
Contents lists available at SciVerse ScienceDirect
Materials Science in Semiconductor Processing

Materials Science in Semiconductor Processing 16 (2013) 238–244
1369-80

http://d

n Corr

of CAS,

Develop

Tel.: þ8

E-m
journal homepage: www.elsevier.com/locate/mssp
Review
Numerical analysis of temporal response of a large
exponential-doping transmission-mode GaAs photocathode

Zhipeng Cai a,n, Wenzheng Yang b, Weidong Tang a, Xun Hou a

a Xi’an Institute of Optics and Precision Mechanics of CAS, State Key Laboratory of Transient Optics and Photonics,

710119 Shaanxi, People’s Republic of China
b Xi’an Institute of Optics and Precision Mechanics of CAS, Key Laboratory of Ultrafast Photoelectric Diagnostics Technology,

710119 Shaanxi, People’s Republic of China
a r t i c l e i n f o

Available online 27 September 2012

Keywords:

Temporal response

The average delay time

Large exponential-doping

GaAs photocathode
01/$ - see front matter & 2012 Elsevier Ltd. A

x.doi.org/10.1016/j.mssp.2012.09.011

espondence to: Xi’an Institute of Optics and P

No. 17 Xinxi Road, New Industrial Park, Xi’an

ment Zone, Xi’an, 710119 Shaanxi, People’s

6 158 2975 5614; fax: þ86 029 8888 7603.

ail address: caizhipeng@opt.ac.cn (Z. Cai).
a b s t r a c t

The theory of temporal response properties for a large exponential-doping transmission

mode GaAs photocathode is discussed in detail. By the introduction of a new concept

referred to as ‘‘average decay time’’, the deficiency usually caused by the boundary

condition in the previous calculations is effectively eliminated. The analytical results

show that the response time of the new GaAs photocathode can be significantly reduced

to several picoseconds in the absence of bias. In addition, the thickness of the GaAs

absorption layer we obtained is much larger than that of traditional GaAs photo-

cathodes with the same response time, which means that the novel photocathode with

ultrafast time response will have higher yield, especially in near-infrared region.

& 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Thanks to its advantages in high quantum efficiency,
narrow electron energy distribution, low emittance and low
dark current, GaAs negative electron affinity (NEA) cathodes
have found wide applications in photomultipliers (PMT),
low-light level image intensifiers, spintronics and electron
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Fig. 1. The schematic diagram of energy band of the large exponential-

doping photocathode.
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beam lithography [1–3]. However, little attention has been
paid to its time response properties [4–6]. The temporal
response of NEA photocathodes is much slower when
compared with multi-alkali photocathodes and Ag–O–Cs
photocathodes, which cannot satisfy the requirements in
some special fields that need ultra-fast time response, such
as high-speed imaging, electron accelerator and electron
source of free electron laser (FEL) [7–10]. Guo et al. [11]
calculated the temporal response of transmission-mode
GaAs photocathodes operated in bias-mode, and their
results showed that the response time could be reduced to
10 ps or less. However, the fabrication processes of the field-
assisted photocathodes will deteriorate the response char-
acteristics of GaAs NEA cathodes [12–16]. Zou et al. [17,18]
proved that a small gradient-doping mode of absorption
layer could improve the characteristics of GaAs NEA cath-
odes without the need of operation in bias. Therefore, we
have designed a large exponential-doping transmission-
mode GaAs photocathode to improve the time response
feature of GaAs NEA photocathodes to meet the special
demands [7–10].

In this paper, a new concept of average decay time is
introduced as condition at the emitting boundary to
simulate the temporal response processes of the large
exponential-doping transmission mode GaAs photocathode.
When it is introduced into the simulation, the unphysical
sharp peak which appeared in the previous calculation is
effectively eliminated. In other words, the photoelectron
concentration at the emitting surface of GaAs photocathode
is not zero, but a rapidly-decreasing dynamic function
varies with time. Based on the improvement, the temporal
response processes of the novel photocathode are analyzed
by carrier continuity equation with variable coefficients. The
analytical results indicate that the new GaAs cathode has
ultrafast time response and may break through the limita-
tion of time resolution of traditional GaAs photocathodes.

2. The new structure and the average decay time

In this section, the new structure of the GaAs NEA
cathode is given and the numerical analysis of the
temporal transport processes of the photoelectrons is laid
out. Futhermore, the concept of the average decay time is
introduced and discussed in detail.

2.1. The new structure of the GaAs NEA cathode

Fig. 1 shows the schematic diagram of energy band
structure of the large exponential-doping transmission-
mode GaAs photocathode. The energy band is divided into
two parts: the p-GaAs absorption layer L and the thin
emission layer d. The doping concentration N(x) of the
absorption layer is described as follow:

NðxÞ ¼N0expð�bxÞ ð1Þ

where N(0)¼1019 cm�3, N(L)¼1015 cm�3, b¼4� ln10/L,
and L, d are the widths of p-GaAs absorption layer and
width of the emission layer, respectively.

The thin emission layer d is heavily p-doped to guarantee
high quantum efficiency and eliminate surface charge limit
(SCL) effect [19,20]. The thickness of this thin emission layer
is expressed by depletion approximation [19,21]

d�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e EB�

kT
q ln Nv

NðLÞ

h i
qNA

vuut
ð2Þ

where NA is the doping concentration of the emission layer,
q is electron charge, e is dielectric constant of GaAs, EB is
band bending of the traditional GaAs photocathodes after
Cs: O2 activation [21], Nv is the effective density of states in
the valence band, k is Boltzmann constant, and T¼300 K.

EAeff in Fig. 1 is the effective value of the NEA. Then, the
built-in electric field in p-GaAs absorption layer is obtained
approximately [19]

E¼�
dV

dx
¼�

kT

q
b ð3Þ

It should be noticed that, the propagation time of light
and the effect of incident light on built-in field are ignored
in our calculations, considering the electron behaviors are
dominant in the temporal response processes of GaAs
photocathodes.

2.2. Continuity equation of the photoelectron transport

processes

Regarding the new structure, the photoelectron trans-
port processes in the emission layer d are ignored con-
sidering the fact d)L, and then the continuity equation of
the photoelectron transport processes for the large
exponential-doping GaAs photocathode is expressed as

@

@t
Dnðx,tÞ ¼

@

@x
DnðxÞ

@

@x
Dnðx,tÞ
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@

@x
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Einstein relation

DnðxÞ ¼
kT

q
mnðxÞ ð5Þ

The following boundary condition is satisfied [11]

DnðxÞ
@

@x
Dnðx,tÞ

����
x ¼ 0

�mnðxÞ Ej jDnðx,tÞ
��
x ¼ 0
¼ SDnðx,tÞ

��
x ¼ 0
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DnðL,tÞ ¼ 0 ð7Þ
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where Dn(x,t) denotes the concentration of the photo-
electrons, Dn(x), mn(x), tn(x) [22,23] are the diffusion
coefficient of the photo-excited electrons, the photo-
excited electron mobility and electron lifetime, respec-
tively. S is the electron recombination velocity at the
GaAs/GaAlAs interface. It is noted that the drift velocity
mnE of photoelectrons does not exceed the limitation of
the electron velocity v, as mentioned in Ref. [24], and
Dn)N(x) is considered in calculations.

Under irradiation with an ideal d pulse, initial condi-
tion Dn(x,0) can be written as

nðx,0Þ ¼ aI0ð1�RÞexpð�axÞ ð8Þ

where I0, a, R are the intensity of incident light, the
absorption coefficient of GaAs, the reflection coefficient
of GaAs surface, respectively. For transmission-mode
GaAs photocathodes, the absorption coefficient a of GaAs
should be in the range of one inverse wavelength.

Once entering the thin emission layer, photoelectrons
begin to suffer from severe intervalley scattering in the very
strong electric field of the surface depletion region and are
emitted to vacuum with a certain probability. Therefore, the
flux of emitted photoelectrons is expressed as

JðtÞ ¼�PDnðxÞ
@

@x
Dnðx,tÞ

����
x ¼ L

ð9Þ

where P is surface escape probability.
For the carrier continuity equation with variable coeffi-

cients, the analytical solutions for Dn(x,t) cannot be obtained
from Eq. (4–8). Therefore, photoelectron continuity equation
Eq. (4) is numerically calculated with approximation by the
backward difference method, where the numerical solutions
are stable without any condition [11].

Using the backward difference method, the thickness
of the GaAs layer is divided into M regions, with the step
size Dx. The response time region is divided into N regions
with equal interval Dt. Then, Eq. (4–8) can be expressed in
following discrete forms.

ain
k
i�1þbin

k
i þcin

k
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k�1 ð10Þ
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where, i¼1,2,y, M�1; and k¼1,2, y, N�1, {nik} is
numerical solutions of Dn(x,t), and

F ¼ aI0ð1�RÞ
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2.3. The average decay time

For the non-steady state processes of temporal response,
it should be noted that the electron concentration at the
emitting boundary is not a constant, that is zero, but a
function of time. Therefore, the emitting boundary condition
Eq. (13) is unreasonable for the non-steady state processes.
Therefore, it is necessary to revise the condition at the
emitting boundary under the irradiation with an ideal d
pulse light.

Thus, a new concept of ‘‘average decay time’’ is introduced
to describe the variation processes of the electron concentra-
tion at the emitting boundary. In the proposed method, it is
assumed that the electron concentration at the later time was
related to that of the former time at the emitting surface.
Then, the emitting boundary condition (13) is substituted by
Eq. (14)

nðM,kÞ ¼ nðM,k�1Þexpð�Dt=t0Þ ð14Þ

where t’ denotes the average decay time of the electron
concentration at the emitting boundary. This parameter is an
approximately integrated description for the dynamic varia-
tion processes of the surface electron concentration. In this
work, it is set to be relevant to the whole photoelectron
transport processes of GaAs photocathodes, such as photo-
electron generation, electron capture of surface state, e–h pair
recombination, and photoelectron emission. Some of them
are relevant to thickness and absorption coefficient of GaAs
layer. Therefore, the analytical matrix irradiated by d pulse
light is expressed as Eq. (15) and the photoelectron transport
processes of the new GaAs NEA cathode are obtained.

g1 g1

a1 b1 c1 0

^

ai bi ci

^

0 aM�1 bM�1 cM�1

0 1

2
666666666664

3
777777777775

nk
0

nk
1

^

nk
i

^

nk
M�1

nk
M

2
6666666666664

3
7777777777775

¼

nk�1
0

nk�1
1

^

nk�1
i

^

nk�1
M�1

nk�1
M expð�Dt=t0Þ

2
6666666666664

3
7777777777775

ð15Þ

In general, the thickness of GaAs absorption layer
should be not less than 0.5 mm to avoid imprecision
caused by the photoelectron velocity overshoot effect.
In addition, the calculations are suitable for the subpico-
second processes when L40.5 mm, since the electron
relaxation time from higher energy states to G valleys is
in order of subpicosecond [25,26].

3. The numerical simulation and discussion

In this section, the theoretical analysis of the average
decay time is given. The temporal response behavior of



Fig. 2. The theoretical results for the optimized t0 based on the time curves (a); the average decay time t0 for different thickness (b), absorption

coefficient (c) and recombination velocity (d) at the GaAs/GaAlAs interface.
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GaAs NEA photocathode is analyzed in detail. Meanwhile,
the quantum yield of the photocathode is discussed.

3.1. Simulation analysis of the average decay time based on

the results of numerical simulation

The effects of the thickness of absorption layer and the
absorption coefficient on the average decay time are
discussed because these parameters are strongly related
to the photoelectron transport processes of GaAs NEA
cathodes. All the response curves are simulated based on
the three parameters, that is, L, a, S, which denote the
thickness of p-GaAs absorption layer, the absorption
coefficient of GaAs, the electron recombination velocity
at the GaAs/GaAlAs interface, respectively. t’ is the aver-
age decay time. Photon energy Ehv in Figs. 4–6 corre-
sponds to a. The values of the different parameters are
presented within each figure.

The relationships between L, a, S and t’ are given in
Fig. 2. From Fig. 2(a), only when t’ is about 1.5 ps, the time
response curve is the optimum by comparing the four
curves based on the Refs. [7,11,21]. The optimized value
of t’ is about 1.5 ps under certain condition as shown
in Fig. 2(a). That is, Fig. 2(a) shows the optimized t0 can be
obtained for certain parameters of the novel GaAs
photocathode, since an unsuitable value of t0 will lead
to unrealistic deformations or negative value of response
curves. Based on the method of obtaining optimized t’ in
Fig. 2(a), each t0 is obtained and plotted varying with L, a
and S, as shown in Fig. 2(b)–(d). Fig. 2(b) and (c) shows
that thinner GaAs layer and larger absorption coefficient
will induce lower valued t’. In contrast, S has almost no or
little influence on the t’, as shown in Fig. 2(d) because the
GaAs/GaAlAs interface may be far away from the emission
surface.

The simulation results indicate that the thickness L of
GaAs layer has more important influence on t’ than the
other parameters. In addition, we found that the lower
limiting value of t’ varies in the range of 0.01–10 ps for
the effective thickness L, which could be proved by the
simple estimation of t’ obtained from the surface recom-
bination velocity and the narrow band bending region
(BBR) [21].

Fig. 3 shows the effect of t’ on the response time curves of
the new GaAs photocathode. The curves indicate that the
electron concentration at the emitting boundary is a rapid
dynamic function of time, which clearly differs from the
previous results [11]. In Fig. 3(a), the simulation results show
that an unphysical sharp peak always appears under the
steady state condition (13) when t-0. The reason for this
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inaccurate results is that J approaches to N at t-0 when Dx,

Dt-0. As is well known, it is impossible that J approaches to
N in limited intensity of light in nature. Therefore, Eq. (13) is
not fit for the theoretical simulation of temporal response
processes for GaAs photocathodes. While Fig. 3(b) shows that
the unreasonable sharp peak at t-0 can be effectively
eliminated by introducing the average decay time to the
condition at the emitting boundary, the revised results are in
better agreement with reality than the former results [11].
The simulation results imply that the introduction of the
average decay time could better describe various processes of
surface photoelectron concentration under d pulse light.

In summary, the average decay time is a parameter
describing the dynamic process of the surface electron
concentration. The use of it could effectively eliminate the
previous defects in calculations. The obtained t’ can be
used to analyze the temporal response processes of the
novel GaAs NEA cathode.

3.2. The temporal response analysis for the large

exponential-doping NEA photocathode

Fig. 4 shows the time delay of response peak (Tm) and
FWHM (DT) of the temporal response curves for the GaAs
photocathode, respectively. In Fig. 4, Tm and DT decrease
Fig. 3. Normalized response time curves for different L under steady s

Fig. 4. Time response of the GaAs photocathode vs. the energy of photons un

(b) FWHM (DT ) of response curves at different L.
with the decreasing of the thickness L of GaAs layer
because photoelectron transport path is shortened and
the built-in field is increased. Both of Tm and DT reach a
few picosecond when L approaches to 0.7 mm. When Ehv

¼1.5 eV and the thickness L of GaAs layer is 0.7, 1.0, 1.5, 2,
3 mm, Tm is 2.5, 3.5, 8, 21, 58 ps and DT is 6.5, 12, 28, 52,
120 ps, respectively. When Ehv ¼2.1 eV and L reaches 0.7,
1.0, 1.5, 2, 3 mm, Tm is 3.5, 7.5, 19, 35, 85 ps and DT is 7, 13,
27, 46, 100 ps, respectively.

From Fig. 4, DT of the response time can reach 7 ps in
the whole absorption region when the thickness of GaAs
layer is 0.7 mm, which could meet the demand of the
electron source of FEL [9]. The above analytical results
show that the large exponential-doping method can
significantly improve temporal response properties of
NEA photocathodes, which indicates that the novel NEA
cathode has promising applications in the high speed
photoelectron devices.

The effect of S on the time response is shown in Fig. 5.
From the figure, it is seen that the response time decreases
with the increasing of S, and Tm and DT approach to
constants, respectively, when S41010 cm/s. This result
shows that high S is in favor of the temporal response
processes for the transmission-mode GaAs photocathode.
While higher S will result in more loss of photoelectrons,
tate condition (14) (a) and non-steady state condition (15) (b).

der S¼105 cm/s. (a) Maxima (Tm) of response curves at different L, and



Fig. 5. Time response curves of the GaAs photocathode vs. the energy of photons. (a) Maxima of response curves at different S, and (b) FWHM of response

curves at different S.

Fig. 6. The quantum yield with the incident photon energy Ehv.
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especially under irradiation with the high energy photons.
Therefore, the value of S should be overall considered in the
practical applications.

3.3. The quantum yield

The analysis of Section 3.2 shows that the large
exponential-doping GaAs photocathode has rapid time
response in evidence. However, the surface escape probabil-
ity of the new GaAs photocathode will be lower than that of
traditional GaAs photocathodes because of the lower abso-
lute value EAeff of NEA [25], as shown in Fig. 1. The escape
probability is about 0.3 by approximate calculations [27–29].
The approximate estimation in Fig. 6 indicates that the
quantum yield is about 8–20% in the spectra response region
discussed when P�0.3, which is higher than that of tradi-
tional GaAs photocathodes in the same response time,
especially in near-infrared region. The higher yield is attrib-
uted to the thicker GaAs absorption layer. Therefore, the
analytical results indicate that the novel GaAs photocathode
also has good feature of high yield. [7,9].

4. Conclusions

With the introduction of the average decay time under
the condition at the emitting boundary, the problem of
the unreasonable peaks appeared in the previous simula-
tions are effectively resolved. Based on this revision and
the carrier continuity equation of variable coefficients, the
temporal response processes of the large exponential-
doping transmission-mode GaAs photocathode have been
theoretically discussed. The analytical results demon-
strate that the response speed of the new GaAs NEA
photocathode is significantly improved. The response
time can be reduced to as fast as 7 ps when the thickness
of GaAs absorption layer is around 0.7 mm. The result
suggests that the new GaAs NEA cathode can break
through the limitation of time resolution of traditional
GaAs photocathodes and is more promising in further
potential applications.
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