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Early research has shown that the varied doping structures of the active layer of GaAs photocathodes have been
proven to have a higher quantum efficiency than uniform doping structures. On the basis of our early research on the
surface photovoltage of GaAs photocathodes, and comparative research before and after activation of reflection-mode
GaAs photocathodes, we further the comparative research on transmission-mode GaAs photocathodes. An exponential
doping structure is the typical varied doping structure that can form a uniform electric field in the active layer. By solving
the one-dimensional diffusion equation for no equilibrium minority carriers of transmission-mode GaAs photocathodes
of the exponential doping structure, we can obtain the equations for the surface photovoltage (SPV) curve before
activation and the spectral response curve (SRC) after activation. Through experiments and fitting calculations for the
designed material, the body-material parameters can be well fitted by the SPV before activation, and proven by the
fitting calculation for SRC after activation. Through the comparative research before and after activation, the average
surface escape probability (SEP) can also be well fitted. This comparative research method can measure the body
parameters and the value of SEP for the transmission-mode GaAs photocathode more exactly than the early method,
which only measures the body parameters by SRC after activation. It can also help us to deeply study and exactly
measure the parameters of the varied doping structures for transmission-mode GaAs photocathodes, and optimize the
Cs—O activation technique in the future.
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1. Introduction

Negative electron affinity (NEA) GaAs photo-
cathodes have already been found to have wide ap-
plications in night-vision image intensifiers and to be
potential sources for next-generation electron acceler-
ators due to their high spin polarization, low energy
spread, good emitting efficiency, low dark emission
and narrow energy spread. In most practical appli-
cation areas, the photocathodes must be operated in
the transmission mode. In practice, the properties
of GaAs photocathodes depend mainly on three fac-
tors, the electron diffusion length, the back-interface
recombination velocity and the value of surface escape
probability (SEP) after activation. The first two fac-
tors are related to the internal properties of photo-
cathode materials, and the last one is related mainly
to the crystal face, the surface cleaning technique and

the Cs—O activation procedure.[!=4

DOI: 10.1088/1674-1056,/21/3/034214

In accordance with the three-step photoemission
model, which states that the photo-excited electrons
can be emitted to vacuum through optical absorp-
tion, electron transport to the surface and tunnel-
ing through the surface barriers, we designed expo-
nential doping structures to investigate the internal
properties for transmission-mode GaAs photocath-
ode material.[¥ The exponential doping structure ex-
hibits an exponential variation in doping concentra-
tion downwards from the internal body to the surface,
in which the surface doping concentration is lower
than the bulk concentration and therefore a downward
band bending region from the GaAs bulk to the sur-
face is formed by the Fermi-level leveling effect. This
band bending region can correspond to a positive elec-
tric field, within which the photoelectrons may move
toward surface barriers in two ways: concentration dif-
fusion and internal electric field drift, so the transport
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distance of photo-excited electrons from bulk to sur-
face will thereby be enhanced, which can finally im-
prove the emitted quantum efficiency of NEA GaAs
photocathodes. %]

In early studies, many of the main parameters
such as electron diffusion length, active layer thick-
ness, back-interface recombination and surface escape
probability have been studied thoroughly through
the spectral response curve (SRC) after activation
for GaAs photocathodes. The surface photovoltage
(SPV) curve before activation is related only to the
properties of the body materials, and cannot be in-
flected by the Cs—O activations and the surface bar-
In this paper, we deduce the surface photo-
voltage equations and spectral response equations for
the transmission-mode GaAs photocathodes of the
exponential doping structure, considering the back-

riers.

interface recombination velocity, active layer thickness
and built-in electric field. Through experiments on the
designed transmission-mode material, the body pa-
rameters of the transmission-mode photocathode can
be well fitted by the SPV before activation. Through
the fitting calculation for SRC after activation, the
values of the body parameters can be well proved,
and the surface escape probability value can also be
well fitted by comparative research before and after
activation. The comparative research is shown to be
a better method to accurately study the varied dop-
ing structures for transmission-mode GaAs photocath-
odes, which can help us to optimize the varied doping
designs in the future.[!

2. The principle of transmission-

mode photocathodes

An exponential doping structure is where the
p-type doping concentrations of the active layers
vary from body to surface following the exponential
equation(®

N(z) = Nyexp(—Ax), (1)

where z is the distance between a point in the active
layer and the back interface, A is the exponential dop-
ing coefficient, Ny is the initial doping concentration
of the back interface, and N(z) is the doping concen-
tration at the distance of x.

As a result of the exponential doping structure, a
constant built-in electric field with direction from back

interface to surface is formed, which can be expressed

o Mln No _ k()TA{L‘

q No exp(—Ax) q
B(z) = — __ 5
(@) = -4 T4 @

where k is the Boltzmann constant, T is the absolute
temperature, g is the electronic charge, V(z) is the
internal electric voltage, and F(z) is the electric field
intensity. From Eq. (2), the relationship between z
and V(x) is shown in Fig. 1, where d is the depth of
the exponential doping layer.

W(z)
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Fig. 1. The built-in electric field of exponential doping
GaAs photocathodes.

As the electric potential is directly proportional to
V(z), a continuously downward band structure from
the GaAs bulk to the surface is formed in the photo-
cathodes, as shown in Fig. 2. The band offset near
the back interface is due to the block barrier formed
because the band gap of GaAlAs is larger than that of
GaAs, and the surface band bending and surface bar-
riers are the result of the Cs—O activation for p-mode
GaAs material.l”]
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Fig. 2. The band structure of exponential doping GaAs pho-
tocathodes. E¢ is the conduction-band minimum, Evy is the
valence band maximum, Eg is the band gap, Er is the Fermi
level, Eyac is the vacuum level, and §, and ds are the height
and width of the surface band bending region.
In consideration of the built-in electric field and
the active layer thickness, the one-dimensional dif-
fusion equation for no equilibrium minority carriers

of transmission-mode GaAs photocathodes is given
agl10.11]

d?n(z)
"o da?

— M + apIp(1 — R) exp (—ap,x) =0,
-
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ze[0,T.]. (3)

For exponential doping GaAs photocathodes, the
boundary condition is shown as

dn(x)
dz
n(Te) = 0, (4)

= | EIn(z) lz=0 = Svn(z) |a=0 ,

where D, is the electron diffusion coefficient, 7 is the
electron lifetime, T, is the active layer thickness, ay,
is the absorption coefficient, Sy is the back-interface
recombination velocity, and p is the electron mobility.

According to diode theory, the surface photovolt-
age is shown as

av =", (1 + ‘7W> J, =D, 4@,
q c dz ”

dn(z)
dz

J=pp, M (5)
where AV is the surface photovoltage for the GaAs
photocathode, Jy, is the photo-electron current flow-
ing to the surface barrier from the internal body, J
is the spectrum response current flowing to the vac-
uum after Cs-O activation, and P is the SEP. The
relationship between different coefficients is shown as

LD =\ DnT. (6)

Thus, the surface photovoltage AViq and the

Dn/:“n = kT/CL

spectral response J,q equations for the exponential
doping materials could be deduced from Egs. (3)—(5),

and they are expressed as!!?!
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where Lg is the electron drift length under the elec-
tronic field for exponential GaAs photocathodes, ]
_q|E|

Lg=pul|E|7r=22112
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213
The coefficients in Egs. (7) and (8) are each shown as
a function of Eq. (9).

3. Experiments and analyses

In order to verify the equations for transmission-
mode GaAs photocathodes of exponential doping
structure, we designed one transmission-mode mate-
rial by molecular beam epitaxy (MBE) technology.
With the limitation of the epitaxial growth technique,
the exponential doping structure was in fact a special
kind of gradient doping structure. The thickness of the
GaAs active layer was 2 um, and is divided into eight
sections with the p-type beryllium (Be) doping con-
centrations exponentially varying from 1x10'® cm=3
to 1x10* ecm~2 according to Eq. (1) by MBE. The
doping structure is shown in Fig. 3. The stopping
layer served as an etch-resistant stopping layer and
the cap layer was used as an inner oxidation prevent-
ing layer. The GaAlAs window layer was designed to
have a Be doping concentration of 1x10' ecm™3 and
an Al mole fraction of 0.63. In the whole growing
process, the growth rates of GaAs and GaAlAs were
both about 1 um/h and the crystalline quality of the
epilayer was also monitored via reflection high-energy
electron diffraction.!'41%]

Cap layer 0.1 pm GaAs 1.0x10'8 cm~—3
Window layer 1 ym GaAlAs 1.0x10' cm—3
0.2 pm GaAs 1.0x10 ¢cm—3

0.13 um  GaAs  8.5x10'% cm—3

i 0.15 um GaAs 7.0x1018 cm—3

= 019 um  GaAs  5.5x10® cm—3

% 0.25 um GaAs  4.0x10'8 cm~—3

< 0.31 um  GaAs  2.7x10'% cm—3

0.36 um  GaAs  1.7x10'% cm—3

0.41 um  GaAs  1.0x10'® cm—3

Stopping layer 1 pm GaAlAs no-doping
High-quality p-type GaAs(100) substrate

Fig. 3. Diagram showing the transmission-mode material
of the exponential doping structure.
After growth, the cap layer was first removed with
a proper etch to expose the GaAlAs window layer
for coating the SizgNy antireflection film onto it. Af-
ter the coating layer was applied to the surface of
the window layer, the glass was thermo-compression
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bonded to the full wafer structure. Finally, the sub-
strate and stopping layer were selectively etched away
to expose the active layer in order to perform acti-
vation. During the seal procedure, the transmission-
mode GaAs photocathode module was made into a
glass/ SisN,/GaAlAs/GaAs structure, as shown in
Fig. 4.116]

GaAlAs window layer

GaAs active layer

pole

Fig. 4. Diagram showing the GaAs photocathode module
of the transmission mode.

Before measuring the SPV curve, the GaAs pho-
tocathode material had to be ultrasonically washed in
acetone, hydrofluoric acid and absolute ethyl alcohol,
in sequence, in order to wipe off the surface oxidation
layer and impurities. As shown in Fig. 5, the surface
photovoltage measurement system consists of a light
source, a lens, a grating monochromator, a photovolt-
age pond, a lock-in amplifier, a light chopper, a com-
puter and measuring software, etc. When the system
began, light from the source passed through the lens
and entered into the light chopper, and the light was
modulated by the chopper into alternate light. The
chopped light passed through the grating monochro-
mator and was converted into monochromatic light,
which finally irradiated the samples. The surface pho-
tovoltage signal was amplified by a lock-in amplifier
and collected by a computer. The scanning rate and
sample temperature were also controlled by computer.
The whole system can ensure the accuracy and valid-
ity of measuring the parameters of the cathode mate-
rials. Because the surface photovoltage was measured
directly on the GaAs active layer surface before the
window layer and the SigNy cap layer were grown, the
influence of these layers, such as the absorption coef-
ficient of the window layer, could not be taken into

account. Thus, we measured the surface photovoltage

of the GaAs active layer exactly.['”]
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Fig. 5. Diagram showing the surface photovoltage mea-
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surement system.

The experimental curve and fitting curves of the
surface photovoltage following Eq. (7) are shown in
Fig. 6.
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Fig. 6. Theoretical fitting and experimental curves of the
surface photovoltage for exponential doping material.

In order to be distinguished from the electron drift
length of the uniform doping photocathode, the elec-
tron diffusion and drift length Lpg is defined as a
function of electron drift length Lg and electron dif-
fusion length Lp, and expressed as(18]

1
Lpg = 3 (‘ [L2 +4L3 + LE> ) (10)

From Eq. (7), we can obtain the fitting parame-
ters of the exponential doping material, such as elec-
tron diffusion length and back-interface recombination
velocity, as shown in Table 1.

Table 1. The fitting parameters of the exponential doping
material through SPV before activation.

A/um~! Dy /um?.s7! To/um Sy /pum-s~! Lp/pum Lpg/pum
1.15 1.2x1010 2 1x1010 1.51 3.31

Before Cs—O activation, the photocathode mod-
ule must go through chemical cleaning and heating
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treatment in vacuum in order to remove surface con-
Thus, the
GaAs photocathode material was activated through

tamination such as carbon and oxides.

high-low temperature steps: the temperatures were
600 °C and 410 °C. The heating time was about one
hour and the vacuum was above 1x107% Pa. When
the temperature was cooled naturally to below 60 °C,
the vacuum returned to above 1x10~7 Pa. The Cs-O
activation was carried out according to the principle
that the Cs source is continuous and the O source
is discontinuous. The entire surface potential bar-
rier comprises two stages, which are called stage I and
stage II, corresponding to the initial Cs activation and
the Cs—O alternate activation as shown in Fig. 2. Dur-
ing the initial stage of Cs activation, the adsorption
of Cs on the cathode surface reduces the surface vac-
uum level to zero electron affinity. With a further
increase in Cs coverage, over-shoot behavior occurs as
a result of the effects of depolarization and metallic
phase transition, which causes the scattering of pho-
toelectrons in metallic Cs islands, thereby hindering
the surface electron from escaping. The subsequent
codeposition of Cs and O? forming the Cs-O dipole
layer will further reduce the work function to achieve
the final surface NEA state. As a result, the poten-
tial barrier II can further drop down to a lower level
relative to the bulk conduction-band minimum.!*9-20]

COM _’Iii&I | light source I
ratin |' |
| mongochrorgnator modulator |
light source
. white light
computer fibre &
Y 4
IphotocathodeH high-voltage powerl
I /D card I amplifer
I/O card

Fig. 7. The spectrum response measurement system after
activation.

After activation, the SRC can be measured by the
system, as shown in Fig. 7. When the test began, a
white light generated by a light source was first modu-
lated to reduce the disturbing signal using a modulator
and then grated into a monochromatic light by a grat-
ing monochromator. The monochromatic light, which
passed through the optical fiber and thus induced the
attenuation by a quartz rod, irradiated the surface of
the photocathode. The generated photocurrent of the

photocathode was collected and amplified by a weak
signal detecting circuit and then finally converted into
digital signals by an A /D converter. During the whole
scanning process from 400 to 1000 nm, the spectral re-

sponse curve was finally obtained, which is shown in

Fig. 8.[21:22]
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Fig. 8. Theoretical fitting and experimental SRCs for the
exponential doping photocathode module.

To fit the spectral response of the exponential
doping photocathode module, the influence of the
GaAlAs window layer must be removed. Therefore,
Eq. (7) must be multiplied by a factor for the absorp-
tion coeflicient influence of the GaAlAs window layer,

which is given as
K = exp(—OnTw), (11)

where [y, is the absorption coefficient of the GaAlAs
window layer, and T, the thickness of the window
layer. The absorption coefficient curve of the GaAlAs

window layer is shown in Fig. 9
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Fig. 9. The absorption coefficient of the Gaj_,AlzAs,
z = 0.63 window layer.

By using Eq. (8), the fitting parameters for the
exponential doping photocathode module are as fol-

lows.
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Table 2. The fitting parameters of exponential and uniform doping materials by SRC after activation.

A/pum~1 Dy /um?.s~1 Te/pm

Sy /pm-s~

1

Lp/um Lpg/um P

1.15 1.2x1010 2

1x1010 1.51 3.31 0.41

As shown in Table 2, the parameters such as elec-
tron diffusion length and back-interface recombination
velocity, which are closely related to the body mate-
rials of GaAs photocathodes, are directly cited from
the SPV fitting calculations shown in Table 1. Only
the value of SEP is fitted by the SRC curve. Through
the fitting calculations before and after activation, we
can find that the curves agree well with the experi-
mental curves, so this comparative research method
can help us to better measure the body material and
Cs—0 activation parameters than the early research
method.[??!

Through this comparative research, we can also
find that the electron diffusion and drift length Lpg
is larger than the doubled value of the electron dif-
fusion length Lp. The reason for this is that a con-
stant built-in electric field can form in the active layer
due to the exponential doping structure, which will
help the photo-excited electrons move toward the sur-
face barriers through both diffusion and electric di-
rectional drift in the body electric field. Thus, the
electron average transport distance of the exponen-
tial doping photocathode within the minority carrier
lifetime can be enhanced, which is in contrast to the
early uniform doping structure. Finally, the photon
emission capability is improved due to the increases
in transport efficiency and the chance for low-energy
photoelectrons to tunnel through the surface barriers.
The SEP value can also be elevated because the pho-
toelectrons reaching the surface band-bending region
can gain additional energy from the body electric field
in the GaAs bulk, which will help the photo-excited
photoelectrons escape the surface barriers more easily
than in the case of the uniform doping structure with
no body electric field. The influence of doping struc-
ture on SEP will be studied more thoroughly in the

future.[24:25]

4. Conclusions

By solving the one-dimensional diffusion equation
for no equilibrium minority carriers of transmission-
mode GaAs photocathode material, we can deduce

the equations for the SPV before Cs—O activation and

the SRC after Cs—O activation. Through experiments
and fitting calculations for the designed exponential
doping structure material, body-material parameters
such as electronic diffusion length and back-interface
recombination can be exactly fitted by the SPV be-
fore activation. Furthermore, the SEP value can be
well fitted by the comparative research between SPV
before activation and SRC after activation. This com-
parative measurement method can test and character-
ize the body materials and activation technique well
compared with the early research method of only mea-
suring the parameters by SRC, which cannot separate
the body materials from activation. The influences
of the exponential doping structure on the emitting
performance of the cathode are also discussed. This
comparative research method will help us to study the
varied doping technique and improve the activation
technique for transmission-mode GaAs photocathodes

in the future.
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