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Abstract: By calculating the energy distribution of electrons reaching the photocathode surface and solving the

Schrodinger equation that describes the behavior of an electron tunneling through the surface potential barrier,we obtain

an equation to calculate the emitted electron energy distribution of transmission-mode NEA GaAs photocathodes. Accord-

ing to the equation,we study the effect of cathode surface potential barrier on the electron energy distribution and find a

significant effect of the barrier-| thickness or end height,especially the thickness,on the quantum efficiency of the cath-

ode. Barrier || has an effect on the clectron energy spread,and an increase in the vacuum level will lead to a narrower

electron energy spread while sacrificing a certain amount of cathode quantum efficiency. The equation is also used to fit

the measured electron energy distribution curve of the transmission-mode cathode and the parameters of the surface barri-

er are obtained from the fitting. The theoretical curve is in good agreement with the experimental curve.
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1 Introduction

A negative-electron-affinity (NEA) photocath-
ode is a cathode in which the vacuum level at the sur-
face lies below the conduction band minimum in the
bulk. Therefore,the photoelectrons can diffuse to the
cathode surface and tunnel through the surface poten-
tial barrier with high probability'’**'. The NEA state
can be achieved by co-adsorption of cesium and oxy-
gen on an [[[-V semiconductor, such as GaAs, InP,
and GaN. The NEA photocathodes have already
found widespread applications in photomultiplier
tubes and high-performance image intensifiers in the
past several decades because of their high quantum ef-
ficiency and good long-wavelength response’' ~*'. NEA
cathodes are potential sources for next-generation
electron accelerators and electron beam lithography
due to their high spin polarization and low energy

spread and emittance™® ™

. A polarization higher than

80% and a energy spread as low as 40meV have been

achieved for NEA GaAs photocathodes* .
Compared with other cathodes, NEA cathodes

are a potential electron source with high perform-
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ance. However,their emitted electron beam properties
are still affected by some factors. Revealing the effect
of these factors on the electron beam will be signifi-
cant for the improvement of electron beam perform-
ance and the applications of the NEA cathode elec-
tron source. Electron energy distribution is an impor-
tant aspect in the characterization of electron beam
performance, which is the main work in this paper.
Although there have been many investigations into
the electron energy distribution of NEA cath-
8=11 'there are few works concerning the effect
of the cathode surface barrier on the distribution. By
calculating the energy distribution of electrons rea-
ching the cathode surface and solving the Schrodinger
equation for an electron tunneling through the surface
potential barrier, we obtain an equation to calculate
the emitted electron energy distribution. Using this

odes

equation, we study the effect of the cathode surface
potential barrier on the electron energy distribution
and obtain the surface barrier parameters from the fit
of the measured electron energy distribution curve
(EDC) of the transmission-mode cathode. The theo-
retical result is in good agreement with the experi-
mental result.
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BBR:band-bending region Fig.2 Energy distribution of electrons reaching the cathode

Fig.1
mission-mode NEA GaAs photocathode
band minimum, E, is the valence band peak level, E, is the
width of the band gap, Er is the Fermi level,d; is the height of
the surface band-bending, d is the width of the surface band-
bending. V, is the start height of barrier [ .V, and V3 are the
end height of barriers | and [[ (V3 is actually the vacuum lev-

Band structure and surface barrier for a typical trans-
E. is the conduction

el),and b and ¢ are the thickness of barriers [ and [[ .

2 Energy distribution of electrons reac-
hing the cathode surface

The band structure and surface barrier for a typi-
cal transmission-mode GaAs photocathode are shown
in Fig. 1. The profile of the surface barrier comprises
two approximately straight with different
slopes, which we call barriers | and I . This profile is

lines

proposed based on the double-dipole (dipoles [ and
) model. Barriers | and [I are created by the
dipoles [ and I ,respectively. The transmission coef-
ficient of photoelectrons tunneling through the sur-
face barrier is a function of the incident electron en-
ergy and surface barrier profile. Accordingly, before
calculating the emitted electron energy distribution,
the energy distribution of electrons reaching the cath-
ode surface must be obtained.

The energy distribution of electrons in the con-
duction band at the onset of the surface band-bending
region is determined by a Boltzmann distribution"?**/ .
However,due to the energy lost by the electrons in
traversing the band-bending region,the energy distri-
bution of electrons reaching the surface changes. Ac-
cording to the work by Escher et al."”**''*,we calcu-
late the energy distribution of electrons reaching the
cathode surface at room temperature, as shown in
Fig. 2. In the calculations, the following parameters
are used”'; the band gap E, = 1.42eV, the energy
loss per collision AE, = 35meV, the amount of band
bending 6.~ E,/3, the relative dielectric constant for
GaA:s is taken to be e = 13. 2,and the doping concen-

tration n, =1x10%cm°.

surface E is the incident electron energy and n(E) is the elec-

tron energy distribution.

3 Probability of electrons tunneling
through surface barrier

Since there is a Cs-O barrier on the cathode sur-
face,only a part of the electrons reaching the surface
can be emitted into the vacuum''®’. The probability
that electrons emit into the vacuum is related to an
energy-dependent transmission coefficient determined
by the shape of the surface barrier. The transmission
coefficient can be solved from the one-dimensional
Schrodinger equation. However,only for some simple
barrier structures,such as a rectangle barrier, the co-
efficient can be exactly solved. When an exact solu-
tion of the Schrddinger equation across a particular
barrier is not available,a conventional method of so-
lution is via approximation or numerical methods,
such as WKB or finite-difference methods. These
methods are approximate and inefficient'® . In this
work,a powerful method for solving the Schrédinger
equation using piece-linear potential has been adopt-
ed, which is based on the Airy function. With this
method, the coefficient can be accurately solved® .

Figure 1 shows that the surface barrier comprises
two piece-linear potential barriers. then the surface
potential function is

V(X):_F,‘(X_b,') (1)
Wherei:172’ai<x<ai+l9bi:a,'+V,‘/F,'yFI-:
_(vi+1_ Vi)/(ai+1_a,-).

The one-dimensional time-independent Schrodinger
wave equation in barriers [ and [[ is given by

‘j“(‘f_,i;“ - i—’?}[wm SEJw0 =0 (2

Because V (x) is a piecewise-linear potential
function, the solution of the Schrddinger equation
across the intervals (a,,a,) and (a,,as;) can be ex-
pressed as a linear combination of the Airy function,
then ¥, (x) will be given as

¥ (x) = CiAi(z;) + C;Bi(z;) (3

with l‘zlvzvz;:r,‘(x_ci)vri: _(2mF,‘/h2>1”3’Ci
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=a; +(V, - E)/F,;. Here Ai and Bi are the Airy
function, C; and C; are the coefficients to be deter-
mined, m is the electron effective mass, E is the inci-
dent electron energy, and h is the reduced Plank’s
constant.
In the regions x << a, and x > a;, as shown in
Fig. 1,the wave function is the free particle solution
of the Schrodinger equation as follows:
T, (x) = C; expliko(x —a)] +
Coexpl—iko(x —ayp],
T, (x) = Ci explik;(x —a3) ]+
Ciexpl—iks(x —as)], x>a; (5
where ky =v2mE/h ,k;=v2m(E — V3)/h ,and Cy ,
Cy s C; and C; are the coefficients to be deter-
mined.
At the interface a;.,, particle conservation re-
quires the continuity of the wave function, while mo-

x <<a )

mentum conservation demands the continuity of the
derivative of the wave function,so the boundary con-
ditions are given by

WI(X) |X:”i+l = ‘I’iJrl(X) ‘.\’:aiJrl (6)
d\If,-(x> _ dWiH(x)
N o

i+1 i+1

Upon applying boundary conditions to Eqs. (3) ~
(5),we can combine our results into one single trans-
fer matrix equation that connects the coefficients of
the wave functions C,; and C; in GaAs bulk with the
cocefficients of the wave functions C; and C; in the
vacuum to yield:

[Ca} [Mn MMMC;} 1 kol
C, M, M, C; 2 1 L
k()

Bi(ri,(Ca, — ¢1)) } «
riBi"(riCa, —¢,))

Bi(r,(a, — ¢,)) ]' o
riBi'(riCa, — ¢y))

Bi(r,Ca, — ¢3)) } y
roBi'(ryCa, — ¢3))

Ai(riCa; — ¢y))
[rm\i'(rl(al -c))
[ Ai(riCa, —¢y))
rAi (riCa, — ¢1))

Ai(ry,Cay, — ¢3))
LZAL"(rZ(a2 - ¢y))
[ Ai(ryCas — ¢3)) Bi(r,(as; — ¢y)) ]lx
r,Ai (ryCas — ¢,)) ry;Bi'(ryCas — ¢3))

[ 1 1 J[CI} 8)

where F,=—-(V,= V) /b,ri=-CmF,/h*)"?,¢c,
=aq, +(V, - E)/F,,F, = — (Vs = V,)/c,r, =
- @2mF,/Aa*)",c,=a,+(V,—E)/F,.

Since there is no reflection in the vacuum, the co-
efficient C; is zero and Equation (8) is rewritten as

[Cg}i [Mu Mlz}[C.ﬂ 9
C(; MZI M22 O
Then the transmission coefficient T(E) is given by
ky| 1 |7
T(E) = —|+— 10
B ‘o
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Fig.3 Electron energy distribution of the cathode as a function
of b b used in curves 1,2,3,and 4 are 0.05,0.10,0. 15, and
0. 20nm,respectively. Let ¢ =0. 7nm, V, =1.42eV, V; =0.9eV.

The transmission coefficient T (E) can now be
computed as a function of the incident electron ener-
gy,the barrier height and thickness. For NEA cath-
odes, T(E) is the probability of photoelectrons with
energy E tunneling through surface barrier, generally
denoted by

2

P(E) = —‘ (1D

Mll

4 Effect of surface barrier on emitted
electron energy distribution

Because the energy distribution n (E) of elec-
trons reaching the cathode surface and the probability
P(E) of electrons tunneling through the surface bar-
rier are known, the emitted electron energy distribu-
tion n,(E) can be obtained.

n,(E) = n(E)P(E) (12)

According to Eq. (12) , we can simulate the effect
of surface barrier on the emitted electron energy dis-
tribution. In the simulations, n, (E) is calculated in
10meV steps from E =1 to 1. 6eV. Figure 2 shows that
when the electron energy is under leV or above
1. 6eV, contributions to the energy distribution be-
come negligible. The start height of barrier [ V), is
taken as 4. 9¢eV''"), which is generally a constant.

Figures 3 and 4 show a series of theoretical EDC
as a function of different barrier- [ thicknesses and
end heights,respectively. With the increase in barrier-
I thickness or end height,the surface-electron escape
probability decreases quickly, and, accordingly, the
number of emitted electrons reduces quickly also. The
effect of the thickness on the emission of electrons is
more pronounced. However, there is almost no effect
of the increase in barrier- [ thickness or end height
on the energy spread of the emitted electrons.

Figures 5 and 6 show a series of theoretical EDC
as a function of different barrier- [ thicknesses and
end heights,respectively. With the increase in barrier-
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Fig.4 Electron energy distribution of the cathode as a function Fig.7  Experimental and theoretical electron energy distribu-

of V, V, used in curves 1,2,3,and 4 are 1.3,1.4,1.5, and
1. 6eV,respectively. Let b=0.15nm,c¢ =0. 7nm, V5 =0. 9eV.
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Fig.5 Electron energy distribution of the cathode as a function of
¢ c used in curves 1,2,3,and 4 are 0.6,0.7,0. 8,and 0. 9nm, re-
spectively. Let b=0.15nm, V, =1.42¢V, V; =0.9¢eV.

[T thickness or end height, the number of emitted
clectrons with low energy decreases, while there is on-
ly a slight effect of the increase on the emission of the
high energy electrons. The cut-off energy of the emit-
ted electrons increases with the increase in the barri-
er- I end height (vacuum level) ,and,accordingly,the
energy spread of the emitted electrons narrows. How-
ever,the narrower energy spread sacrifices a certain
amount of cathode quantum efficiency.

From these simulations of EDC as a function of
surface barrier, we find changes in barrier [ mainly
influence the quantum efficiency of cathodes, while
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Fig.6 Electron energy distribution of the cathode as a function
of V3 V3 used in curve 1,2,3,and 4 are 0.9,1.15,1.32,and
1. 39eV.,respectively. Let b =0. 15nm,c =0. 7nm, V, =1. 42eV.

tion of transmission-mode GaAs cathode Experimental condi-
tions: A =633nm, T =300K,n, =1X10"cm ®.Let V, =4.9¢V.

changes in barrier [[ influence both the quantum effi-
ciency and the energy spread. There is a contradiction
in improving the quantum efficiency and narrowing
the energy spread. To narrow the energy spread, the
vacuum level should increase. However, in order to
improve the quantum efficiency, the vacuum level
should decrease. If the narrow energy spread is more
important for an electron source, the optimal vacuum
level should be a little lower than the conduction band
minimum and the incident photon energy should be a
little above E,.

5 Surface barrier parameters fitted from
electron EDC

The electron EDC can be calculated as a function
of surface barrier parameters,and the barrier parame-
ters can also be fitted from the measured EDC. The
experimental EDC of the transmission-mode GaAs
cathode are shown in Fig. 7, as measured by Baum
et al ."* . According to the experimental EDC, we ob-
tain 41 raw energy distribution data points in 10meV
steps,and using Eq. (12), the corresponding theoreti-
cal data points are calculated as a function of V,, V3,
b,and c. According to the non-linear least square
method, the theoretical (best-fit) EDC can be ob-
tained from the fit of experimental EDC as the
dashed line in Fig. 7. The theoretical curve is in good
agreement with the experimental curve. The deviation
in high energy electrons are related to the high energy
(1. 96eV) incident photons. The fitted thicknesses of
barriers | and [[ are 0.114 and 0. 6nm,respectively.
The fitted end height of barriers | and [[ are 1.43
and 1. 30eV, respectively. These fitted surface barrier
parameters are significant in the characterization of
the Cs-O activation layer of the cathode.

6 Conclusion

Based on the equation used to calculate the emit-
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