of merit
when discussing efficiency of different spin-polarized pho-
tocathodes.

Spin-polarized electron beams are expected to play an
even more important role in future experiments at BNL’s
Electron-Ion Collider (EIC). Those experiments will re-
quire at least 85% initial electron beam polarization and
the collision luminosity as high as 1034 cm~2s~!. There-
fore, the pursuit for more robust photocathodes with
higher QE, higher ESP, lower emittance, and faster re-
sponse times is an active research field nowadays.*°

Characteristically, the fabrication methods and oper-
ational conditions commonly accepted to increase QE
(e.g., high doping concentrations, high photoexcitation
energies, negative electron affinity levels, etc.) lead to
spin depolarization, and vice versa.>%7 Therefore, the
availability of effective modeling tools which can be used
to enhance our understanding of processes which affect
the performance of conventional spin-polarized electron
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sources and identify novel candidates with potentially im-
proved capabilities is of utmost importance. Such tools
are essential to design advanced photocathodes and de-
fine operational conditions that can deliver stringent de-
mands of high spin polarization and high beam currents
simultaneously as required by various applications.

The fundamental three-step photoemission model for
semiconductors was developed by Spicer® in the 1950s for
alkali antimonide photocathodes. More practical formal-
ization of Spicer’s model represented by a simple para-
metric expression was developed later? for NEA III-V
compounds. Being based on the thermal diffusion equa-
tion for electron transport, the early models provide a
good approximation as long as the assumption of bulk op-
tical absorption (i.e. photoexcitation with infrared light)
works.?1? In cases when the bulk-absorption assumption
does not hold true, the Monte Carlo approach, a nu-
merical technique for solving the Boltzmann Transport
Equation, can be used to simulate electron transport in
photocathodes.

Over the last several decades, significant attempts
were made to develop a detailed Monte Carlo model
for electron transport in bulk semiconductor materi-
als and devices.''™'3 In a combination with photoex-
citation and emission into the vacuum, the Monte
Carlo approach has proven its reliability and con-
venience in modeling unpolarized photoemission from
bulk and layered GaAs, showing a good agreement
with experimental measurements.'* ¢ As for the spin
polarization, the spin-relaxation mechanisms'™2% in
GaAs photocathodes have been widely studied?!2° and
the spin relaxation during electron transport in bulk
GaAs has been investigated.?6-2® However, the complete
from-excitation-to-emission-into-vacuum photoemission
of spin-polarized electrons has not yet been implemented
in numerical simulations.

In the present work, we modify the Monte Carlo trans-
port model'® to include the photoexcitation and emission
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of electrons. We also implement depolarization mecha-
nisms to calculate QE and ESP simultaneously for doping
densities between 5 x 1017 and 10'° ¢cm ™2 in the photoex-
citation energy range from the band-gap energy to 2.2 eV
with only the electron affinity used as a free fitting pa-
rameter.

This paper is organized as follows. General descrip-
tion of the three-step model of spin-polarized electron
photoemission and the band-structure model are given
in Section II. Section III provides physics and imple-
mentation details of the photoexcitation, spin-polarized
electron transport, and the main surface effects. In Sec-
tion IV, we investigate the influence of the electron affin-
ity level and doping density on the QE and ESP, and
compare our results to the experimental data available
in literature. Section V summarizes our results and find-
ings and highlights possible future directions for applying
the developed model.

Il. THREE-STEP MODEL OF SPIN-POLARIZED
PHOTOEMISSION FROM SEMICONDUCTORS

The photoemission from semiconductors occurs in
three steps: photoexcitation of electrons from the va-
lence band (VB) to the conduction band (CB), trans-
port to the surface, and emission into the vacuum, as
shown in Fig. 1. Here E¢ and Ev define the conduction
band minimum (CBM) and the valence band maximum
(VBM), respectively. Er and E are the Fermi level and
the acceptors level, respectively, and Ej is the band gap.
The band-bending region, which occurs at the surface of
heavily p-doped semiconductors, is characterized by the
band-bending width W}, and the band-bending depth
FEy,. The position of the vacuum level F,. with respect
to the CBM at the surface and in the bulk is defined by
the electron affinity y and the effective electron affinity
Xeff, respectively.

The band-structure model for GaAs is shown in Fig. 2.
The first conduction band has three minima called I" val-
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FIG. 1. Three-step model of spin-polarized photoemission
from p-type NEA GaAs: I — photoexcitation; II — transport;
IIT — emission into the vacuum.
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FIG. 2. Electromagnetic transitions at the I' point of un-
strained GaAs under the excitation by circularly polarized
light (right-polarized o or left-polarized o~). Due to the
optical selection rules, only the transition for which Am; =
my —m; = +1 for o7 (or Am; = —1 for 07 are possible.
Different colors correspond to excitations by photons of differ-
ent energies. Numbers inside the circles indicate the relative
strength of transitions under the photoexcitation by nearly
band-gap-energy photons. Arrows 1 and | indicate the spins
parallel and antiparallel to the direction of light propagation.

ley (coincides with the center of the Brillouin zone), L
valley, and X valley. Each CB valley can be described by
the dispersion relation

h%k?
2m* =% (1>

e

Ex(1+ aEy) =

or, alternatively,

1+ 4aR?k?/(2my) — 1
B 200 ’

Ex (2)
where FEy is the electron energy with respect to the bot-
tom of a particular valley in a state with the wave vec-
tor k, m? is the effective mass of the electron in a par-
ticular valley, « is the non-parabolicity factor, and & is
the reduced Planck’s constant. The structure of a VB is
represented by the heavy hole (hh), light hole (Ih), and
split-off (so) sub-bands. Each of them has a maximum
at k = 0 and can be described by

h%k?

Ey=——
k 2mi,;7

3)

where FEy is the energy of the hole with respect to the
maximum of a particular VB and mj; is the effective mass
of the hole.

Near the center of the Brillouin zone, where k is zero,
direct transitions between the P-type (I = 1) VB and
S-type (I = 0) CB states are possible. The CB state
is doubly degenerate (j = 1/2; m; = £1/2). As for
the VB, a four-fold degenerate state (j = 3/2; m; =
+3/2, £1/2) is separated from a doubly degenerate state
(j = 1/2; mj = £1/2) by an energy distance Ay, ~ 0.3
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eV, the spin-orbit splitting. Here the quantum numbers
l, 7, and m; are the orbital angular momentum, total
angular momentum, and the projection of total angular
momentum onto the z axis taken along the direction of
the light propagation, respectively.

Both ESP and QE depend on the photon energy hw.
When an unstrained GaAs is illuminated by circularly
polarized light with the photon energy in the range
E; < hw < Eg + Ay, two transitions from the Pj/o
state are allowed, with three times as many electrons in
one spin state as in the other spin state (see Fig. 2). So
theoretically, an unstrained GaAs can provide maximum
50% spin polarization ESP, under photoexcitation by
circularly polarized light with Aw ~ Eg

Ny-N, 3-1

ESP, = = =
TN 4N, 341

0.5. (4)

However, due to different depolarizing mechanisms in
the material, the experimentally measured polarization
is limited at about 35%.! As the photon energy increases,
photoexcitations from all three valence sub-bands be-
come possible, reducing the polarization to zero.

In the matter of quantum efficiency QF, which is de-
fined as a ratio of the number of emitted electrons N,-
to the number of incident photons N,

N ._
E==2
Q N,

(5)

it continuously increases with photon energy since elec-
trons gain more energy and have higher probability to
reach the surface and escape into the vacuum.

Below, we provide implementation details of three
steps of photoemission from NEA GaAs as well as a
description of physical processes and mechanisms imple-
mented in the model. The room-temperature parameters
used in the calculations are listed in Table 1.

I. IMPLEMENTATION OF THE MODEL
A. Photoexcitation

The simulation begins with generation of Vo photons
incident along the z axis perpendicular to the GaAs sur-
face. The generation rate of electron-hole pairs in the
material is given by?3?

o(z) = Io(1 = R) exp(—z/1)/1, (6)

where I is the intensity of incident light, R is the opti-
cal reflection coeflicient, and [ is the absorption length.
We assume illumination of heavily p-doped GaAs by low-
intensity light, so the concentration of nonequilibrium
carriers created during the photoexcitation is small in
comparison with the concentration of equilibrium holes.
For simplicity, we assume that the laser pulse is a delta
function in time.?3 Also, we neglect any multielectron

TABLE I. Material parameters of GaAs used in the calcula-
tions (T = 300 K).

Symbol‘ Meaning, units ‘Value [Ref.]

Band model parameters
mp Electron effective mass in I' valley, mo 0.063 [29]
mj, Electron effective mass in L valley, mo 0.22 [10]
mi Electron effective mass in X valley, mo 0.58 [10]
ar Non-parabolicity factor for ' valley, eV ™! 0.61 [10]
ar Non-parabolicity factor for L valley, eV~ 0.461 [10]
ax Non-parabolicity factor for X valley, eV~ 0.204 [10]
mp, hh effective mass, mo 0.50 [29]
mp, lh effective mass, mg 0.088 [29]
mi, so effective mass, mo 0.15 [30]
Eq0 Intrinsic band gap energy, eV 1.423 [29]
Aso Split-off energy gap, eV 0.332 [30]

Arr | Energy splitting between minima of I" and L valleys, eV | 0.284 [29]
Arx |Energy splitting between minima of I' and X valleys, eV| 0.476 [29]
Momentum relaxation parameters

Zar Acoustic deformation potential for I' valley, eV 7.01 [10]
ZdL Acoustic deformation potential for L valley, eV 9.2 [10]
Zax Acoustic deformation potential for X valley, eV 9.0 [10]
hwo Polar optical phonon energy, meV 35.36 [10]
Drr, Deformation potential for I' — L scattering, eV A~! 10 [10]
Drx Deformation potential for I' — X scattering, eV At 10 [10]
Drr Deformation potential for L — L scattering, eV A~! 10 [10]
Drx Deformation potential for L — X scattering, eV At 5 [10]
Dxx Deformation potential for X — X scattering, eV A~} 7 [10]

hwrr, Intervalley phonon energy for I' — L scattering, meV 27.8 [10]
hwrx | Intervalley phonon energy for I' — X scattering, meV 29.9 [10]
hwrr, Intervalley phonon energy for L — L scattering, meV 29 [10]
hwrx | Intervalley phonon energy for L — X scattering, meV | 29.3 [10]
hwxx | Intervalley phonon energy for X — X scattering, meV | 29.9 [10]

Zr Number of equivalent I" valleys to scatter into 1 [31]
Zy Number of equivalent L valleys to scatter into 4 [31]
Zx Number of equivalent X valleys to scatter into 3 [31]
Spin relaxation parameters
Aap EY constant for scattering by acoustic phonons 32/27 [21]
Apop EY constant for scattering by polar optical phonons 32/27 [21]
Ay EY constant for intervalley scatterings 32/27 [21]
Asi EY constant for scattering by ionized impurities 32/27 [21]
Qap DP constant for scattering by acoustic phonons 1/6 [21]
Qpop DP constant for scattering by polar optical phonons 1/6 [21]
Qij DP constant for intervalley scatterings 1/6 [21]
Qii DP constant for scattering by ionized impurities 1/6 [21]
Aexe Exchange splitting of exciton ground state, ueV 47 [22]
‘1/)(0)|2 Sommerfeld factor 1 [22]
Other material parameters
[ High-frequency dielectric constant, eg 10.92 [10]
€s Static dielectric constant, €o 12.90 [10]
p Crystal density, kg m™—2 5360 [10]
Vs Sound velocity, m s~ 5240 [10]

and multiphoton events and consider only the processes
in which one photon interacts with one electron and pho-
toexcites it directly to the I' valley. Optical parameters
R and [ depend on the photoexcitation energy and can be
found from fitting the experimental data with Adachi’s
model?* of dielectric function. In Fig. 3, we show the re-
sulting [ vs. hw and R wvs. hw curves. The experimental
data are taken from Ref. 30.

Assuming an infinitely thick sample, the initial z coor-
dinate of a photoexcited electron can be generated using
a random number r between zero and unity as>®

zo = —1l1ln(1 —r). (7)

The resulting histograms for different photoexcitation en-
ergies are shown in Fig. 4. 1.45 eV photons penetrate as
deep as 6 pm into the material, whereas high-energy pho-
tons excite near-the-surface electrons.

The initial excess energy AFE, of the photoexcited
electron can be found from energy conservation AFE, +
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FIG. 3. GaAs absorption length [ and reflectivity R as a
function of the photoexcitation energy hw.

E, + AEy, + A = hw and momentum conservation
AE.(1 + aAE.)m} = AEym}, during the direct tran-
sition from the hh, lh, or so band. In terms of Osman
and Ferry’s notations,?? it is given by

AFE, = hw — E; — (AEy + A), (8)

where the hole excess energy AFEy is given by

AR 5(1\/14a(1+c;r1)r1>,
2c I's
(9)

[y =hw—E, — A,
Fg = 1+mﬁ/m:+2afl

For an unstrained GaAs, A is zero for transitions from
the hh and [h bands and is equal to the spin-off splitting
Ago for the transitions from the so band. The band gap

E, depends on the doping density and is given by3¢:37
3e? e2
By =Egp— —— <L (10)
167es \| eskgT
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FIG. 4. Initial z coordinates of photoexcited electrons for
different photon energies. The bin width of the histograms is
equal to 100 nm.

where Eg is the intrinsic band gap at room tempera-
ture, e is the elementary electronic charge, € is the static
dielectric constant, p is the hole concentration which is
simply given by the doping density, kg is Boltzmann’s
constant, and T is the lattice temperature (we assume
T = 300 K for all calculations in this work). Then to ac-
count for the warping of the valence band and the width
of a laser pulse,® the initial energy of the photoexcited
electrons can be calculated assuming a small broadening
around AFE, as

Ey=AE, £ ngTln(l —r), (11)

where the plus or minus sign is chosen randomly for each
electron and r is the random number between zero and
unity generated for each electron. If the initial energy
calculated in this way is negative or equal to zero, we
assume that Fy = AFE,. The resulting initial energy
distribution of electrons in the I valley of the CB is shown
in Fig. 5.

As it was mentioned in Section II, the initial electron
spin polarization E.S Py for the photon energy close to the
band-gap energy is equal to 50% (i.e. it is the maximum
possible degree of spin polarization determined in the
absence of spin relaxation by the selection rules for the
transitions at k = 0 due to circularly polarized light).
With increasing fiw (transitions away from k = 0), in
semiconductors with a small spin-orbit splitting Ay, the
states of the so sub-band begin to be mixed in with the
states of the [k and hh sub-bands.?® Because of this, the
relative strength for the photoexcitation of electrons into

15 w=145eV w=1.60eV
3 58
% 10 ® 6
2 2
c c 4
3 5 3
O o2
%.0 0.2 04 06 0.8 1.0 %.O 0.2 04 06 08 1.0
EO) eV Eo, eV
7 w=175eV 7 w=1.90 eV
56 ] 6
[ 5 © 5
g4 g4
2
©3 ©y
%.0 0.2 04 06 0.8 1.0 %.O 0.2 04 06 08 1.0

EO: eV Eo, eV

FIG. 5. Initial energy distribution of electrons photoexcited to
the I' valley by photons of different energies. With the photon
energy close to the band-gap energy, electrons are photoex-
cited from the hh and [h sub-bands just above the bottom
of the IT" valley, where the electrons excited from the hh sub-
band have a slightly higher excess energy than those excited
from the [h sub-band. When the photon energy becomes large
enough (hw > Eg + Ayo), transitions from all three sub-bands
become possible. Transitions from the so sub-band result in
the smallest excess energy. The bin width of the histograms
is equal to 10 meV.
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different spin states of the CB changes and the degree
of the initial spin polarization decreases. Dependence of
the initial spin polarization ESP, on the photon energy
hw can be estimated as>”

_ ZiPiKi
Zi Ki ’
where the subscript ¢ = 1,2, 3 stands for the hh, lh, and

so sub-band, respectively. Quantities P; and K; for a hh
sub-band are given by

ESPy(hw) (12)

Pl )

2 (13)

Ky = DV2ax(3¢ — 3)7%/2,
and for the [h and so sub-bands
(14 ¢)(Fg — 62 +9¢ - 5)
A4(+lg+6x—C—3)
2r — 3(CKk? — 1

3¢C(2x —3CK2 — 1)+ 952 -1’

P53 =
(14)

Kgyg = Dk

where D is some constant which is not required to calcu-
late initial polarization ES Py given by Eq. 12. Parameter
K is given by
2 _ +g+6¢x—3(—1
-

where the upper sign is used for the [h sub-band and the
lower sign is used for the so sub-band, and

(15)

g =/3622 —122(C +3) + (3¢ + 1)2,

_hw-Eg
T AL (16)
= 41/mg +3/(4mp,) +1/(4mg;,)
3 1/mf, — 1/miy, '

The resulting initial spin-polarization curves for sev-
eral doping densities are shown in Fig. 6 where we assume
that the band gap E, of GaAs shrinks with the doping
density according to Eq. 10. The initial spin polarization
slowly decreases from its peak value of 50% at the band-
gap energy to about 47% and then drops fast when the
optical transitions from the so VB become possible. The
initial spin polarization was used to determine the initial
spin orientation of photoexcited electrons, i.e. the num-
ber of electrons photoexcited from the hh sub-band into
the spin-up CB state, and from the (A and so sub-bands
into the spin-down CB state.

B. Transport

The electron transport in GaAs is modeled using the
Monte Carlo approach'® which has been modified to
add required scattering processes and to include spin-
relaxation mechanisms. Detailed description of the

e Intrinsic (Eg = 1.423 eV)
mp=5 10" cm™ (E; = 1.409 eV)

\“L 3

10 op=17 10 cm= (E, = 1.398 eV) i
ap=1 10" cm™ (E, = 1.361 eV)
?.4 1.6 1.8 2.0 2.2
w, eV

FIG. 6. Initial, maximum achieved, spin polarization of pho-
toexcited electrons in GaAs as a function of the photoexci-
tation energy for different doping densities. ES Py decreases
slowly when the transitions away from k = 0 become possible
and then drops fast when the photon energy becomes large
enough to photoexcite electrons from the so sub-band.

method as well as implementation details can be found
elsewhere.!1"1%:3! Here we only highlight basic concepts.

The Monte Carlo approach for electron transport is a
simulation of motion of conductive electrons undergoing
numerous scattering events in the crystal under the influ-
ence of external forces (e.g., an applied electric field E).
The position of each photoexcited electron is tracked in
both real and k-space using the semi-classical approach

dr
v (17)
dk
= — _¢E 18
o= B (18)

where the wave vector k is related to the group velocity
v through

hk
vV =

*
me

-1
( % ) _ hk 1 . (19)
dEyx my (1 + 2aFE)

Electrons interact with the lattice, defects, and other
carriers through different scattering mechanisms which
may change the energy and momentum of the particle
and cause a spin flip. The probability of each scatter-
ing mechanism is given by its scattering rate and the
probability of a spin-flip in that scattering is defined by
the spin relaxation rate. The Monte Carlo technique in-
cludes generation of a free flight time, choice of the type
of scattering event that occurs at the end of a free flight,
and recalculation of the energy and momentum as well
as spin orientation after the scattering for each electron.
The procedure then repeats for the next free flight and
stops after the total time exceeds the simulation time.

1. Momentum Relaxation Mechanisms

In general, the transition rate (or the transition prob-
ability per unit time from the initial state k to the fi-
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nal state k/) for a scattering process is given by Fermi’s
Golden rule

2
S(k,k):%

’ ’ 2
K H'|K)| 8(By — Eic ¥ hw),  (20)
where the J-function expresses the conservation of energy
and fiw is the absorbed (upper sign) or emitted (lower
sign) energy. Then the scattering rate W (k) and the
momentum relaxation rate 1/7, (k) can be derived as

W (k) = (22)3 /S(k,k')dk/, (21)

ey e [ S (1 et

where 2 is the volume of the crystal and 6 is the angle be-
tween initial k and final kK’ states. 7, (k) is known as the
momentum relaxation time and is the time required to
randomize the momentum.'® In the simulation, we con-
sider phonon scattering (scattering by acoustic and opti-
cal phonons), defect scattering (scattering by ionized im-
purities), and binary electron-hole interactions. Below,
we provide scattering rates and momentum relaxation
rates for the mechanisms implemented in our model.

e Acoustic phonon scattering. Acoustic phonons
result from coherent oscillations of neighboring
atoms of the lattice. The total intravalley scatter-
ing rate that accounts for absorption and emission
of an acoustic phonon in a non-parabolic band ap-
proximation is given by*°

V2(me)* 2 E3 ks T i

Wap (k) = anh?

(1+2aEy), (23)

where =g is the deformation potential. ¢ is the
material elastic constant given by ¢, = pv2, where
p is the crystal density and vg is the sound velocity.
K is given by Eq. 1. This is an isotropic process,
i.e. it has a uniform probability of scattering in all
directions. Therefore, the final wave vector after
scattering is defined by the scattering angle 6 cal-
culated using a random number r between zero and
one

cosf =1-—2r. (24)

For the case of isotropic acoustic phonon scattering,
the momentum relaxation rate 1/73P (k) is given by
the scattering rate W,,(k), Eq. 23.

e Screened polar optical phonon scattering.
The oscillations of neighboring atoms in a lattice
in the opposite directions give rise to polar opti-
cal phonon scattering. The scattering rate for ab-
sorption (Wyop (k) < Np) and emission (Wpep (k) o

WPOP (k)

Ny + 1) of a polar phonon of energy fuwy is given
by40

_ 62(hw0) \/773(1 +2(1Ek/)( 1 1)

= No + = —
872, /(B 0 272

B2 B2
(52 +2u(Bx) B2+ qrznin(Ek))

8%+ ¢2 0 (Fx)

+ In
ﬂQ + q?nin(Ek)

)

(25)

where €, = (1/€cc—1/€s) ! is the effective dielectric
constant that combines the high-frequency dielec-
tric constant €., and the static dielectric constant
€s, 5 = 1/L is the inverse screening length, and Ny
is the phonon distribution function which at the
thermodynamic equilibrium is simply given by the
Bose-Einstein function

1
0 exp [/ ()] — 1

(26)

The minimum and maximum values of a phonon
wavevector g are given by

() = V2T ) ( = 1((]2‘;)) T 1) ,
(27)
oo () = mﬁﬂm’ﬁ$+Q

Here Fy = Fyx + hwg, and the upper and lower
signs stand for the absorption and emission of a
phonon, respectively. For the nondegenerate case,
the screening length L is given by the Debye length

ESkBT
Lp =4/ 28
D 62]7 ) ( )

For degenerate semiconductors, the approach
which assumes the Thomas-Fermi screening by mo-
bile light holes is more appropriate*!

Th2e T \1/6
L :,/75( ) : 29
T e2m?, \3Np, (29)

where the concentration of light holes can be esti-
_ x3/2 *3/2 #3/2

mated as Ny, = my " /(m)/ " +my7)p.

For this anisotropic mechanism, the angle between

final and initial states can be calculated using a

random number 13

(1+& -1 +29)"

cosf = ,
‘ (30)
- 23/ 7V

(VK = ve)?
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The momentum relaxation rate can be calculated
40
as

1 e?(hwo) v/mZ(1+ 2aEy) (No+ 1 - 1)
T2P(k)  167hZe, 2 (Ex) °T27T2
. Ny - Ny
Ek(qrgnin + 52) Ek(qgnax + ﬁ2) ’
EvEs(qt. 249242,
Nl — MOBQ ¥ k ﬂ(qmln/ﬁ qmln)

v(Ex)

2 2 2EkE,8 2 2
+ <Qmin + ﬂ )(FIWQ + PY(Ek) ) In )qmin + ﬁ

ExEs(qax/ B + 242,0x)
v(Fx)

)

Ny = hwof* F

2B FE
2 2 kB 2 2
+ G+ 67) (o0 = T ) 7).
(31)
where
h2ﬁ2
Ez = Gy (32)

e

e Intervalley scattering. Intervalley transitions
from valley i to valley j are described by the absorp-
tion (W;;(k) o< N) or emission (W;;(k) o N + 1)
of non-polar optical phonons

(mg)*/2 D} Z /e 11
Wi (k) = i k| (Vi igdy
\/§7rph2(hw”)(1 + QQjEk/) 2 2
(33)

where D;; is the intervalley deformation potential,
Z; is the number of equivalent final valleys for the
electron to scatter into, and N is the Bose-Einstein
distribution function for the phonons of energy hw;;
involved in the scattering process

1
N= [hewi; [ (kpT)] — 1 (34)

Final energy after absorption (upper sign) or emis-
sion (lower sign) of a phonon is given by Ey =
Ey + hw;j — Aj;, where Aj; is the potential energy
difference between the bottoms of valleys j and 1.
This is an isotropic process so the momentum relax-
ation rate 1/7/J(k) is given by the scattering rate
Wij (k), Eq. 33.

e Tonized impurity scattering. In p-doped
semiconductors, minor electrons scatter from
negatively-charged ions via Coulomb-like potential
screened by mobile majority carriers (holes). In
the Brooks-Herring approach, the scattering rate
for this elastic mechanism is given by3!

Wis(k) = Ny e*Z2(2m2)3/? /(1 + 2aEx)
e 2mhie2 34 1+ 4y /Es

(35)

where N, is the density of negatively charged ac-
ceptor ions, and the product eZ is the ionized im-
purity charge. We assume full ionization. The final
angle for scattering with ionized impurities is given
by31

2r

= 1 —
cos? L+ 4(1—7)/Ep’ (36)

where r is a random number between zero and one.
The corresponding momentum relaxation rate can
be calculated as'?

1 Nye*Z? (1+2aFEy)
ri(k)  16me2\/2m: 3/2
" 4 - Ay /E (87)
X(IH‘H&,_M)
Eg 1+4nw/Eg

Electron-hole scattering. Electron-hole scatter-
ings also play a significant role in a minority elec-
tron transport in p-doped GaAs and provide an ad-
ditional channel for energy transfer. This interac-
tion is implemented using the rejection technique®?
where the scattering rate is replaced by its maxi-
mum value given by the constant

4
pmge
hA(K) = ———s 38
eh ( ) 471'63}13[33, ( )
where
mimy,
= — 39
R mi + my (39)

is the reduced mass of an electron and a hole. When
an electron-hole scattering is chosen within the sim-
ulation, an interaction with a randomly chosen hole
is accepted only if a random number r between 0
and 1 satisfies the following inequality

298
< 40
BN (40
where
g = 2mplko/my, — k/mY| (41)

and kg and k are the wave vectors of collid-
ing hole and electron, respectively. If we define
g = 2mp(ko/m;, — k/m}) as a wave vector differ-
ence of electron and hole before the scattering and
g’ = 2mp(k'o/mi —k’/m%) as a wave vector differ-
ence of electron and hole after the scattering, the
angle 9 between vectors g and g’ is given by

2r
COS§:1_1+92(1—T)//6’2' (42)

Using this expression and assuming that the az-
imuthal angle is randomly distributed between 0
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and 27, and g = |g| = |g’|, the relative wave vec-
tor g’ after the scattering can be obtained using a
standard technique.'?3! Then the wave vector k’
of the scattered electron can be calculated as

k'=k—(g'—g)/2. (43)

e Pauli exclusion principle. In heavily p-doped
semiconductors, the degeneracy of holes has a sig-
nificant effect on the transport properties of elec-
trons because the Fermi level in this case lies in the
VB and many hole states are occupied.*!4344 To
implement the Pauli exclusion principle, we follow
a simple approach.*! If a final state of the hole,
participating in an electron-hole scattering, has a
lower energy than the Fermi energy given by

(37‘(2ﬁ3p)2/3

Ep =
¥ 2m;

; (44)
the scattering event is rejected and treated as a self-
scattering. Degeneracy effect reduces the electron-
hole scattering due to Pauli exclusion principle.

Calculated scattering rates and momentum relaxation
rates for the I' valley are shown in Figs. 7 and 8, respec-
tively, for two doping densities. In GaAs the hole mass
exceeds the electron mass significantly, so for simplicity
we avoid simulation of the hole transport and consider
holes to be at rest. We consider only the interactions with
heavy holes since they have a higher density of states as
compared to light holes.*’ We also assume that the hole
concentration is given by the concentration of acceptor
atoms, therefore p = N = N,.

To check the validity of our approximations and cho-
sen material parameters, we model electron drift velocity
under influence of the applied electric field. For the pur-
pose of drift-velocity calculations, we assume thermalized
Maxwellian energy distributions for electrons, whereas in
the full Monte Carlo simulation of photoemission the ini-
tial energy distribution of photoexcited electrons depends
on the photon energy as shown in Fig. 5.

Our drift velocity results for various doping densities
are compared to the experimental data?!*® in Fig. 9. At
small electron energies in heavily doped samples, ionized
impurity and hole scatterings are dominant mechanisms.
Both the scattering rate and the scattering angle increase
with increasing doping density. Therefore, the electron
mobility, the proportionality coefficient between the drift
velocity and the applied electric field, tends to be smaller
for heavily doped materials. This effect can be seen in
Fig. 9, where the slope of the drift-velocity curves in
the low-energy region decreases with increasing doping
density. As the electron energy increases, both impu-
rity scattering rate and scattering angle slightly decrease,
and other scattering mechanisms start playing significant
roles. Electrons lose energy through inelastic interactions
with polar optical phonons and intervalley scatterings.
This is so-called saturation region on the drift-velocity
plot.
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FIG. 7. Scattering rates for electrons in the I' valley of (a)
heavily doped (p = 10'? ¢cm™3) and (b) moderately doped
(p = 1.5 x 10! cm™®) GaAs calculated as a function of the
electron energy measured with respect to the bottom of the
valley.

2. Spin Relaxation Mechanisms

Depolarization, or relaxation of electron spin states,
occurs via the interaction with other carriers, impu-
rities, acoustic and polar optical phonons. We con-
sider three main mechanisms that lead to the spin re-
laxation of spin-polarized electrons in the CB of GaAs:
the Elliott-Yafet (EY)'"'®, D’yakonov-Perel (DP)'?, and
Bir-Aronov-Pikus (BAP)?° processes. The first two
mechanisms are related to the features of the CB struc-
ture and the last one considers the exchange interactions
between electrons and holes. Below, we briefly discuss
these processes and provide the spin relaxation rates used
in the calculations.

e Elliott-Yafet mechanism. As described above,
the CB S/, state is two-fold degenerate due to
the spin-orbit interaction and the resulting elec-
tron eigenfunction is represented as a superposi-
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FIG. 8. Momentum relaxation rates for electrons in the I" val-
ley of (a) heavily doped (p = 10" cm™3) and (b) moderately
doped (p = 1.5 x 10*” cm™3) GaAs calculated as a function
of the electron energy measured with respect to the bottom
of the valley.

tion of spin-up and spin-down components. Con-
sequently, the matrix elements describing scatter-
ing mechanisms in the CB involve the terms asso-
ciated with both intrastate (spin-conserving) and
interstate (spin-flip) transitions.?® At the point
k # 0, the probability of spin-flip transitions arises
even if the involved scattering mechanism is spin-
independent. The Elliott-Yafet mechanism takes
into account the mixing of wave functions with dif-
ferent spins as a result of spin-orbit interaction.
The corresponding spin relaxation rate 1/7EY (k)
is proportional to the momentum relaxation rate
1/7¢ (k) and is given by?!

Electron drift velocity, x10% m/s

PP(k) ~ 945 “"(1+n)(1 + 2n/3) KO

S

o
o

-
[¢)]

N
o

0.5;

0 2 4 6 8 10 12 14
Electric field, x10%V/m

@ Ruch and Kino 1968 --e-- Simulation (p = 1.8 108 cm™%)
1 Furuta et. al. 1990 --£+-- Simulation (p = 1.5 10" cm™3)
4 Furutaet al. 1990 - Simulaton (p = 1.5 108 cm™3)
4 Furuta and Tomizawa 1990 ------ Simulation (p=1 10" cm™)

FIG. 9. Electron drift velocity as a function of the applied
electric field in a p-doped GaAs compared to the experimental
datat*® for various doping densities.

X

Fy ? 1
B, ) T

where n = Ag,/E,. The dimensionless coefficient
A; depends on the scattering mechanism i. We
assume that A = 32/27 for all mechanisms.?!

D’yakonov-Perel mechanism. The D’yakonov-
Perel spin relaxation mechanism arises due to the
lack of an inversion center in some semiconductors
which leads to splitting of the spin states of the CB
at k # 0. The corresponding spin relaxation rate
is given by?!2°

1 128 A2 B2 m? (1 - m;;>

I 3
k i
2 <£Cg> Tm(k),

where the dimensionless factor (Q; varies depend-
ing on a scattering mechanism . @ = 1 for
isotropic processes and @Q = 1/6 for anisotropic
processes.?! Since the dominant scattering mech-
anisms are anisitropic, we use @ = 1/6 for all
scatterings. Parameter B for GaAs is given by
B = 10h2/(2my).

(46)
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e Bir-Aronov-Pikus mechanism. As it was al-
ready pointed out, the BAP mechanism originates
from the exchange interaction of electrons with
holes. In the case of a non-degenerate semiconduc-
tor and assuming that all holes are free, the BAP

spin relaxation rate is given by?*46
]_ 2 Uk 3 4
- =" 0)]%, 47
TBAP(K) 1B apl(0)] "

where vy is the magnitude of electron velocity given
by Eq. 19, vg = h/(mpragp) is the exciton Bohr
velocity, ag = 4mh%e;/(q*>mg) is the exciton Bohr
radius, and p is the concentration of free holes.

is given by
1 3 nmA2
R (48)
0 64 hEp

where Aqy. is the exchange splitting of the exciton
ground state and Ep = h*/(2mpga3) is the Bohr
energy. The Sommerfeld factor for an unscreened
Coulomb potential is given by

_27T[ 27r)]—1, (49)

[0 ()" = =1 - exp(-=

where s = \/Eyx/Eg. However, in the case of
screening it has some more complicated form.20-23
In this work, we use ’1/)(0)‘2 = 1, which corre-
sponds to the total screening.??2® We also assume
that the main contribution to the BAP spin re-
laxation rate comes from the interactions of elec-
trons with heavy holes since their concentration
exceeds the concentrations of holes in the [h and
so subbands.*® The BAP spin relaxation rate for
a degenerate semiconductor in the case of thermal-
ized electrons (Ex < mj(kgT)?/(m:ER)) is given
by?22:46

1 _31}kkBT3

4
TBAP(K) ?OgEigaBpW(oﬂ . (50)

For hot electrons with Ey > mj (kgT)?/(m:ER),
the following expression is used instead

L 2w B

TBAP(K) 1o v ERB

where vp = /2B /m; is the Fermi velocity of the

holes.

pl(0)]*, (51)

The strength of EY and DP spin relaxation mecha-
nisms due to different scattering events in the I' valley
is shown in Figs. 10 and 11, respectively, for two dop-
ing densities. In a moderately doped GaAs, interaction
with polar optical phonons and ionized impurities are
the dominant momentum relaxation mechanisms for the
electrons whose energy does not exceed the energy re-
quired to be scattered into the upper valleys. The DP

10

mechanisms is a main spin relaxation process in this case
(Fig. 11(b)). As the doping density increases, the DP
mechanism affects the spin relaxation only through the
interaction of high-energy electrons with impurities and
the BAP mechanism becomes a dominant spin-relaxation
process (Fig. 12(a)).

Since the EY spin relaxation rate is proportional to the
momentum relaxation rate, the total EY rate is simply
given by the summation of contributions from all relevant
scattering mechanisms. The DP spin relaxation rate is
inversely proportional to the total momentum relaxation
rate. Therefore, the total DP spin relaxation rate is cal-
culated applying the Mathiessen’s summation rule to the
momentum relaxation rate?*

1 1 1 1

1
P e (% B S o ey

Then the total spin relaxation rate is given by

1 1
7DP (k) T 7BAP (k)

11
(k) (k)

+ (53)
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FIG. 10. Elliott-Yafet spin relaxation rates due to different
scattering mechanisms in the T' valley of (a) heavily doped
and (b) moderately doped GaAs.
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FIG. 11. D’yakonov-Perel spin relaxation rates due to differ-
ent scattering mechanisms in the I valley of (a) heavily doped
and (b) moderately doped GaAs.

The total spin relaxation rate 1/7; and the spin relax-
ation time 7y as a function of the electron energy in the
I" valley are shown in Figs. 12 and 13, respectively. When
the initial excess energy of photoexcited electrons is high,
the spin relaxation time is much shorter as compared
to that of thermalized electrons. However, the electrons
quickly lose their energy in inelastic interactions with po-
lar optical phonons and holes so the electron energy dis-
tribution stabilizes within 10 ps or so, even in the case of
high initial excess energy.

To implement the spin-relaxation mechanism in the
Monte Carlo approach, we assume that the electron spin
can flip in any scattering event. When the scattering
happens, the random number r is generated and if it is

11
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FIG. 12. Spin relaxation rates due to different mechanisms in
the I' valley of (a) heavily doped and (b) moderately doped
GaAs. Acoustic phonon scatterings, polar optical phonon
scatterings, intervalley scatterings, and scatterings by ionized
impurities were taken into account to calculate EY and DP
spin relaxation rates.
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FIG. 13. Spin relaxation time as a function of electron energy
in the T" valley of GaAs calculated for three doping densities.
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smaller than the spin-flip probability!
P(k) = 0.5[1 — exp(—dt(k)/7s(k))], (54)

the spin changes its sign, otherwise the spin state is pre-
served. Here 6t is the time between any two consecutive
scattering events excluding self-scatterings. In such for-
mulation, 75 also defines the polarization relaxation time,
i.e. the time required for the electron spin polarization
to drop from its initial value ESPy to 1/e, or 37%, of
that value.

As it is shown above, the spin relaxation time 75 de-
pends on the electron kinetic energy, which dynamically
changes in numerous scattering events. Obtaining the
characteristic material spin relaxation time from the en-
semble simulation is complicated mainly because of the
way in which we implement the Pauli exclusion principle
(theoretical calculations of energy-dependent spin relax-
ation time shown in Fig. 13 do not account for the reduc-
tion of electron-hole interactions due to the degeneracy
effect). However, it can be estimated from the decay of
the internal electron spin polarization

NP - NP

int
ESP (t) - N%nt(t) 4 Nint(t)’

(55)

where Ni"* and N{" stand for the number of electrons
inside the material with spin-up and spin-down states, re-
spectively, calculated from the simulation when the emis-
sion is prohibited. In Fig. 14 we compare our results
to the available experimental data??23 where the elec-
tron spin relaxation time was estimated by measuring the
polarisation of the luminescence from GaAs illuminated
with a krypton-ion laser (fuv = 1.65 eV). The calculated
spin relaxation time is 110 ps, 92 ps, and 77 ps for the
doping density 1.5 x 107 cm™3, 1.5 x 10'® cm™3, and
1 x 10" cm™3, respectively. Our results qualitatively re-
produce the experimental variation of the spin relaxation
time with doping density, however, are approximately
factor of 1.4 — 1.8 larger. Despite this small discrepancy
with the experimentally measured spin relaxation time,
our simulations reproduce the measured spin polarization
of the photoemitted electrons quite well (see Figs. 18(b)
and 19(b) below) and even indicate that the calculated
spin relaxation time is slightly underestimated.

C. Band Bending and Emission into the Vacuum
1. Band-Bending Region

An intrinsic GaAs has a Fermi level placed approxi-
mately in the middle of a band gap. Its clean surface

! Eq. 54 can be easily understood if we rewrite the spin-flip prob-
ability P in terms of ESP and assume that ESP decays expo-
nentially with the decay time 75, which gives

N NitN Ni—N
P= g = 0.5<NI+N1 - NIJrNj) = 0.5[1 — exp(—t/72)].
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FIG. 14. Spin relaxation time obtained from the decay of
internal electron spin polarization for three doping densities
and compared to available experimental data.?*?3

is characterized by a high electron affinity x ~ 4 eV as
shown in Fig. 15(a). In heavily p-doped semiconductors
(Fig. 15(b)), the Fermi level shifts toward the VB. In
such materials, as discussed by Bell,*” electrons from sur-
face states combine with acceptors in the VB leaving the
surface positively charged. A positively charged surface
on a p-type semiconductor repels the positively charged
holes from the vicinity of the surface, forming a down-
ward band-bending region and exposing a distribution
of fixed negative charges (acceptor centers), in the vol-
ume of the semiconductor. This distributed charge leads
to a variation of electric potential with depth which is
equivalent to bending of the band edges.

Electrons, photoexcited at a distance greater than the
width of a band-bending region Wy, from the surface,
are accelerated by the internal field with the result that
they have to overcome only the ”effective” electron affin-
ity Xem.*® To obtain the optimum enhancement of pho-
toemission by means of band bending, it is required that
both of the bands bend by the largest possible amount
(which is Eg) in order to decrease the threshold of pho-
toemission and that the bands bend within the short-
est possible distance from the surface (Wh,.1,) since the
threshold is maximally lowered only for those electrons
that are photoexcited at a distance from the surface be-
yond the region of band bending.

The parameters of a band-bending region depend
strongly on the doping density. The magnitude of the
band bending FEy.;, in a p-type GaAs can be found as a
difference between the Fermi level at the surface £ and
the Fermi level in the bulk ER*

Fyy, = E} — ER. (56)

We assume that the Fermi level at the surface lies in the
middle of the band gap

1
Ef = By — By, = 3B, (57)

The position of the Fermi level relative to the VBM in
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the bulk can be calculated as®®
ER =Er — EY
= kBT{ ln(p/NV)
(58)
p/Nv

+ 1/4 (°
[64 +0.05524 (64 + \/p/NV)p/NV} / }

where Ny = 2[mjkgT/(2rh?)] 372 is the effective density
of states in the VB. This expression was also used to
define the degeneracy condition for p-doped GaAs. We
assume that the sample is degenerate if the Fermi level
is as close to the VBM as 2kgT or lower. The width of

a band-bending region is given by°%>!
2€
Wi =/ —|Epbl. (59)
ep

The dependence of band-bending parameters on the dop-
ing density is shown in Fig. 16.

We assume that the electric field in the bulk of the
material is zero, i.e. we only consider diffusion of elec-
trons due to different scattering events. When electrons
reach the band-bending region, they are exposed to the
influence of the internal electric field E of the strength
defined by the bending of band edges

_ v _1dB
EG) =-—=_—"— o)
!"#$ [ !--#s
l . ( #%&%
;# ® ’!%&%
N T :
/i
% L ‘ &
(a) ®)

FIG. 15. Effects of p-doping and surface coating on the
threshold of photoemission from GaAs: (a) intrinsic PEA
GaAs; (b) p-doped PEA GaAs; (¢) p-doped NEA GaAs.
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FIG. 16. Parameters of the band-bending region as a function
of doping density. For p = 10'® em™2, Fyu., = 0.694 eV and
Wi = 9.947 nm.

The exact value of the electric field as a function of the
position of Fermi level at the surface of a semiconductor
can be found by solving Poisson’s equation. For sim-
plicity, we assume that the bands bend according to the
quadratic law

EC(Z) _ Eg, , z> Wy
ngEb_b(lfﬁ) , 0<z< Wy

(61)
so electrons experience the influence of the electric field
of the magnitude

z > Wb—b7

0
E, =% ; (62)
{jw*;—f; (1-w=), 0<z< Wy,

Numerical results are shown in Fig. 17. We use a simple
velocity Verlet algorithm®? to implement the drift mo-
tion of electrons under the influence of this electric field.
To ensure the energy conservation for electrons traveling
through a narrow band-bending region in a heavily doped
GaAs, we keep the simulation time step as short as 1 fs.

1 1.5
I 0 Y g
Eb-b — s
— > z
o o5 g
Wo-p -1y x
[ ul
T 0
T2
Wh-p
-0.5
12 10 8 6 4 2 0 12 10 8 6 4 2 0
z,nm z,nm

FIG. 17. (a) Real-size band-bending region for p = 10'® cm™>
assuming the quadratic nature of bending given by Eq. 61.
(b) Electric field that corresponds to the change of potential
shown in (a).
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2. Surface Potential Barrier

In addition to the band bending, p-doping in a semi-
conductor slightly reduces its electron affinity. The elec-
tron affinity can be reduced to much lower values by de-
positing thin layer of Cs. In general, electronic interac-
tion between surface films and bulk materials causes the
formation of a dipole which, depending on its orientation,
reduces or increases the work function.*® Electropositive
elements (e.g., hydrogen, alkali and alkali earth metals)
deposited on the material surface tend to decrease its
work function. Alternating layers of Cs and NF3 (or Og)
can effectively reduce the electron affinity to negative lev-
els (Fig. 15(c)).

Electron affinity at the surface of Cs/NF3-covered
GaAs depends strongly on the details of the surface
preparation and activation and its value is not known in
the course of photoemission measurements. Moreover,
comparison of theoretical calculations to experimental
measurements indicates that the potential barrier exists
at the surface of activated GaAs.?!*> The shape and size
of the surface barrier determine how long electrons re-
main in the CB of a material before they escape or re-
combine. However, the exact shape and nature of this
barrier are also not known. In this work, we use the tri-
angular model of the surface potential barrier shown in
Fig. 15(c) with Ly, = 0.15 nm and E), = 4 eV, which
was successfully used to explain behavior of photoemis-
sion characteristics from transmission mode NEA GaAs
photocathodes.?® It has been recently shown though that
a potential well can mimic the behavior of a triangular
potential barrier.”* We use the electron affinity x as a
single fitting parameter.

When the electron reaches the surface, it can scatter
from the surface potential barrier, tunnel through it, or
overcome it and be emitted into the vacuum. We use
the propagation matrix method®® to calculate the trans-
mission probability and assume that the electron mass
changes from m} to mg at the material-vacuum interface.
Alternatively, the transmission probability for a triangu-
lar barrier can be calculated using analytical expressions
well-known from the field emission theory.?® Electrons
photoexcited with high photon energies can be scattered
into the L and X valleys. Moreover, electrons with small
excess energy can be also scattered into the upper val-
leys in the band-bending region. However, escape only
from the I' and some X valleys is allowed by the momen-
tum conservation law for the (100) GaAs surface.!®:53
It should be noticed though that some papers®” report
about the violation of the transversal momentum con-
servation at the real GaAs surface. This observation is
attributed to the rough interface or a disordered activa-
tion layer, however the exact nature of this phenomenon
is not known. In this work we assume that only electron
emission from the I" and some X valleys is allowed, i.e.
we assume an ideal surface.

14
IV. RESULTS AND DISCUSSIONS

The developed Monte Carlo program was used to cal-
culate quantum efficiency and electron spin polarization
simultaneously. In this section we compare our results
with available experimental data.5%® Assuming that the
photoemission can be described by the Poisson statistics,
the statistical error we should expect is the square root of
the measured quantity (i.e. if the number of emitted elec-
trons is N, the statistical error is simply v/N). Then the
statistical error for QE and ESP is calculated according
to the error propagation. To provide accurate statistics,
10° particles were simulated for all calculations shown
in this work. Electrons with the total energy below the
vacuum level are trapped at the surface.®® Such electrons
are removed from the simulation to reduce the computa-
tional time. The simulation time for all calculations was
370 ps, which corresponds to the recombination time in
a heavily p-doped GaAs.’® The recombination time in
moderately doped GaAs is much longer (in a ns scale).
However, the typical photocathode response time is much
shorter than that.%° So longer simulation time for moder-
ately doped samples does not significantly affect results.
Therefore, the accuracy of our results is mainly defined
by the approximations introduced to derive certain ex-
pressions used in this work.

The results were obtained assuming the scattering
mechanisms in the band-bending region to be identical
to those in the bulk of the material. The electron affin-
ity x was used as a free model parameter. As it was
discussed above, its value depends mostly on the quality
of the activation procedure and remains unknown in the
course of QE and ESP measurements. As can be seen
in Fig. 18, a good agreement with the experimental data
can be achieved for both QE and ESP at x = 0.67 eV,
which corresponds to the negative effective electron affin-
ity xesr = —0.024 eV.

Explanation of the behaviour of QE curves in
Fig. 18(a) is very straightforward. Small-energy pho-
tons photoexcite electrons just above the bottom of the
I" valley. Moreover, a great portion of such electrons is
photoexcited at deep layers of the material. Therefore,
small-energy electrons have smaller probability to reach
the surface and overcome the surface potential barrier.
In the case of photoexcitations by high-energy photons,
many high-energy electrons exist close to the surface and
have higher probability to be emitted into the vacuum.
Therefore, the QE increases with photon energy. The QE
also increases with decreasing the electron affinity level
X, ¢.e. with lowering the emission threshold.

As for the spin-polarization (Fig. 18(b)), low-energy
electrons photoexcited with small-energy photons (larger
than Eg, but smaller than E,; + Ag,) have high initial
spin polarization ESP, and small spin-relaxation rate,
resulting in the highest spin polarization. A great portion
of electrons, photoexcited with a close-to-band-gap pho-
ton energy, exists deep in the material. These electrons
undergo more scattering events during the diffusion mo-
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tion from deep layers of the material towards the surface,
which causes depolarization (more spin-flipping events).
Therefore, the ESP is slightly smaller for photons with
close-to-band-gap energies. The spin polarization drops
fast when the emission from the so sub-band becomes
possible (fw > Ey + Ag,).

It is remarkable that a detailed behaviour of experi-
mental ESP curves® as a function of the electron affinity
can be reproduced in our calculations. Spin-polarization
does not change significantly for negative and close-to-
zero effective electron affinity levels. For large positive
effective electron affinity, the ESP increases in a high
photon-energy range and has a maximum at hAw =~ 1.64
eV, which is also observed in experiments (compare

A, nm
800 700 600

- Chubenko et. al. 2014
= Liu et. al. 2017
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FIG. 18. The calculated (a) QE and (b) ESP as a function
of the photoexcitation energy for different electron affinity
levels compared to the experimental data®®® obtained from

the sample with p = 1 x 10'® em ™3 activated with Oz and
NF;.

15

Fig. 18(b) below with the experimental ESP shown in
Fig. 6 of Ref. 6). Such behavior can be explained as fol-
lows. High electron affinity only allows emission of elec-
trons with high excess energy. At high photoexcitation
energies, electrons photoexcited from the hh sub-band
(spin-up state) are well energy separated from those pho-
toexcited from [h and so sub-bands (spin-down states).
Therefore, electrons with the same spin orientations are
emitted during first few ps after the photoexcitation, giv-
ing rise to the ESP.

Using the electron affinity level determined for the
sample with p = 1 x 10'? cm™3, the QE and ESP are
calculated for different doping densities and are com-
pared to the experimental data® in Fig. 19. It means
that we assume identical experimental conditions for all
data sets. Even under this assumption, the agreement
with the experimental data is pretty good for both QE
and ESP. Better agreement for the QE can be obtained
by slightly changing the electron affinity parameter for
each experimental data set.

The highest QE can be obtained from the sample with
the highest doping density. This can be achieved through
an effective narrowing of the band-bending region (the
band-bending region is as narrow as 10 nm for the sample
with p = 10 ¢cm=3). Moreover, in heavily doped sam-
ples electrons stay longer at the surface because of the
reduced diffusion process (see Fig. 20), which increases
their probability to be emitted.

High doping density has an opposite effect for the
ESP. The spin relaxation time is shorter for heavily
doped samples. Therefore, electrons flip their spins
faster while been close to the surface for a long time.
Our ESP results are slightly smaller than the experi-
mental measurements. This can be because we use a
simple Brooks-Herring approach for the impurity mo-
mentum relaxation rate (Eq. 37), which does not cor-
rectly describe the momentum relaxation at high dop-
ing concentrations.?® Therefore, the DP spin relaxation
mechanism is probably slightly overestimated. For more
precise results, the approach which properly describes
momentum relaxation rate for ionized impurity scatter-
ing in degenerate semiconductors should be used instead
(see e.g., Ref. 61). We also assume that the electron
can flip its spin in any scattering event independently
on the leading spin-relaxation mechanism. It is known,
however,?2:2846 that the DP mechanism causes the spin
precession rather than the spin flip. Therefore, more ac-
curate implementation®%% of the spin dynamics using
the spin density matrix formalism®* %6 would be benefi-
cial.

V. CONCLUSIONS

Using the Monte Carlo approach and details of the ma-
terial band structure, the photoemission model has been
implemented and used to calculate QE and ESP from
GaAs photocathodes. Both momentum and spin relax-
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FIG. 19. Dependence of the (a) QE and (b) ESP on the dop-
ing density compared to the experimental data’®. The electron
affinity was fixed x = 0.67 eV for all cases.

ation rates due to the scattering of electrons on acoustic
phonons, optical (polar and non-polar) phonons, ionized
impurities, and the interactions with holes are calculated
as a function of electron energy for various doping den-
sities. We employ a simple triangular model of the sur-
face potential barrier and use the electron affinity x as
a fitting parameter to compare calculation results with
experimental data for NEA GaAs with p = 10'? cm™3.
It is remarkable that the same value of parameter y can
be used to achieve a good agreement with experimental
QE for different doping densities without a need of mak-
ing any further assumptions or modifications in the code.
We find that the rate, at which electrons change their
spins, is defined by the interactions with holes through
the BAP mechanism in heavily doped samples. In mod-
erately doped GaAs, the DP mechanism through inter-
actions with polar optical phonons is the most effective
spin-relaxation mechanism. With all the assumptions
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FIG. 20. Diffusion of not-emitted electrons in (a) heavily
doped (p = 10" ¢cm™®) and (b) moderately doped (p = 5 x
10'7 cm™?) GaAs.

and approximations used in this work, we obtain a good
agreement with experimental data available in literature.
However, more accurate description of the DP spin relax-
ation mechanism and ionized impurity scatterings would
be beneficial.

We conclude that the QE and ESP of electrons pho-
toemitted from GaAs at room temperature can be fully
explained by the bulk relaxation mechanisms and the
time which electrons spend in the material before be-
ing emitted. The developed model can be used as an
effective scientific tool to study momentum and spin re-
laxation mechanisms as well as photoemission charac-
teristics of other spin-polarized electron sources based
on III-V family semiconductors. Moreover, the Monte
Carlo code can be easily modified to study QE and ESP
not only from bulk samples, but also from more complex
geometries (e.g., thin photocathodes, layered superlat-
tices, etc.). The model is also essential for deeper under-
standing of other photocathode parameters such as mean
transverse energy of photoemitted electrons, photocath-
ode response time, and surface properties of activated
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photocathodes.
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