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To enhance the quantum efficiency of GaAs-based photocathode in the near-infrared
range, a laminated graded-bandgap photocathode structure consisting of a distributed
Bragg reflection layer and a graded-bandgap emission layer is proposed. The theoretical
optical properties and quantum efficiency of this proposed photocathode are simulated
based on the finite-different time-domain method and the one-dimensional continuity
equations, respectively. The absorptivity at 1064 nm can be significantly increased for the
new-type photocathode because of the secondary absorption caused by the distributed
Bragg reflection layer. With the improvement of absorptivity at 1064 nm, the quantum
efficiency at specific wavelength is enhanced significantly. The contribution of the DBR
structure and built-in electric field to the quantum efficiency is theoretical investigated
respectively. According to theoretical structure design, the cathode samples grown by
epitaxial technique are prepared to verify the theoretical prediction of quantum efficiency
enhancement. After the treatment of surface cleaning and Cs/NF; activation, the experi-
mental results show that the minimum reflectivity at 1064 nm is realized, and the quantum
efficiency of the sample with proposed structure is ten times than that of the sample
without distributed Bragg reflection layer at 1064 nm. This research provides a guidance for
the design of novel photocathode structures with enhanced response at special
wavelength.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nowadays, the near-infrared (NIR) photodetectors have sig-
nificance in imaging, environment monitoring, biomedicine,
photoelectrochemistry, telecommunications, security check
and industrial processing control [1-5]. Since its invention in
1920s, the vacuum photodetector adopting photocathode
material is still irreplaceable in certain domains due to the
advantages of high-speed response, low thermal noise, single
photon detection and large detecting area [6—11]. Because of
the excellent absorption characteristics in the NIR wavelength
range, InGaAs ternary alloy semiconductor has been widely
applied in avalanche diodes, photomultiplier tubes and high-
performance image intensifiers operating in the NIR range
[12—14]. With the increasing requirements of the performance
of photodetectors, the quantum efficiency of InGaAs photo-
cathode at several specific wavelengths still requires to be
further improved.

As one of the few photocathodes which has response in the
NIR range, the quantum efficiency of non-field-assist InGaAs
photocathode at 1064 nm wavelength, as a vital wavelength in
practical applications, is still at a low level [15-19]. The
photoemission process of InGaAs photocathodes can be
described as a three-step model of optical absorption, electron
transport to the surface, and escape across the surface barrier
into the vacuum [20]. In the absorption process, a large amount
of incident light in NIR wavelength range transmit through the
emission layer and loss in the substrate, because of the low
absorptivity of the InGaAs emission layer in this wavelength
range. However, it is impractical to improve the absorption by
increasing the thickness of emission layer infinitely, which is
limited by the lattice matching problem and electron diffusion
length [19,21]. Moreover, in the electron transport process, the
problems of lattice mismatching and electron lifetime in
InGaAs photocathode also limit the quantum efficiency [18,22].

With the development of semiconductor growth tech-
niques, the varying-composition structure and distributed

emission layer

DBR layer

substrate

(a)

Bragg reflection (DBR) structure have been introduced into
photocathode for quantum efficiency enhancement, which
has been proved effectively in previous work [23—32]. Whereas,
the improvement of quantum efficiency in the most inter-
esting NIR region, especially at 1064 nm, remains to be studied.
In this case, a new laminated GaAs-based photocathode with a
varying-composition emission layer and a DBR structure is
proposed for realizing the improvement of the quantum effi-
ciency at 1064 nm operating in the reflection mode, which
combines the virtues of absorption enhancement, lattice
matching and built-in electric field assistance. The reflectivity
curve and absorption intensity distribution of this structure is
calculated by the finite-different time-domain (FDTD) method.
In order to design this new-type photocathode structure
reasonably, the theoretical quantum efficiency model of the
proposed photocathode is deduced through solving from the
one-dimensional continuity equations combined with the
three-step model. Accordingly, the relationship among the
reflectivity, quantum efficiency and structure parameters is
analyzed respectively. Moreover, in order to verify the practi-
cality of the theoretical model, the GaAs-based cathode sam-
ples with the proposed laminated graded bandgap structure
was grown and then activated, and the experimental quantum
efficiency and reflectivity curves are fitted by the deduced
theoretical model. Another sample for comparison without
DBR structure was also prepared and activated in the same
method. Through the comparison of the quantum efficiency
and reflectivity, the improvement effect of the new structure
design on the NIR response is demonstrated.

2. Structure and theoretical model

The designed structure diagram of the laminated GaAs-based
photocathode with DBR layer operating in reflection mode is
shown in Fig. 1(a), wherein the emission layer is composed of
varying-composition In,Ga;_xAs. Below the emission layer, the
DBR layer formed by two alternate lattice matching materials
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Fig. 1 — (a) Designed structure diagram and (b) energy band structure of the proposed laminated GaAs-based photocathode.
Ecis the minimum of conduction-band, Ey, is the maximum of valence-band, Er is the Fermi level, E, is the vacuum level and

E;n is the built-in electric field.
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is grown on the high quality GaAs substrate. The DBR layer
has the function of reflecting incident light at specific wave-
length, which will be described in detail below. The incident
light at specific wavelength passes through the emission layer
and is reflected by the DBR layer back to the emission layer for
forming secondary absorption. Figure 1(b) shows the energy
band structure of the proposed laminated GaAs-based
photocathode. The In,Ga;.xAs emission layer is divided into
a graded bandgap region and a uniform composition region.
The In composition in the graded bandgap region gradually
increases from bulk to the surface for generating built-in
electric field. The uniform composition region without built-
in electric field is grown above the graded bandgap region to
improve the absorption in NIR wavelength range. Through the
varying-composition growth, the lattice mismatching prob-
lem can be improved and the emission layer with higher In
composition can be obtained [33]. It can be seen that the
downward conduction-band in emission layer is arising from
the increase of In composition, which generates a built-in
electric field in graded bandgap region in the direction from
surface to bulk. The photoelectrons generated in the graded
bandgap region drift toward the uniform composition region
with the assist of built-in electric. The boundary materials in
DBR layer are designed to have a wider bandgap than that of
the emission layer. In this case, the DBR layer also acts as an
electron blocking layer, which has the function of preventing
reverse recombination of excited electron. As one of the
typical combination of superlattice materials, the valence
band maximum of the GaAs is lower than that of the AlAs,
which causes the asymmetric structure of the energy band in
the DBR layer, as shown in Fig. 1(b).

Because of the large absorption depth of the light in the NIR
wavelength range, the quantum efficiency is limited for the
conventional InGaAs photocathode. In order to improve the
absorption situation at 1064 nm, a DBR layer is introduced
between the emission layer and the substrate, as shown in
Fig. 1(a). Through the specific structural design of DBR layer,
the total reflection at the specific wavelength can be realized.
In this case, the original light in the direction toward the
substrate would be reflected back to the emitting layer for the
secondary absorption, which improves the absorptivity of the
emission layer without changing the thickness. To realize the
total reflection at the 1064 nm wavelength, the parameters of
the DBR layer need to satisfy the following equations

2

TWHL dL = g (1)
2w g

5 mdi = @)

where n; and ny are the refractive index of the materials in the
DBR layer respectively, and ny > ng, d; and dy are the thickness
of this two materials in each alternation period, and 2 is the
target wavelength. In this work, the target wavelength is set as
1064 nm. The reflectivity at 1064 nm is determined by the
number of alternating periods of the two materials.

For computability, the emission layer is divided into n
sublayers. The sublayer 1 is the uniform composition region
and the graded bandgap region is composed by the sublayer 2
to n. As shown in Fig. 1(b), the built-in electric field E;, is

generated in the graded bandgap region, and the intensity of
Ein, can be calculated by the following formula:

@’ z > Tl
Ein: Tn 7T1 (3)
0, z<T

where Eg, and Eg; are the bandgap of the innermost sublayer
and the outmost sublayer in the graded bandgap region, T, is
the total thickness of the emission layer, and T; is the thick-
ness of uniform composition region.

According to Spicer's three-step model of photoemission
[20], the quantum efficiency of this laminated GaAs-based
photocathode can be deduced from one-dimensional conti-
nuity equation [34], which is given by
dni(z) ni(z)

dz Ti

d?n;(z)
Di dz?

+,ui|Ein|

+9i(z)=0, i=1,2,3..n 4)

For the photocathode operating in the reflection mode, the
generation rate of photoelectrons gi(z) can be expressed as
follows

(1—Rpy)loany1 €Xp(— annz), i=1
i-1
gi(z): (1*th)10ahvi Hexp(ahvmdm)]exp[am(zTil)],iq&l
m=1
(5)

In Egs. (4) and (5), Ry is the reflectivity of incident surface,
Ip is the intensity of incident light, «y, is the absorption coef-
ficient, d,, is the thickness of each sublayer, T; is the position of
each sublayer along the z axis, D; is the electron diffusion
coefficient, y; is electron mobility, ni(z) is the electron con-
centration, 7; is the lifetime of electron, and the subscript i
values from 1 to n, corresponding to each sublayer with
different In composition.

To solve Eq. (4), the boundary conditions of each interface
between sublayers are required, and the equations are given
as follows:

wheni=2,...n-1,

[ dn;(z
DG4 B (@)|br = [~ Sun@ + Smis(@r, @
[ dni(z
DG4 (@) b, =S oM@, )

when i = n, the boundary condition becomes

[ dni V4
DN 4 @)l v, = - Sam (@), ®
[ dni Z
DN 4 (@)l , =Sur Dy, o)

when i = 1, the boundary condition becomes

D == Sams(2) + Sam (@] (19)
n(0)=0 (17)
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where S, is the interface recombination velocity, and S,; is the
recombination velocity at the interface between sublayeriand
sublayer i+1. As for the varying-composition In,Ga;.As
emission layer, the band gap, electron mobility, electron
diffusion coefficient all depend on the In composition x, and
the relationship expressions are given by [35].

Ey(x)=0.36 + 0.63(1 —x) 4+ 0.43(1 — x)* (eV) (12)
p(x) =40 — 80.7(1 —x) +49.2(1 — x)* (cm?V 's7?) (13)

D(x)= [10 ~202(1-x%)+123(1— x)z] %100 (cm?s™!)  (14)

Through substituting the generation rate of photoelectrons
and the boundary conditions into Eq. (4), the general solution
of the one-dimensional continuity equation can be obtained.
Because of the existence of DBR layer, the light absorbing
process in the emission layer is divided into front-side inci-
dent absorption and secondary absorption. In calculation, the
contribution of these two absorptions to quantum efficiency is
calculated separately. The quantum efficiency Ygont, arising
from the front-side incidence of photons, can be calculated via
the electron concentration distribution in steady state, which
is given by [36].

d
Yrone(hr) = thDl';—Z(z)\zzo / I (15)

where the surface electron escape probability Py, is given as
[37].

1 1
PhU:Po-exp{K- <m_—1240/1)} (16)

where Py is the escape probability of an electron excited by an
incident photon of 1.14 eV, K is the surface potential barrier
factor. Because of the existence of the DBR layer, the incident
light is reflected at the interface of DBR and the emission layer,
which causes the reversed secondary absorption in the
emission layer. Hence, the absorption process of the incident
light in the emission layer can be decomposed into the sum of
the absorption of front-side incident light and back-side re-
flected light with special incident luminous intensity distri-
bution. Hence, the quantum efficiency of the new-type
photocathode structure can be seen as the sum of the quan-
tum efficiency produced by front-side incident light and back-
side reflected light. In this back-side reflected condition, the
photoelectrons generation rate in the In,Ga;As emission
layer is expressed as

(1 - Rhu)l‘lahun exp[ - ahm(Tn - Z),] i=n
n

9i(z) = (1 — Riw) L1 0ty H exp(— ahumdm)} exp| — ani(Tii1 — 2)], 1#n

m=i+1

where the back-side reflected light intensity I; can be obtained
as follows

I; =Ip*Temi*Rosr (18)

where Rpgr is the reflectivity spectrum of the DBR layer, and
Temi is the transmissivity of emission layer. Hence, the
quantum efficiency Ypack produced by the back-side reflected
light is given as

d ’
Yiack (hv) = PoD; ”(;iz)h:o / I (19)

Eventually, the total quantum efficiency Yiota1 of the pro-
posed GaAs-based photocathode can be calculated as

Yiotal = Yeront + Yback (20)

3. Theoretical simulation

By combination of the DBR structure and the varying-
composition structure, the quantum efficiency of the new-
type GaAs-based photocathode is expected to be enhanced
at 1064 nm, which can be attributed to the improvement of
absorptivity, better lattice matching and the built-in electric
field. To confirm this conjecture, the relationship between the
reflectivity and the structural parameters need to be studied
firstly for the optimal optical properties. Afterwards, the
reflectivity and the absorptivity curves of the photocathode
with the suitable structural design can be simulated. Eventu-
ally, the quantum efficiency curves of the proposed photo-
cathode and the conventional structure can be simulated and
compared for investigating the improvement at 1064 nm.

To simulate the optical properties and the quantum effi-
ciency of the proposed structure, the structural parameters
are assumed as follows: the In,Ga;As emission layer is
divided into 5 sublayers, and the In composition values of
each sublayer are 0.05, 0.10, 0.15, 0.20 and 0.20, respectively,
from bulk to surface. The thicknesses of these sublayers are
0.1pum, 0.1 pm, 0.1 um, 0.1 uym and 0.7 um, from bulk to surface.
The emission layer is divided into uniform composition region
and graded bandgap region. The Ing,GaggAs sublayer with
0.7 pm thickness is seen as a uniform composition region in
the emission layer, while the graded bandgap region consists
of the other sublayers with different In composition. In
simulation, it is assumed that the bandgap grades linearly in
the graded bandgap region. Further, the intensity of the built-
in electric field is uniform in the graded bandgap region, and it
is assumed that there is no built-in electric field in the uniform
composition region. The refractive index and extinction co-
efficient of GaAs and AlAs are referred to Ref. [38], while the
refractive index and extinction coefficient of In,Ga,.xAs are

17)

referred to Ref. [39]. According to the Egs. (1) and (2), the
optimal thicknesses of the GaAs and AlAs sublayer in the DBR
structure are 76 nm and 90 nm, respectively, to reach the
maximum reflectivity at 1064 nm. The quantity cycle of the
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DBR layers is set to 10 times. The varying-composition In,Ga;-
xAs photocathode structure without DBR layer is also simu-
lated for comparison. The emission layers of the contrast
object have the same structural design as that of the proposed
structure.

The FDTD method is utilized to theoretically calculate the
reflectivity spectrum at different interface. In the process of
simulation, the emission layer is illuminated by a plane wave
beam as light source starting from vacuum space, the light
beam is perpendicularly incident onto the surface of emission
layer. In this case, the emission layer structure can be treated
as one-dimensional model in FDTD calculation along the z-
axis, and the emission layer can be regarded as a periodic
structure in the y-axis direction. The virtual light power
monitors are placed above the light source and the bottom of
the DBR layer to obtain the surface reflectivity spectrum Ry,
and the transmissivity of the photocathode. Besides, the
transmissivity Tem; of the emission layer is obtained by the
monitor placed at the interface between the emission layer
and the DBR layer, while the reflectivity Rpgr of the DBR layer
is obtained by the light source placing in the IngosGo.osAs
sublayer and the monitor placed behind the light source. The
absorption coefficient of the In,Ga; As material is obtain by
Ref. [39].

According to the incident light path, the surface reflectivity
of the photocathode is determined by the structure of the DBR
layer and emission layer together. By studying the surface
reflectivity under different photocathode structures, the
structure can be optimized to maximize light absorption at
1064 nm. To achieve the maximum absorptivity of the pro-
posed photocathode at 1064 nm, the surface reflectivity
should reach the minimum value at 1064 nm and the ab-
sorptivity of the emission layer should reach the maximum
value at 1064 nm at the same time. The surface reflectivity
curves of different thicknesses of the emission layer is simu-
lated and shown in Fig. 2(a). It can be found that the minimum
of the reflectivity curves shifts with the thickness of emission
layer changing. As can be seen from Fig. 2(a), when the

0.8 T T T T
—0.9um
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thickness of the emission layer is 1.1 pm, the requirements is
satisfied at 1064 nm and the surface reflectivity at this wave-
length reaches the minimum. In addition, the optical prop-
erties of the structure with and without DBR layer are
simulated for comparison, as shown in Fig. 2(b). The R, T and A
in this diagram represent the reflectivity, transmissivity and
absorptivity of the whole photocathode respectively. It is
noted that the absorptivity of photocathode with DBR struc-
ture at 980 nm and 1064 nm is obviously enhanced because of
the contribution of the secondary absorption of the back-side
reflected light caused by the DBR layer.

According to the above discussion, the thickness of the
emission layer of the new proposed GaAs-based photocathode
should be set as 1.1 um to maximize the absorptivity at
1064 nm. Considering the Ing ,Gag gAs sublayer has the highest
absorption ability at 1064 nm, the thicknesses of each sublayer
in the emission layer are set as 0.1 pm, 0.1 pm, 0.1 pm, 0.1 um
and 0.7 pm, from the bulk to the emitting surface. The other
parameters utilized in the simulations are listed in Table 1 in
detail. By combining these parameters, the quantum effi-
ciency of the laminated GaAs-based photocathode can be
obtained by solving Eq. (4). As shown in Fig. 3(a), the quantum
efficiency curves of the proposed photocathode structure and
the structures for comparison are exhibited. The solid line
represents the quantum efficiency curve of the proposed
structure and the secondary absorption is considered in
calculation, and the dash line represents the quantum effi-
ciency curve of the same structure but the secondary ab-
sorption is ignored for comparison. Meanwhile, the quantum
efficiency curve of the conventional reflection-mode graded-
bandgap In,Ga;.xAs photocathode structure without DBR layer
is represented by the dot line. The dot dash line represents the
quantum efficiency curve of the proposed structure, but the
built-in electric field is ignored in the calculation to exhibit the
effect of built-in electric field on quantum efficiency. The
purpose of ignoring secondary absorption and intensity of
electric filed in calculation is to investigate how these struc-
tural parameters contribute to the quantum efficiency, but

1.0
—=— R with DBR
T with DBR
—— A with DBR
0.8 - —.+.-R without DBR

0.0

600 800
Wavelength (nm)

(b)

400 1100

Fig. 2 — (a) Simulated reflectivity curves with different thicknesses of emission layer and (b) simulated reflectivity,
transmissivity and absorptivity curves of the photocathode structure with and without DBR layer.
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Table 1 — Parameters used in the simulation of quantum efficiency curves.

Description

Electron recombination at the interface between GaAs and Ing osGag gsAs
sublayer

Electron recombination at InyGa;.xAs interior interfaces

Electron recombination at the interface between graded bandgap region
and uniform composition region

Surface electron escape probability

Parameter Value

Sus 10° cm/s

Sv2-4 10* cm/s

Sv1 10° cm/s

P, 0.17 (Ref. [21])
Ls 1.2 um (Ref. [19])
L 1.1 um (Ref. [19])
g 0.9 um (Ref. [19])
Ly, Lo 0.8 pm (Ref. [19])

Electron diffusion length of Ing ¢sGag.osAs
Electron diffusion length of Ing 10Gag 90AS
Electron diffusion length of Ing 15Gag gsAs
Electron diffusion length of Ing 20Gag.goAs

these structure models do not exist in practice. In the range
from 950 nm to 1100 nm, it can be found that the quantum
efficiency denoted by the solid line is obviously higher than
that denoted by the dash line, and the difference of these two
quantum efficiency curves is caused by the secondary ab-
sorption of the back-side reflected light from DBR layer. When
the wavelength of incident light low than 950 nm, the effect of
the secondary absorption on quantum efficiency is not
obvious. For the incident light in the wavelength from 400 nm
to 950 nm, the emission layer is thick enough to absorb the
light in this wavelength range. Besides, due of the total
reflection effect of DBR layer at 1064 nm, the improvement of
the secondary absorption on the quantum efficiency is most
obvious at 1064 nm. It is clear to see that the improvement
effect of the built-in electric field is weak in short wavelength
range, which is because the thick uniform composition region
prevent the light in this range entering the built-in electric
region. Without the assistance of DBR layer, the quantum ef-
ficiency of the conventional structure without DBR layer is
significantly lower than that of the proposed structure.
Considering the emission layers of these different photo-
cathode structure are identical, the difference of quantum
efficiency is attributed to the improved absorptivity at

1064 nm by DBR layer. For the proposed structure, the intro-
duction of the DBR layer causes the secondary absorption in
the emission layer and enhances the quantum efficiency at
1064 nm effectively. The absorption intensity distribution di-
agrams of the photocathode structure with and without DBR
layer at 1064 nm are shown in Fig. 3(b). It can be clearly seen
that the absorption intensity of the emission layer of the
proposed structure is significantly higher than that of the
structure without DBR layer, which agrees well with the
simulated results of absorptivity curves shown in Fig.2(b).

4. Experiment and analysis

To verify the quantum efficiency models of the proposed
laminated GaAs-based photocathode and the effect of the
enhancement of quantum efficiency at 1064 nm, the photo-
cathode sample with the designed structure was prepared. As
shown in Fig. 4(a), the DBR layer and the emission layer were
grown successively on the high-quality GaAs (100)-oriented
substrates with alow dislocation density by the metal—organic
chemical vapor deposition (MOCVD) technique. The DBR layer
is composed of the p-type AlAs sublayers and p-type GaAs

With DBR structure Without DBR structure
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980 | 1064 |
I |
I |
- ]
10 | I
9 | |
2 I |
& 1072 | I
“E’ | |
2 I |
c - |
102k |
(@]
4|~ ~ — with DBR without secondary absorption
10 ——with DBR and secondary absorption
conventional structure without DBR
----- without considering the built-in electric field
400 500 600 700 800 900

Wavelength (nm)
(a)

(b)

Fig. 3 — (a) Quantum efficiency curves of the photocathode with different structures and (b) optical absorption intensity
distribution of the structure with and without DBR structure at 1064 nm.
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emission layer
In,Gaj.,As x=0.05 — 0.20 0.40pm Galis/AlAs
p-GaAs 76nm DBR layer
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pairs
p-GaAs 76nm
p-AlAs 90nm Substrate
J-LIGHT 3.0kV 3.0mm x30.0k LA30(U) 02/21/2022 e Wl.OlbLlr;w '
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Fig. 4 — (a) Structure diagram and (b) cross section SEM image of the grown laminated GaAs-based cathode sample with DBR
structure. (c) Structure diagram and (d) cross section SEM image of the GaAs-based cathode sample without DBR structure.

sublayers, the thickness of each GaAs sublayer and AlAs sub-
layer is 76 nm and 90 nm, respectively. The doping concen-
tration of the sublayers in the DBR layer is 1 x 10'°cm™. In this
feasibility study, the pair of alternation layers of the DBR layer
issetas 10 for costreduction. Considering the photo energyloss
in the DBR layer, the outermost sublayer is designed as GaAs
sublayer with higher refractive index. The p-type emission
layer is composed of a graded bandgap region and a uniform
composition region. Wherein, the thickness of the graded
bandgap region is 0.4 pm and the In composition increases
linearly from 0.05 to 0.20. Above the graded bandgap region, the
thickness of the uniform composition region is 0.7 pm and the
In composition is 0.20. The doping concentration of the emis-
sion layer is 1 x 10cm™. In the growth process, the metal-
organic compounds trimethylgallium (TMGa),
trimethylalumium (TMAI) and trimethylindium (TMIn) were
used as the group III sources, while the arsine (AsHs) was used
as the group V source and diethylzinc (DEZn) was utilized as the
dopant source. The high-purity H, was used as the carrier gas.
The growth temperature of the InGaAs emission layer and the
AlAs/GaAs alternating layers was 620 °C and 660 °C, respec-
tively. The epitaxial growth rate was 1 pm/h under the pressure

of reaction chamber of 100 mbar and the V/IIl ratio was kept at
about 50. The section image photographed by the scanning
electron microscope (SEM) of the proposed structure is shown
in Fig. 4(b), which exhibits the internal structure of the sample
clearly and shows that the actual structure meets the design
requirement. In order to experimentally verify the superiority
of the proposed structure, another sample of graded-bandgap
In,Ga;.xAs photocathode without DBR layer was prepared for
comparison. The material growth structure diagram of the
photocathode is shown in Fig. 4(c) and the section image pho-
tographed by the SEM of the sample without DBR is shown in
Fig. 4(d).

Before the activation, a two-step surface cleaning proced-
ure including a surface chemical cleaning process and a heat
treatment process in vacuum were performed for cleaning the
surface contamination, such as oxides and carbon residues.
Firstly, the degreasing cleaning treatment, and etching treat-
ment in hydrochloric acid and isopropanol mixed solution
were operated on the sample in sequence. After that, the
sample was heated in the vacuum chamber at 600 °C to ach-
ieve the atomic-level cleaning surface. During the cesium (Cs)
and nitrogen trifluoride (NFs) activation, the improved co-
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Fig. 5 — Time dependence of the photocurrent of (a) sample without DBR and (b) sample with DBR under tungsten lamp

excitation.

deposition activation technique was utilized in an ultrahigh
vacuum chamber with base pressure better than 1 x 10”7 Pa, in
which Cs source was kept continuously and NF; source was
introduced when the photocurrent of the Cs peak reached
80%. Finally, the quantum efficiency curve was measured in
situ by an online quantum efficiency measurement system.
The comparative sample was cleaned and activated by the
same technology as the sample with DBR structure. The
photocurrents and related parameters during the activation
process of these samples are shown in Fig. 5 in detail.

The experimental reflectivity curve of the cathode sample
surface was measured by the spectrophotometer, and is
exhibited in Fig. 6(a). The measured results indicate that the
designed structure achieves the minimum of absorptivity at
1064 nm through DBR layer. The peaks and valleys positions of
the fitted curve represented by solid line match well with
those of the experimental curve represented by the dash line,
and the minimum reflectivity appears at 1064 nm in the
experimental curve, which verifies the results of the theoret-
ical optical properties. The experiment and theoretical
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quantum efficiency curves are shown in Fig. 6(b). It is noted
that there are two peak in the experimental quantum effi-
ciency at the 980 nm and 1064 nm, which has been predicted
in the aforementioned theoretical simulation in Fig. 3(a). As
shown in Fig. 6(b), the quantum efficiency curves begin to
oscillate from 900 nm wavelength, which indicates that the
effect of the DBR layer gradually appears with the increase of
wavelength. By a fit of the experimental quantum efficiency
curve via the deduced theoretical model, the fitted parameters
in the model can be obtained, which is listed in Table 2. It is
found that the surface barrier factor is still large resulting in
the lower surface electron escape probability, which should be
related to the difficulty in activation of InGaAs photocathode
with a higher In composition.

The experimental quantum efficiency curves of the two
samples are shown in Fig. 7. In contrast to the theoretical
quantum efficiency curves in Fig. 3(a), the experimental
quantum efficiency curves follow the trend of the curves ob-
tained by the theoretical model. It can be seen that these
experimental quantum efficiency curves have no obvious
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Fig. 6 — (a) Reflectivity curves and (b) quantum efficiency curves of the grown laminated GaAs-based cathode sample.
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Table 2 — Fitted performance parameters of the quantum efficiency curves.

Parameter Value Description

Po 0.09 Surface electron escape probability

K 10 Surface potential barrier factor

Sus 10° cm/s Electron recombination at the interface between GaAs and Ing osGag 9sAS
Sv2-a 10* cm/s Electron recombination at the inner interfaces in graded bandgap region
Sv1 10° cm/s Electron recombination at the interface between graded bandgap region

and uniform composition region

10°

10"

10%

10°

Quantum efficiency

10*

0%k Sample with DBR
- = = Sample without DBR
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00
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Fig. 7 — Comparison of experimental quantum efficiency
curve between the samples with and without DBR layer.

difference in the wavelength range from 400 nm to 850 nm, as
predicted before. According to experimental result, the
quantum efficiency of the sample with DBR structure can
reach 0.0263% at 1064 nm, while the quantum efficiency of the
sample without DBR structure is 0.0027% at 1064 nm. The
experimental quantum efficiency of the sample with DBR is
ten times than that of sample without DBR. The quantum
efficiency of the sample with DBR structure can reach 0.0905%
at 980 nm, while the quantum efficiency of the sample
without DBR structure is 0.0311% at 980 nm. Considering that
the activation process of the two samples are consistent, the
enhancement of quantum efficiency at 1064 nm and 980 nm
can be attributed to the introduction of DBR layer. Through
comparison experiments, it is indicated that the graded-
bandgap laminated GaAs-based photocathode structure can
practically realize the enhancement of the quantum efficiency
in the near-infrared range, especially at 1064 nm and 980 nm.
However, the experimental quantum efficiency results of the
samples are limited by the material growth technology of
InGaAs and still have much room for improvement in the
further.

5. Conclusion

In summary, a laminated reflection-mode GaAs-based
photocathode with a varying-composition emission layer and
a DBR structure is proposed for enhancing the quantum effi-
ciency at 1064 nm. The theoretical quantum efficiency and

reflectivity spectrum have been simulated by one-
dimensional continuity equations and FDTD method,
respectively. According to the simulated absorptivity curves
and quantum efficiency curves, it is found that the DBR layer
effectively increases the absorption ability of emission layer at
1064 nm and consequently enhances the quantum efficiency
at 1064 nm. Furthermore, the corresponding GaAs-based
cathode samples with the designed structures were pre-
pared for verifying the theoretical prediction and the practi-
cability of the deduced model. The experimental results show
that, the proposed photocathode structure can realize the
minimum reflectivity at 1064 nm and the quantum efficiency
is enhanced by nearly ten times. Finally, a laminated GaAs-
based photocathode sample with a quantum efficiency of
0.0263% at 1064 nm was obtained, which is 10 times larger
than that of the sample without DBR layer. This structural
design concept would provide a method to realize the
enhancement of quantum efficiency of reflection-mode
photocathode at a specific wavelength, and the quantum ef-
ficiency model would provide reliable theoretical guidance for
superior photocathodes. After improving the growth quality
of InGaAs materials in the future, this new structure will be
more critical for improving the quantum efficiency of
photocathodes.
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