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Two types of transmission-mode GaAs photocathodes grown by molecular beam epitaxy are compared in terms

of activation process and spectral response, one has a gradient-doping structure and the other has a uniform-doping

structure. The experimental results show that the gradient-doping photocathode can obtain a higher photoemission

capability than the uniform-doping one. As a result of the downward graded band-bending structure, the cathode

performance parameters, such as the electron average diffusion length and the surface electron escape probability

obtained by fitting quantum yield curves, are greater for the gradient-doping photocathode. The electron diffusion

length is within a range of from 2.0 to 5.4 µm for doping concentration varying from 1019 to 1018 cm−3 and the electron

average diffusion length of the gradient-doping photocathode achieves 3.2 µm.
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1. Introduction

Negative electron affinity (NEA) GaAs photo-
cathodes achieved by the coadsorption of cesium and
oxygen have widespread applications in vacuum de-
tecting devices and polarized electron sources because
of their virtues of high quantum efficiency, low dark
emission and narrow energy spread.[1−5] Currently,
the state-of-the-art image intensifiers used for night
vision goggles are based on the transmission-mode (t-
mode) GaAlAs/GaAs photocathode, which is treated
as the key component in the photon–electron conver-
sion process.[2,4] The overall t-mode cathode perfor-
mance depends mainly on three factors, namely elec-
tron diffusion length, back interface recombination ve-
locity and surface electron escape probability, which
are related to the material quality and preparation
process. In view of this case, many investigations
have been performed to improve cathode performance
through the progress of epitaxial growth technique and
the optimization of activation craft.[6−9]

In the research of polarized electron sources, a
gradient-doping structure has been successfully ap-
plied to the GaAs strained photocathode, which in-

creases the polarization approaching 80% by over-
coming the surface charge limit.[10,11] However, this
gradient-doping structure is at the expense of quan-
tum efficiency in which a very thin GaAs surfacelayer
with a higher p-type doping concentration on the top
of the bulk activelayer in turn prevents more pho-
toelectrons from escaping across surface barrier into
vacuum. Therefore, with an attempt to increase elec-
tron emission efficiency of NEA photocathodes, the
gradient-doping structure for operation in night vi-
sion imaging detection should be different. In this pa-
per, another gradient-doping structure with the dop-
ing concentration distributed from high to low in
the bulk-to-surface GaAs active-layer, which has been
proved by our reflection-mode (r-mode) cathode acti-
vation experiments,[12,13] is employed to the t-mode
GaAs photocathode. To investigate the improvement
of cathode photoemission performance, we analyse the
variation in band bending structure arising from the
gradient-doping structure and compare the difference
in photoemission behaviour, namely the activation
process and spectral response under the same prepa-
ration condition, between the gradient-doping and the
uniform-doping t-mode GaAs photocathodes.
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2. Experiment

In order to determine the effect of gradient-doping
structure on cathode performance, two different types
of t-mode GaAlAs/GaAs photocathode samples were
designed, in which one has a gradient-doping structure
and the other has a uniform-doping structure. The pa-
rameters including the thickness and doping levels of
the two samples are shown in Fig. 1, where the stop-
layer and cap-layer served as an etch-resistant stop-
ping layer and an inside-oxidation-preventing layer re-
spectively. Their difference is that the GaAs active-
layer of 2 µm in total thickness for the gradient-
doping sample is divided into four sections with the
p-type doping concentration varying from 1× 1019 to
1 × 1018 cm−3 from bulk to surface, while for the
uniform-doping sample, the appropriate doping con-
centration of GaAs active-layer is 1×1019 cm−3, which
is a tradeoff between electron diffusion length and sur-
face electron escape probability.[14] In the two struc-
tures, the Al mole fraction and the doping concentra-
tion of the GaAlAs window-layer are designed to be
0.63 and 1 × 1019 cm−3.

Fig. 1. Doping structures of (a) gradient-doping sample

and (b) uniform-doping sample grown by MBE.

With the advantage of the molecular beam epi-
taxy (MBE) technique, which is more suited for the

growth of multi-layer structure with an abrupt in-
terface characteristic, the t-mode GaAs photocath-
ode samples with p-type beryllium (Be) doping were
grown on a high-quality p-type GaAs (100) oriented
substrate by using an Applied EPI Gen-II MBE sys-
tem. The epitaxial layers with 2-inch in diameter com-
posed of a stop-layer, an active-layer, a window-layer
and a cap-layer were grown according to priority. In
the whole growth process, the substrate temperatures
were held at 580 ◦C and 600 ◦C for growing GaAs
and GaAlAs under rich arsenic circumstance respec-
tively. The growth rates of GaAs and GaAlAs both
were about 1 µm/h, and the crystalline qualities of the
epilayers were monitored during growth via reflection
high-energy electron diffraction in situ.

After growth, as the process of fabricating t-mode
GaAs photocathodes proposed by Antypas et al.,[15]

the multi-epitaxial layer was made into the cath-
ode module with a glass/Si3N4/GaAlAs/GaAs struc-
ture after selectively etching the GaAs cap-layer, the
substrate and the GaAlAs stop-laye. Following the
chemical cleaning and heat treatment in vacuum, the
Cs–O activation lowering the surface electron affin-
ity to NEA state for the 18-mm-diameter cathode
module was performed in an ultrahigh vacuum cham-
ber with the base pressure less than 10−9 Pa. Dur-
ing the Cs–O activation, we used the improved code-
position activation technique,[3,5] in which a cesium
source was continuously supplied but an oxygen source
was introduced periodically. For both samples, the
Cs/O flux ratios were kept at the same value of
1.65/1.75. After the usual “high–low temperature”
two-step activation,[16] the cathode module was trans-
ferred from the activation chamber to the sealed vac-
uum chamber and indium was sealed into a vacuum
image tube, in which the microchannel plate (MCP)
and fluorescence screen were removed. Finally, the
spectral response of the sealed image tube after be-
ing transferred into ambient air was measured by the
spectral response measurement system.[17]

3. Results and discussion

3.1.Gradient band structure

With the aid of the Bio-Rad electrochemical
capacitance-voltage (ECV) system, the vertical dis-
tribution of carrier concentration versus depth in Be-
doped GaAlAs/GaAs epilayers after the MBE growth
was measured as shown in Fig. 2. An ideal varied-
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doping structure of a good many sublayers can be
achieved with the MBE growth technique and the
measured carrier concentration NA in the gradient-
doping GaAs active-layer ranges from 4 × 1018 cm−3

to 7× 1017 cm−3, which is composed of four sections,
while that in the GaAlAs window-layer is less than
3 × 1018 cm−3. As a result of the partial ionization
mechanism,[18] the carrier concentration representing
the active dopant concentration is somewhat lower
than the actual doping concentration in the active-
layer.

Fig. 2. ECV profiles of carrier concentration in the two

different samples grown by MBE.

This gradient-doping structure with doping con-
centration from high to low in the bulk-to-surface
GaAs active-layer can result in many downward band
bending regions, which help form built-in electric
fields to facilitate photoexcited electrons moving to-
ward surface. There is a band-bending region at
each interface formed by the Fermi-level leveling effect
between two different doping concentration sections.
Suppose that the actual carrier concentrations of the
two adjacent sections are NA1 and NA2 respectively,
where NA1 > NA2, the band-bending energy qVD due
to the carrier concentration discrepancy is given by

qVD = EF2 − EF1

=
(

EV + k0T ln
NV

NA2

)
−

(
EV + k0T ln

NV

NA1

)
= k0T ln

NA1

NA2
, (1)

where EF1 is the Fermi level of section 1, EF2 is the
Fermi level of section 2, k0 is Boltzmann constant, T

is the absolute temperature, EV is the valence band
maximum and NV is the valence band density of states
of GaAs. Besides, the band bending width XD in the
depletion region of the isotype heterointerface is ex-
pressed as

XD =
[
VD

(
2εrε0

q

)(
NA1 + NA2

NA1NA2

)]1/2

, (2)

where εr is the relative permittivity of GaAs material,
ε0 is the vacuum permittivity and q is the electric
charge. According to Eqs. (1) and (2), the band-
bending energy and width of the gradient-doping
GaAs active-layer composed of four sections after the
MBE growth are obtained, which are listed in Table
1. In the GaAs active-layer, section 1 corresponds to
the layer with the highest carrier concentration while
section 4 corresponds to the layer with the lowest car-
rier concentration. Usually, the surface state tends to
pin the Fermi level at about 1/3 bandgap energy (Eg)
above the valence band maximum, which is responsi-
ble for the surface band bending.[19] The width of the
resulting surface band-bending region (BBR) can be
calculated according to the following expression:

dS =
(

2εrε0VS

qNAS

)1/2

, (3)

where VS is the amount of surface band bending and
NAS is the surface acceptor doping concentration. The
electric field intensity of each band-bending area is cal-
culated as listed in Table 1, which is powerful enough
to effectively improve the photoexcited electrons mov-
ing toward surface.

Based on the above analysis of the band-bending
in the gradient-doping GaAs active-layer, a down-
ward gradient band structure from the GaAs bulk
to the surface is formed in the gradient-doping t-
mode photocathodes, which is shown in Fig. 3. It
is seen from Fig. 3 that for the gradient-doping t-
mode photocathodes, most of the photoexcited elec-
trons which suffer energy loss and relax into the Γ
conduction-band minimum can obtain extra energy

Table 1. Band-bending distribution in the gradient-doping GaAs sample grown by MBE.

Position Band-bending energy/meV Band-bending width/nm Electric field intensity/kV·cm−1

Section 1–Section 2 16.7 4.2 39.8

Section 2–Section 3 10.5 4.3 24.4

Section 3–Section 4 18.0 7.5 24.0

Surface BBR 500 32.2 155.3
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prior to emission due to the built-in electric fields
formed by the downward gradient band structure. It
is useful to make the photoexcited electrons moving
toward surface speed up in a way of both diffusion
and directional drift under the built-in electric fields.
Therefore, the electron emission efficiency in gradient-
doping GaAs photocathodes can be improved in con-
trast with that in uniform-doping ones.

Fig. 3. Band structure diagram of the gradient-doping

t-mode GaAs photocathode. EC is the conduction band

minimum, EV is the valence band maximum, Eg is the

band gap, EF is the Fermi level, E0 is the vacuum level

and BBR is the surface band-bending region.

3.2.Cs–O activation process

The entire Cs–O activation process comprises two
stages, which are called stage I and stage II, corre-
sponding to the initial Cs activation and the Cs–O
alternate activation. During the two stages, there is a
very interesting phenomenon that no matter whether
in high-temperature activation or in low-temperature
activation, the photocurrent peak of the gradient-
doping GaAs sample during the initial stage of Cs
exposure activation is smaller and the time for the ini-
tial exposure to Cs is longer than that of the uniform-
doping one. Figure 4 shows the photocurrent evolu-
tions of the two samples during the initial stage of
Cs activation and the Cs–O alternate activation in
high-temperature activation respectively. It is evident
that the photocurrent for the uniform-doping sample
increases faster and the peak value is higher in the
initial Cs–O activation process. However, with the in-
crease of activation time, the gradient-doping sample
gradually exceeds the uniform-doping one in the pho-
tocurrent peak during the subsequent Cs–O activation
cycles.

Fig. 4. Photocurrent evolutions of the two different sam-

ples during the Cs–O activation.

Prior to emission into vacuum, photoexcited elec-
trons must travel across the surface potential bar-
rier, which is related to the Cs–O activation layer.
As shown in Fig. 3, the surface potential barrier
profile based on the double dipole model comprises
two approximately straight lines with different slopes,
namely potential barriers I and II.[20] During the ini-
tial stage of Cs activation, the adsorption of Cs on
cathode surface lowers the surface vacuum level to
form zero electron affinity. As a result of the rela-
tion between the surface doping concentration and
the width of surface BBR, the gradient-doping sample
with lower surface doping concentration has a wider
band-banding region and consequently a larger loss
of electrons in BBR and a possibly lower photocur-
rent peak in the initial Cs deposition. In addition, it
should be noted that the initial Cs deposition causes
the reduction of the surface potential barrier I. It is
presumed that the first photocurrent maximum is also
attributed to the dopinginduced extrinsic surface state
and Cs-induced donor state. The Cs atoms become
ionic and contribute their valence electrons not only to
the dangling bonds but also to the electronegative cen-
tres around Be acceptor impurities, then the formed
dipole layer named [GaAs (Be)-Cs] acts on the surface
state and helps reduce the work function.[21,22] There-
fore, on account of the surface doping concentration
working on surface BBR and surface states, the result-
ing disparity in the initial photocurrent peak should
be attributed to the surface impurity concentration.
The subsequent codepositions of Cs and O, forming
the Cs–O dipole layer, would further reduce the work
function to achieve the surface NEA state. As a re-
sult of the gradient downward band structure in Fig. 3,
the potential barrier II for the gradient-doping sample
would drop down to a low level relative to the bulk
conduction band minimum in comparison with that
for the uniform-doping one and more photoelectrons
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could escape from cathode surface, which is responsi-
ble for the exceeding photocurrent peak obtained by
the gradient-doping sample during the succeeding Cs–
O activation. In a word, the activation phenomenon
suggests that the gradient-doping structure can bring
potential photoemission capability to the t-mode pho-
tocathodes.

3.3.Cathode performance evaluation

The spectral response curves of the two t-mode
samples with different structures are shown in Fig. 5.
It is clear that the gradient-doping t-mode GaAs pho-
tocathode can obtain a higher photosensitivity rang-
ing from 560 nm to 880 nm with an ascending slope.
It is noted that especially in the regions of the short-
wavelength threshold and the long-wavelength thresh-
old, the gradient-doping photocathode gains a more
evident advantage than the uniform-doping one in the
photoemission capability. The reason for this phe-
nomenon can be explained by the analysis of the gra-
dient band structure as shown in Fig. 3. For the t-
mode photocathodes, the photoelectrons excitated by
the short-wavelength light in the region near the back
interface need to travel a long distance with energy
relaxation prior to emission. Owing to the help of the
built-in electric fields, there is an obvious virtue that
the relaxed electrons in the Γ conduction-band mini-
mum of the gradient-doping photocathode can obtain
extra energy and higher emission capability as well.

In addition, the electrons with energy close to long-
wavelength threshold can still achieve larger escape
capability due to the lower surface potential barrier
caused by the gradient band structure.

Fig. 5. Spectral response curves of the two different sam-

ples.

In order to evaluate these intrinsic cathode per-
formance parameters such as electron diffusion length,
back interface recombination velocity and surface elec-
tron escape probability of the two different t-mode
photocathodes, we compare the measured quantum
yield curves with the theoretical curves according to
the revised quantum yield formula containing the
short-wavelength threshold constraint, which is ex-
pressed as[4]

Y (hν) =
P (1 − R) exp(−βhνTw)αhνLn

α2
hνL2

n − 1

{
αhνDn + SV

(Dn/Ln) cosh(Te/Ln) + SV sinh(Te/Ln)

− exp(−αhνTe) [SV cosh(Te/Ln) + (Dn/Ln) sinh(Te/Ln)]
(Dn/Ln) cosh(Te/Ln) + SV sinh(Te/Ln)

− αhνLn exp(−αhνTe)
}

, (4)

where P is the surface electron escape probability, Dn

is the electron diffusion coefficient, Ln is the electron
diffusion length, SV is the back interface recombina-
tion velocity, R is the reflectivity of photocathode sur-
face, Te is the thickness of the GaAs active-layer, αhν

is the absorption coefficient of active-layer material,
Tw is the thickness of the GaAlAs window-layer and
βhν is the absorption coefficient of window-layer ma-
terial.

As shown in Fig. 6, a good agreement is observed
between the theoretical curves and the experimental
data for the gradient-doping and uniform-doping sam-
ples. By comparing the fitted cathode performance
parameters of the two photocathode, we can find that

the electron diffusion length and surface electron es-
cape probability of the gradient-doping sample are
greater than those of the uniform-doping one. The
electron diffusion length of the gradient-doping sample
increases due to the lower average doping concentra-
tion on the one hand and the increased electron drift
length by the aid of electric field traction in the bulk
on the other hand. The increase in the surface electron
escape probability is because the photoexcited elec-
trons reaching surface BBR could gain additional en-
ergy supplied by the induced electric fields in the GaAs
bulk. In addition, the surface vacuum level is lower as
a result of the gradient band structure and then elec-
trons would turn easy to escape across the surface po-
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tential barrier. Therefore, the gradient-doping struc-
ture used to prepare the t-mode GaAs photocathodes
can not only increase the electron diffusion length but
also enhance the electron escape probability.

Fig. 6. Experimental (solid lines) and theoretical (dashed

lines) quantum yield curves. Curves 1 and 1′ represent the

results of gradient-doping sample; curves 2 and 2′ denote

the results of the uniform-doping sample.

The electron diffusion length of the gradient-
doping photocathode inferred through fitting exper-
imental data is essentially the electron average trans-
port length in the active-layer, while the electron dif-
fusion lengths in sections with different doping con-
centrations from each other can be estimated from
Ln = (Dnτn)1/2, where the diffusivity Dn is related
to the electron mobility µn by the Einstein relation
Dn = k0Tµn/q. The electronic properties includ-
ing the minority-carrier mobility (µn), the minority-
carrier lifetime (τn), and the minority-carrier diffusion
length (Ln) in p-type semiconductor material are im-
portant for the analysis of optoelectronic device per-
formance. It is well known that all these electronic
properties are inversely proportional to the free-carrier
concentration. The minority-carrier mobility in p-
type GaAs is significantly lower than the majority-
carrier mobility in n-type GaAs at high carrier con-
centrations and the room-temperature mobility ratio
between them is as low as 0.6 for carrier concentra-
tion exceeding 1018 cm−3.[23] The value of µn in p-
type GaAs of heterojunction bipolar transistor grown
by MBE is a function of acceptor carrier concentration
at room temperature and is given by[24]

µn =
8300

[1 + NA/(3.98 × 1015 + NA/641)]1/3
. (5)

Referring to Eq. (5) and the measured carrier concen-
tration by ECV profiling, we can obtain the minority-

carrier mobilities in the four sections of gradient-
doping GaAs active-layer, as listed in Table 2. As for
the minority-carrier lifetime in p-type GaAs, we can
only take account of the radiative lifetime which con-
tributes mainly to the overall minority-carrier lifetime
for carrier concentration exceeding 1018 cm−3.[25,26]

The radiative lifetime can be determined from pho-
toluminescence time-decay measurement, and the em-
pirical formula at room temperature is given by[27]

τn = 1/BNA, (6)

where B is the radiative recombination coefficient and
is assumed to be 2× 10−10 cm3/s following the previ-
ous research.[28,29]

Table 2. Electronic properties of the gradient-doping

GaAs sample grown by MBE.

Position µn/cm2 ·V · s−1 τn/ns Ln/µm

Section 1 1133 1.3 2.0

Section 2 1253 2.4 2.8

Section 3 1358 3.6 3.6

Section 4 1602 7.2 5.4

According to the obtained minority-carrier mo-
bility and minority-carrier lifetime listed in Table 2,
the values of minority-carrier (i.e., electron) diffusion
lengths in the four different doping sections are calcu-
lated to be in a range from 2.0 to 5.4 µm, which are
thought to agree with the calculated results given in
Refs. [14] and [30]. Therefore, it is concluded that the
increased electron average diffusion length estimated
at 3.2 µm in Fig. 6 for the gradient-doping photo-
cathode is realistic and this gradient-doping structure
is beneficial to the improvement of photoemission per-
formance.

4. Conclusion

A gradient-doping structure is applied to the
preparation of t-mode GaAs photocathodes through
the MBE technique. The experimental results show
that compared with the uniform-doping photocath-
ode, the gradient-doping photocathode exhibits a high
photoemission capability in the activation photocur-
rent and spectral response. In addition, the cathode
performance parameters, such as the electron average
diffusion length and the electron escape probability
obtained by curve fitting according to the revised t-
mode quantum yield formula, are increased for the
gradient-doping photocathode, which is ascribed to
this special varied-doping structure. This work should
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be significant to the fabrication of high-performance
t-mode III-V NEA photocathodes.
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