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emission layer is proposed. The one-dimensional steady-state continuity equations and finite-
difference time-domain methods are utilized to obtain the quantum efficiency and optical ab-
sorption characteristics of the proposed photocathode, respectively. The results show that, the
built-in electric fields generated by the varying-composition and varying-doping structure can
assist the photoelectrons generated in the sublayer itself and the front sublayers to transport
towards the emitting surface and escape to the vacuum. Compared with the conventional AlGaAs/
InGaAs structure, the proposed structure possesses better lattice matching and enhanced quantum
efficiency in the UV and NIR wavelength range. A three-fold increase of quantum efficiency can
be realized at 400 nm and the theoretical quantum efficiency at 1064 nm can reach 2%. Besides,
the integral absorptivity is increased by 6.8% in the visible wavelength range, and 12.9% in the
NIR wavelength range. It is found that the increase of the thickness of AlGaAs sublayer and GaAs
sublayer mainly reduces the quantum efficiency in the UV-Vis wavelength range. When the
InGaAs sublayer is thin enough, the increase of thickness would enhance the quantum efficiency
in the NIR wavelength range and deteriorate that in the UV-Vis wavelength range. This work can
contribute to the performance improvement of UV-Vis-NIR broadband GaAs-based
photocathode.

1. Introduction

Nowadays, extensive researches have been implemented on ultraviolet-visible-near infrared (UV-Vis-NIR) photodetectors, which
offer widespread applications in optical communication, optical interconnects and high-resolution image sensing techniques [1-6].
Compared with solid-state photodetectors, vacuum photodetectors adopting various photocathodes have the advantages of high-speed
response, low thermal noise, single photon detection and large detecting area [7-12]. In the application of conventional NIR
photocathode, the imaging device relies on the transmission-mode photocathode, which works in the backside-illuminated situation.
Such a cathode structure is commonly designed as the AlGaAs/InGaAs heterojunction structure [13-16]. However, the lattice
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Fig. 1. Energy band structure diagram of the multilayer cascade emission layer. E¢ is the minimum of conduction-band, Ey is the maximum of
valence-band, Ef is the Fermi level, E is the vacuum level, and hv;, hv, and hv; represent the incident photon energy in AlGaAs, GaAs and InGaAs,
respectively.
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Fig. 2. Structure of the sublayers in the emission layer. d;; -1, denotes the thickness of each slice-layer of InGaAs material, d, is the thickness of
GaAs sublayer, ds; -3, denotes the thickness of each slice-layer of AlGaAs material, T11-35, represents the relative position between each slice-layer
and emitting surface, and Ej, E,, E3 represent the built-in electric field in InGaAs sublayer, GaAs sublayer and AlGaAs sublayer, respectively.

mismatching problem between InGaAs and different material deteriorates the crystal quality of epitaxial InGaAs emission-layer, which
will further limit the emission performance of photocathode [13,17,18].

As a significant performance parameter, the quantum efficiency of photocathode is related to the crystal quality and epitaxial
structure [13,19]. With the development of semiconductor growth technology, the varying-doping and varying-composition structure
can be realized on the preparation of photocathode. According to previous research, the built-in electric field generated by graded band
gap arising from the varying-doping and varying-composition structure can significantly improve quantum efficiency of
reflection-mode and transmission-mode AlGaAs/GaAs photocathodes [20-25]. Nevertheless, the effects of varying-doping and
varying-composition structure on absorption of incident light in the emission-layer still needs to be studied. In addition, how to achieve
the UV-Vis-NIR broadband response through reasonable structural design still requires further theoretical modeling and simulation.

A transmission-mode photocathode with a multilayer graded-band cascade structure is proposed to solve the lattice mismatching
problem and improve the quantum efficiency, which combines the virtues of broadband UV-Vis-NIR response range, built-in electric
fields and lattice matching. The corresponding theoretical quantum efficiency model of the transmission-mode photocathode with this
multilayer complex structure is deduced by solving one-dimensional continuity equation. With the aid of the quantum efficiency
model, the effect of built-in electron field on quantum efficiency is presented clearly. Meanwhile, the light absorption intensity dis-
tribution simulated by the finite-difference time-domain (FDTD) method is provided for comprehensive understanding. Besides, in
order to clarify the relationship between the quantum efficiency and the emission-layer structural parameters, the quantum efficiency
and absorptivity curves with different thicknesses of each sublayer in the multilayer cascade structure are also analyzed.



Z. Wang et al. Superlattices and Microstructures 156 (2021) 106957
2. Structure and calculation

The energy band structure diagram of the transmission-mode photocathode with a multilayer cascade emission layer is shown in
Fig. 1, wherein the emission layer consists of a varying-composition Al,Gaj.,As, a varying-doping GaAs and a varying-composition
In,Gaj ,As. As shown in Fig. 1, the substrate is combined with the AlGaAs sublayer to serve as the self-supporting layer. According
to the required optical transmission wavelength, the optical material such as quartz glass, borosilicate glass and sapphire is usually
utilized as the substrate. The Al composition of Al,Ga;.,As sublayer gradually decreases along the direction of electrons transport,
which results in the narrowing of bandgap [26]. The wider bandgap of AlGaAs material is useful to prevent photoelectrons excited near
the interface from being recombined in reverse. The GaAs sublayer with the constant bandgap has a varying-doping structure and the
doping concentration decreases exponentially along the direction of electron movement. The sandwiched GaAs sublayer between
Al,Gay.,As and In,Ga; »As can improve the lattice matching level and reduce the recombined electron loss at interface. The In
composition of In,Gaj_,As sublayer gradually increases along the direction of electron transport, which results in a gradual narrowing
of the In,Gaj.,As bandgap. The key strength of InGaAs material lies in its absorbing ability of NIR light. Since the semiconductor
material in the equilibrium state has a uniform Fermi level inside, a band bending region, as shown in Fig. 1, is formed due to the Fermi
level leveling effect. Because of the different absorption characteristics of materials, the short-wavelength incident light is mainly
absorbed in AlGaAs sublayer, while the long-wavelength incident light is mainly absorbed in InGaAs sublayer. According to Spicer’s
three-step model [27], the photoelectrons are excited to conduction band, then transport towards the band bending region, and finally
tunnel through the surface barrier. Due to the band-bending effect, the built-in electric fields are generated in each sublayer, wherein
the direction of electric field is opposite to that of electron movement. The existence of built-in electric fields has the function of pulling
electrons towards emitting surface and reducing reverse recombination loss [12,28-30].

Fig. 2 illustrates the internal structure of sublayers in the emission layer. The light is incident from the side of AlGaAs sublayer, and
the excited electrons escape from the outermost surface of InGaAs sublayer. The Al,Gaj.,As sublayer can be divided into a series of
slice-layers with different Al composition along the z-axis. The Al composition of each slice-layers gradually increases along the di-
rection of z-axis. The doping concentration of GaAs sublayer varies in the exponential form and increases along the direction of z-axis.
The In,Gaj_,As sublayer is also divided into several slice-layers with different In composition. The In composition of each slice-layers
gradually decreases along the direction of z-axis. The corresponding built-in electric fields E;, E3 and E3 are generated inside each
sublayer. Because of the graded-composition structure, the refractive index of slice-layers in the emission layer gradually increases
along the light incident direction, which reduces light reflection loss in the process of propagation.

As can be seen from Fig. 2, the built-in electric fields E1, E and E3 are built in the corresponding In,Gaj_,As sublayer, GaAs sublayer
and AlyGaj.,As sublayer, respectively. Among them, E; and E3 are generated by the varying-composition, and can be calculated by the
following formulae:
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where Eg1, and Egp; are the bandgap of the 1m-th and 11-th slice-layer in the In,Gaj.,As sublayer, Eg3, and Eg3; are the bandgap of the
3n-th and 31-th slice-layer in the Al,Ga;.,As sublayer, dj; is the thickness of the corresponding slice-layer. According to the relationship
between Fermi level and doping concentration, the built-in electric field E; arising from the exponential-doping structure in the GaAs
sublayer can be expressed by

N(T») =N(Ty,,)exp(A - da) 3)

 koTA
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where N (Ty) and N (T3, are the doping concentration on both sides of the GaAs sublayer, kg is the Boltzmann constant, T is the
absolute temperature, q is the electron charge. According to Spicer’s three-step model of photoemission, the quantum efficiency of this
transmission-mode photocathode can be deduced from one-dimensional continuity equation [29], which is given by
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where Dj; is the electron diffusion coefficient wherein the subscript ij represents the order number of slice-layer as shown in Fig. 2 y;; is
electron mobility, E; is the built-in electric field intensity, n;(2) is the electron concentration, z; is the lifetime of electron of sublayer,
and g;i(z) is the generation function of photoelectrons in each sublayer. For the transmission-mode photocathode, the generation
function can be obtained as follows
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where Ry, is the reflectivity of photocathode, Iy is the intensity of incident light, and « is the absorption coefficient of each slice-layer.
To solve the continuity equation Eq. (5), the boundary conditions of each interface between slice-layers are given as follows:
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where Sy;; represents the interface recombination velocity of corresponding slice-layer. When ij = 11, the electron concentration n (0)
= 0. As for In,Gaj.,As sublayer, the energy gap, electron diffusion coefficient and electron mobility are as functions of In composition,
which are respectively given by [31].

E,(x)=0.36 + 0.63(1 —x) + 0.43(1 — x)> (eV) (10)
D(x)= [10-20.2(1 —x)+12.3(1 —x)’] x 100 (cm?s™) an
p(x) =40 — 80.7(1 —x) +49.2(1 —x)* (em*V~'s™) 12)

Besides, the energy gap, electron diffusion coefficient, electron mobility and electrons lifetime of Al,Ga;.,As also depend on the Al
composition, and are given by [32,33].

E(y)= 1.424 + 1.247y (eV),0 <y <045 (13)
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Through the above boundary conditions, the concentration of electrons of each slice-layer can be obtained by solving Eq. (5). After
the concentration of electrons at the emitting surface nj; (0) is obtained, the final quantum efficiency Y is calculated as follows

dnl 1 (Z) /I() (17)
=0

dz
where P is the surface electron escape probability. As for the transmission-mode AlGaAs/GaAs/InGaAs photocathode with the uniform-
composition or uniform-doping structure, the built-in electric fields E1, E5 or E3 is equal to 0. In this case, the quantum efficiency can
also be obtained in the same way.

Y(hv) =PDy,
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Table 1
Parameters used in the simulation.
Parameter Value Description
Syas5 10° cm/s Electron recombination at AlGaAs outermost interface
S)34-31 10° cm/s Electron recombination at AlGaAs interior interface
Sy 10* cm/s (Ref. [9]) Electron recombination at AlGaAs/GaAs interface
Sna 10* cm/s Electron recombination at GaAs/InGaAs interface
Si13-11 10° cm/s Electron recombination at InGaAs interior interface
P 0.17 (Ref. [36]) Surface electron escape probability
L4 1.2 pm (Ref. [37]) Electron diffusion length of Ing ¢gsGag.gsAs
Lis 1.1 pm (Ref. [37]) Electron diffusion length of Ing 1Gag 9As
L1y 0.9 pm (Ref. [37]) Electron diffusion length of Ing 15Gag gsAs
Ly 0.8 um (Ref. [36]) Electron diffusion length of Ing ;Gag sAs
10° - - - - - - - - -
—#— varyingcomposition AlGaAs, varying-doping GaAs, varying-composition InGaAs
—A— @uniform-composition AlGaAs, varying-doping GaAs, varying-composition InGaAs
@varyingcomposition AlGaAs, varying-doping GaAs, uniformcomposition InGaAs
—¥— @varying-composition AlGaAs, uniform-doping GaAs, varyingcomposition InGaAs
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Fig. 3. Simulated quantum efficiency curves of AlGaAs/GaAs/InGaAs photocathodes with the four different emission layer structures.
3. Results and discussion

To simulate the quantum efficiency of the multilayer photocathode with the graded-band cascade structure, the structural pa-
rameters are assumed as follows: the Al,Gaj.,As sublayer is divided into 5 slice-layers, and the proportions of Al composition of each
slice-layer are 0.9, 0.675, 0.450, 0.225, and O respectively, along the direction of electron transport. Each slice-layer of AlGaAs
sublayer has the same thickness of 0.02 pm and the same doping concentration of 1 x 10'° cm™3. As for the GaAs sublayer, the
thickness is 0.15 pm and the doping concentration decreases exponentially from 1 x 10*° cm ™ to 1 x 10'® em ™2, along the direction of
electron transport as well. Considering that the lattice mismatching problem will become more serious with the increase of In
composition and Ing 2Gag gAs has enough high absorption ability of 1064 nm light, the In,Ga;.,As sublayer is divided into 4 slice-layers
with the In composition of 0.05, 0.1, 0.15 and 0.2 from bulk to surface. The doping concentration of each slice-layer of In,Gaj.,As
sublayeris 1 x 10'8 cm™3. In view of the absorption ability of 1064 nm light in Ing »Gag gAs, the thickness of each slice-layer is assumed
to be 0.05 pm, 0.05 pm, 0.05 pm and 0.7 pm from the inner to the emission surface. In addition, the refractive index and extinction
coefficient of AlGaAs and GaAs are referred to Ref. [34], while the refractive index and extinction coefficient of InGaAs are referred to
Ref. [35]. In order to highlight the difference in quantum efficiency curves of different emission layer structures, herein, the value of
the reflectivity Ry is set to be 0.31 when calculating quantum efficiency [29], while the other parameters utilized in the simulations
are listed in Table 1. Furthermore, the optical absorption characteristics of the transmission-mode photocathode, such as absorptivity
and absorption intensity distribution can be calculated by the FDTD method. In the simulation of optical property, the emission layer is
illuminated by a plane wave beam as light source starting from vacuum space, the incident light is perpendicular to the AlGaAs surface,
and the virtual light power monitors are placed above the light source and the bottom of InGaAs sublayer, respectively. 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 material in the x-axis direction.

In order to investigate the effect of varying-composition and varying-doping structure on quantum efficiency, the other three
emission layer structures are given for comparison. As shown in Fig. 3, the curve 1 represent the quantum efficiency curve of the
emission structure we designed above, which composes a varying-composition AlGaAs sublayer, a varying-doping GaAs sublayer and a
varying-composition InGaAs sublayer. In structure 2, the varying-composition AlGaAs sublayer is replaced by a uniform-composition
Gag 5Aly.5As sublayer, of which the thickness is the same as that of AlyGa;.,As sublayer in structure 1, and the electron recombination
velocity at Gag sAlg.sAs/GaAs interface increases to 1 x 10% cm/s in view of the deteriorated lattice mismatch. In structure 3, the
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Fig. 4. Absorption intensity distribution at specific wavelengths of AlGaAs/GaAs/InGaAs photocathodes with the four different emission
layer structures.

varying-composition In,Ga;_,As sublayer is replaced by a uniform-composition Ing;Gag 9As sublayer, of which the thickness is the
same as that of In,Gaj_,As sublayer in structure 1, and the electron recombination velocity at GaAs/Ing ;Gag oAs interface increases to
1 x 10° cm/s because of the deteriorated lattice mismatching problem as well. In structure 4, the varying-doping GaAs sublayer is
replaced by a uniform-doping GaAs sublayer with the same thickness, of which the doping concentration is 1 x 10'® em™3. The
thickness of all remaining sublayers in the other three structures is the same as that in structure 1. As shown in Fig. 3, it is noted that
curve 1 corresponding to the proposed structure 1 exhibits the widest spectral range and the highest quantum efficiency, which in-
dicates the advantage of the multilayer graded-band cascade structure. Compared with curve 2, it is found that the structure 1 has
higher quantum efficiency when the incident light wavelength is shorter than 500 nm. The incident light with the wavelength shorter
than 500 nm is almost completely absorbed by the AlGaAs sublayer. In the varying-composition AlGaAs sublayer, the excited pho-
toelectrons assisted by the built-in electric field in AlGaAs sublayer have longer diffusion distance and higher probability to reach the
GaAs sublayer and further move towards the emitting surface. Because of the diffusion and migration effect, more photoelectrons
excited by light wavelength shorter than 500 nm can reach the emitting surface and escape into vacuum for structure 1. Besides, it can
be found that the structure 4 has lower quantum efficiency when the wavelength of incident light is shorter than 800 nm, which is
ascribed from the uniform-doping GaAs sublayer. As a result of the absence of the built-in electric field in GaAs sublayer, less excited
electrons in AlGaAs sublayer and GaAs sublayer can reach the InGaAs sublayer. As shown in Fig. 3, the quantum efficiency curve of
structure 3 is lower than that of structure 1 in the entire spectral range. It is noted that all the excited photoelectrons must reach the
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Fig. 5. (a) Quantum efficiency curves, (b) absorptivity curves and (c) absorption intensity distribution of the conventional AlGaAs/InGaAs
photocathode and proposed AlGaAs/GaAs/InGaAs photocathode.

InGaAs emission surface to escape into vacuum, which means that the built-in electric field in InGaAs sublayer affects the electrons
generated by incident light of all wavelengths. In this case, the varying-composition structure of InGaAs sublayer is especially
important for improving UV-Vis-NIR broadband response because the absence of built-in electric field in InGaAs sublayer can
decrease the whole quantum efficiency spectrum.

For the purpose of fully understanding the participation of different sublayers in the absorption process at different light wave-
lengths, the absorption intensity distribution diagrams of aforementioned four structures at different light wavelengths are shown in
Fig. 4, wherein each column corresponds to the light absorption intensity distribution diagrams of the same structure at different light
wavelength, and each row represents the light absorption intensity distribution diagrams of four different structures at the same light
wavelength. The incident light wavelengths of 400 nm, 532 nm, 780 nm and 1064 nm are chosen as examples. It is found that the 400
nm incident light is absorbed in AlGaAs sublayer solely, the 532 nm incident light is absorbed by AlGaAs and GaAs sublayers, the 780
nm incident light is mainly absorbed by GaAs and InGaAs sublayers together, and the 1064 nm incident light is absorbed in InGaAs
sublayer. As seen from columns 1 and 2 in Fig. 4, it is noted that the absorption intensity distribution diagrams of structure 1 and
structure 2 are obviously different at 400 nm and 532 nm wavelength. Because the lower Al composition corresponds to a higher
absorption rate for 400 nm and 532 nm wavelength, the varying-composition Al,Gaj.,As sublayer has better absorption for the incident
light at these two wavelengths, while the 400 nm light is completely absorbed at the surface of uniform-composition AlGaAs sublayer
and the 532 nm light is mainly absorbed in the GaAs sublayer. Since the 400 nm and 532 nm incident light are completely absorbed
before reaching InGaAs sublayer, the absorption capacity at the two wavelengths is the same for these four structures. As shown in
Fig. 4, the absorption at 1064 nm wavelength of structure 3 is much worse than that of structure 1. Because of varying composition and
lattice matching, the higher In composition Ing 2Gag gAs slice-layer can be obtained in structure 1, which has much better absorption at
1064 nm wavelength than Ing ;Gag 9As. As for structure 3, the 780 nm incident light is almost completely absorbed in InGaAs sublayer
near GaAs sublayer, which is different from structure 1 with varying-composition In,Ga;.xAs sublayer. In addition, the absorption
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Fig. 6. (a) Quantum efficiency curves and (b) absorptivity curves of corresponding structure with different AlGaAs sublayer thicknesses.

intensity distribution of 780 nm light for structure 4 is also different from that for structure 1. Due to the lower absorption coefficient at
780 nm for GaAs with the higher doping concentration, the uniform-doping GaAs sublayer in structure 4 has worse absorption of 780
nm light. According Fig. 4, it can be found that, for the UV-Vis incident light that can be completely absorbed, the change of structure
only adjusts the absorption depth. However, for the NIR incident light that cannot be absorbed completely, the structure with varying-
composition InGaAs sublayer can greatly increase the absorption capacity.

To further verify the superiority of the proposed structure, the quantum efficiency of conventional uniform-composition and
uniform-doping AlGaAs/InGaAs structure is also simulated, as shown in Fig. 5(a). The absorptivity curves and absorbing intensity
distribution diagrams of the proposed and conventional structures are exhibited in Fig. 5(b) and (c) respectively. In Fig. 5(c), the row of
diagrams represents the absorption intensity distribution of the same structure at different light wavelengths, while the column of
diagrams represents the absorption intensity distribution of different structures at the same light wavelength. According to reference
[13], the photocathode with conventional AlGaAs/InGaAs structure consists of a 0.3 pm thick Gag sAly.sAs window layer and a 0.9 pm
thick Ing ;Gag 9As active layer. The electron recombination velocity at the Gag sAlg.5As/Ing 1Gag 9As interface is set as 1 x 107 cm/s,
because of the serious lattice mismatching. As Fig. 5(a) shows, the quantum efficiency of proposed structure is higher than that of
conventional structure in UV and NIR wavelength range, while the conventional structure has higher quantum efficiency in the
wavelength range of 500-750 nm. On the one hand, with the assist of built-in electric field of multilayer graded-band cascade
structure, the excited photoelectrons generated by the light wavelength less than 500 nm obtain longer migration distance to reach the
emitting surface. On the other hand, because of the varying-composition structure, the absorption depth of light wavelength less than
500 nm in the proposed structure is deeper than that of conventional structure, as shown in Fig. 5(c), which shortens the transport
distance to the emitting surface. Through the varying-composition growth, the In,Gaj.xAs sublayer with higher In composition can be
obtained in the proposed structure, which has better absorptivity in the range from 800 nm to 1200 nm than the conventional
Ing 1Gag.9As sublayer, as shown in Fig. 5(b) and (c). Due to the light absorption characteristics of Ing 1Gag 9As and Gag sAlg.sAs, the
incident light in the range from 500 nm to 750 nm cannot be absorbed completely in Gag sAlg.5As sublayer, as shown in Fig. 5(c). In this
case, the light in this range can be absorbed in the InGaAs sublayer for the conventional structure, and excites the electrons closer to the
emitting surface, which causes the higher quantum efficiency in the range of 500-750 nm. As shown in Fig. 5(b), the proposed
varying-composition In,Gaj_,As sublayer improves the shortcoming of insufficient absorption in the NIR wavelength range for the
conventional structure. In order to better quantify the absorption capacity of the different structure, the integral absorptivity is
introduced, which is given by Ref. [38]:

1 “
Ap=—r Apdl
4 — A //1, "

where Ay is the integral absorptivity, Ap, is the spectral absorptivity, and 1; and A are the start and cut-off wavelength respectively.
According to Eq. (18), the calculated integral absorptivity of the proposed structure and the conventional structure is 85.1% and 79.7%
in the visible wavelength range (i.e. 380-780 nm), respectively. In addition, in the NIR wavelength range (i.e. 780-1100 nm), the
calculated integral absorptivity of the two structures is 55.9% and 49.5%, respectively. In contrast to the conventional structure, the
integral absorptivity of the proposed structure is increased by 6.8% in the visible wavelength range, and 12.9% in the NIR wavelength
range. As shown in Fig. 5(a) and (c), the proposed structure has better absorption of 1064 nm light, and thus the quantum efficiency of
the proposed structure is higher than that of the conventional structure in the wavelength range over 800 nm combined with the
function of built-in electric field.

In addition, the quantum efficiency curves of the proposed structure with different sublayers thicknesses are simulated for
obtaining the optimal thickness of each sublayer. Fig. 6 exhibits the quantum efficiency curves and corresponding absorptivity curves

(18)
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Fig. 7. (a) Quantum efficiency curves and (b) absorptivity curves of corresponding structure with different GaAs sublayer thicknesses.
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Fig. 8. (a) Quantum efficiency curves and (b) absorptivity curves of corresponding structure with different InGaAs sublayer thicknesses.

of the proposed structure with different AlGaAs sublayer thicknesses, while the thicknesses of GaAs and InGaAs sublayer remain
unchanged. According to Fig. 6(a), it is noted that the quantum efficiency in the wavelength range less than 700 nm gradually de-
creases with the thickness of AlGaAs sublayer increasing. According to the absorption intensity distribution in Fig. 4, the varying-
composition AlGaAs sublayer participates in the absorption of incident light with wavelength less than 700 nm. Because the inci-
dent light within the wavelength range is entirely absorbed in emission layer, the increase of AlGaAs sublayer thickness would
lengthen the transport distance of excited electrons. On the other hand, according to Eq. (1), the increase of AlGaAs sublayer thickness
decreases the built-in electric field intensity and weakens the effect of built-in electric field on excited electrons. Because the AlGaAs
sublayer serves as a barrier and reflector for reverse electron transport and a supporting and thermal protective layer for thermal
bonding to glass, the AlGaAs sublayer must have sufficient thickness. These quantum efficiency curves have no difference over 700 nm
wavelength, because the long-wavelength incident light cannot be absorbed in AlGaAs sublayer. As shown in Fig. 6(b), the change of
AlGaAs sublayer thickness has no obvious influence on the absorptivity shape except the wavelength position of peaks and valleys.
With the increase in the thickness of AlGaAs sublayer, the positions of peaks and valleys shift towards the long wavelength. In
combination with Fig. 6(a) and (b), it can be inferred that the increase of the thickness of AlGaAs sublayer can mainly influence the
transport of electrons excited by the light with wavelength less than 700 nm, which degrades the quantum efficiency within this
wavelength range.

Fig. 7 exhibits the changes of quantum efficiency and absorptivity curves with different GaAs sublayer thicknesses. As shown in
Fig. 7(a), with the increase of GaAs sublayer thickness, the quantum efficiency spectrum at the wavelength less than 900 nm decreases
obviously. Because the AlGaAs sublayer and GaAs sublayer have no ability to absorb light with wavelengths exceeding 900 nm, the
incident light in this wavelength range is only absorbed in the InGaAs sublayer. For the incident light at the wavelength which can be
fully absorbed in the emission layer, the increase of GaAs sublayer thickness lengthens the transport distance of the excited electrons,
which causes the decrease of quantum efficiency. The absorptivity curves with different GaAs sublayer thicknesses are shown in Fig. 7
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(b). According to the diagram, the thickness of GaAs sublayer has no obvious effect on the absorptivity curve at the wavelength less
than 700 nm. Because the incident light in the wavelength range 700-900 nm cannot be absorbed completely when the GaAs sublayer
is thin enough, as the thickness of GaAs sublayer increases, the absorptivity at the wavelength less than 900 nm gradually achieves the
maximum, while the positions of peaks and valleys of absorptivity curve shift towards the long wavelength.

As the main component of the emission layer, the thickness of InGaAs sublayer is one of the most vital parameters for the quantum
efficiency of the proposed photocathode. Fig. 8(a) exhibits the quantum efficiency curves with different thicknesses of InGaAs sublayer
for comparison. As shown in Fig. 8(a), when the thickness of InGaAs sublayer gradually increases, the quantum efficiency in the
UV-Vis wavelength range decreases, while the quantum efficiency increases in the NIR wavelength range. It can also be found that the
intersections of different quantum efficiency curves shift towards the long wavelength with the thickness of InGaAs sublayer increases.
When the InGaAs sublayer gets thicker, the light that cannot be absorbed completely originally is fully absorbed, and the transport
distance of excited electrons is lengthened with the increase of the thickness. Hence, the intersection position of quantum efficiency
gets shifted towards the long wavelength along with the increase of the thickness of InGaAs sublayer. Meanwhile, the increase of the
thickness of InGaAs sublayer lengthens the transport distance of the electrons excited in AlGaAs sublayer and GaAs sublayer. Because
of the absorbing ability of AlGaAs and GaAs, the incident light at the wavelength over 900 nm can only be absorbed in the InGaAs
sublayer, and the incident light in this range cannot be absorbed completely when the InGaAs sublayer is not thick enough. In this case,
the thicker InGaAs sublayer provides longer absorption distance and better absorptivity in the NIR wavelength range. When the
thickness of InGaAs sublayer exceeds 2.2 pm, the quantum efficiency at 1064 nm becomes decreased with the further increase of the
InGaAs thickness. The absorptivity curves of different InGaAs sublayer thickness are also shown in Fig. 8(b). It can be seen that the
increase of the thickness of InGaAs sublayer can greatly enhance the absorptivity in the NIR wavelength range, while the absorptivity
in the UV-Vis range remains unchanged since the light in this wavelength range is fully absorbed in AlGaAs and GaAs sublayers.

4. Conclusion

In summary, a novel transmission-mode GaAs-based photocathode with the multilayer graded-band cascade structure is proposed,
which combines the virtues of UV-Vis-NIR broadband response range, lattice matching and quantum efficiency improvement. The
quantum efficiency and optical absorption characteristics of proposed photocathode structure are investigated based on the one-
dimensional continuity equation and FDTD method. According to the simulated results of photocathodes with different structures,
the varying-composition and varying-doping structure can enhance the quantum efficiency in the UV and NIR wavelength range. It is
found that the built-in electric field in each sublayer contributes to the photoelectrons generated in the sublayer itself and the front
sublayers. Through the varying-composition structure, the proposed structure possesses better absorption ability in the NIR wave-
length range and shortens the transport distance of electron excited in AlGaAs sublayer and GaAs sublayer. Moreover, the quantum
efficiency and absorptivity curves of the proposed structure with different sublayer thickness are systematically compared. It is found
that the increase of the thickness of AlGaAs sublayer and GaAs sublayer mainly decreases the quantum efficiency in the UV-Vis
wavelength range, while that of the InGaAs sublayer has different effects on the quantum efficiency in UV-Vis and NIR wavelength
range, respectively. This work can provide theoretical guidance for optimal design of the broadband response transmission-mode
photocathode.
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