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In order to develop the photodetector for effective blue—green response, the 18-mm-diameter vacuum image tube
combined with the transmission-mode Alg 7Gag 3As0.9Pg.1/GaAsg9Pp.1 photocathode grown by molecular beam epitaxy
is tentatively fabricated. A comparison of photoelectric property, spectral characteristic and performance parameter be-
tween the transmission-mode GaAsP-based and blue-extended GaAs-based photocathodes shows that the GaAsP-based
photocathode possesses better absorption and higher quantum efficiency in the blue—green waveband, combined with a
larger surface electron escape probability. Especially, the quantum efficiency at 532 nm for the GaAsP-based photocathode
achieves as high as 59%, nearly twice that for the blue-extended GaAs-based one, which would be more conducive to
the underwater range-gated imaging based on laser illumination. Moreover, the simulation results show that the favorable
blue—green response can be achieved by optimizing the emission-layer thickness in a range of 0.4 pm-0.6 um.
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1. Introduction

In the last two decades, negative electron affinity (NEA)
GaAsP-based photocathodes are of great technological inter-
est and have found widespread application in various fields
such as weak light imaging, high energy physics, astronomi-
cal observation and underwater photodetection.!!'™ As is well
known, GaAsP-based photocathodes are divided into two ba-
sic types, i.e., reflection-mode (r-mode) cathodes for which
the light is incident on the electron emission surface and
transmission-mode (t-mode) cathodes for which the light is in-
cident on the back surface.

For the r-mode operation, the GaAsP-based photocath-
ode is a promising candidate as an electron source in the high
voltage DC photogun due to its low thermal emittance and
fast temporal response time.’! Recently, by means of strained
GaAs/GaAsP superlattice structures, the electron-spin polar-
ization reached as high as 92% with a quantum efficiency ex-
ceeding 1%.!%7] For t-mode operation, because of the high
quantum efficiency in the visible spectrum, GaAsP photocath-
odes serve as core components in various photodetectors. For
instance, a new type of hybrid photodiode (HPD) consisting
of an 18-mm-diameter GaAsP photocathode and an avalanche
diode serving as an anode was developed for the major atmo-
spheric gamma-ray imaging Cherenkov (MAGIC) telescope
camera. 3% Besides, GaAsP photocathode-based image inten-
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sifiers with high blue—green light response can provide effec-
tive means for laser illuminating range-gated imaging under-
water and ultra-fast single-photon counting.!1%-12]

Despite many prominent advantages and broad applica-
tions, there has been no significant progress over the last few
decades in developing high-performance t-mode GaAsP-based
photocathodes due to the complexity of the preparation pro-
cess. Currently, the commercially available photodetectors
with using t-mode GaAsP photocathodes, such as the image
intensifier, photomultiplier and HPD have only come from two
corporations, i.e., Hamamatsu and Intevac. B Indeed, the qual-
ity of epitaxial GaAsP-based heterojunction materials is ex-
tremely crucial to the device performance. As is well known,
t-mode GaAsP-based cathode materials from Hamamatsu and
Intevac are grown by metal-organic chemical vapor deposi-
tion (MOCVD) and vapor phase epitaxy (VPE).[l:13] Tn this
paper, a type of t-mode GaAsP cathode material is tenta-
tively fabricated by molecular beam epitaxy (MBE), and the
packed 18-mm-diameter image intensifier including the acti-
vated GaAsP photocathode module is fabricated. In order to
verify the actual effect of blue—green response enhancement, a
blue-extended GaAs photocathode-based image intensifier as
a comparison object is also fabricated. Meanwhile, the dif-
ferences in photoelectric property, spectral characteristic and
performance parameter between the two types of photocath-
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odes are analyzed.

2. Experiment
2.1. Structure and growth

Like the AlGaAs/GaAs double heterostructures described

4] the universal inverted struc-

by Antypas and Edgecumbe,
ture is applied to the t-mode GaAsP-based photocathodes.
However, differing from the lattice-matched AlGaAs/GaAs
heterostructure, both heterostructures like GaAsP/GaAs and
AlGaAsP/GaAs are lattice mismatched systems. The misfit
dislocation and stacking fault arising from the lattice mismatch
between substrate and epitaxial layer would dramatically de-
teriorate the photoemission capability. As for GaAs;_,Py
ternary alloy, the dependence of the band gap of GaAs;_,P,
alloy on the P composition x is given by!!”]

Eg(x) =277 —1.56(1 —x) +0.21(1 — x)?. (1)

According to Eq. (1), the P composition x should be larger than
0.5 if the cut-off response wavelength is less than 580 nm,
which corresponds to the blue—green waveband. Whereas
the direct-indirect transition for GaAs;_,P, alloy occurs in
approximately 2.0 eV band gap (x = 0.5), and the previous
experiment has proved that the quantum efficiency from the
NEA GaAsP photocathode drops dramatically as it goes from
direct-gap to indirect-gap alloy.[:'%1 Consequently, a direct-
gap GaAsP alloy with a low P composition of 0.1 is chosen
to serve as the emission-layer to ensure the high crystalline
quality for epitaxial growth. Besides, an Aly7Gag3As0.9Po.1
quaternary alloy with a band gap of 2.37 eV is chosen to serve
as the shortwave window-layer of the t-mode photocathode,
and the dependence of the band gap of Al,Ga;_,As|_,P, qua-
ternary alloy on the P composition x and Al composition y can

be expressed as follows: 7]

Eg(x,y) = (2261 +0.219y)x 4 (1.43+1.707y
—1.437y* +1.31y%)(1 —x). 2)

In order to verify the enhancement of the blue—green
response for the GaAsP-based photocathode, another type
of blue-extended t-mode photocathode consisting of the Al-
GaAs/GaAs heterostructure was prepared as well. The in-
verted structures for the two t-mode photocathode samples are
shown in Fig. 1, where the different feature for the GaAsP
sample is that a GaAsP graded-layer with a variable P compo-
sition of 0 ~ 0.1 is sandwiched between the GaAsP emission-
layer and the AlGaAs stop-layer. In the growing of the
lattice mismatched AlGaAs/GaAsP heteroepitaxial layer, the
graded buffer layers introduced can smooth the transition be-
tween them and improve the crystalline quality. The two t-
mode cathode samples were both grown on the same 2-inch

(1 inch=2.54 cm) diameter semi-insulation GaAs (100) sub-
strate by using a solid source Riber C21T system equipped
In the
growth process, the epitaxial layers consisting of a stop-layer,

with a valved arsenic and phosphorus cracker cell.

an emission-layer, a window-layer, and a cap-layer, were
grown according to priority, where the stop-layer and the
cap-layer served as an etch-resistant stopping layer and an
inside-oxidation-preventing layer, respectively. For the Al-
GaAs/GaAs cathode material, the growth temperature was
kept to be 580 °C for the GaAs layer and 650 °C for the Al-
GaAs layer. While for the AlIGaAsP/GaAsP cathode material,
the substrate temperature was always kept at a low temperature
of 480 °C for GaAsP and AlGaAsP layers. A 0.5-pum-thick p-
GaAs buffer layer was grown to trap impurities that may dif-
fuse from the substrate. To obtain the lattice match structure,
a 1-um-thick undoped GaAs;_,P, graded-layer was grown on
the AlGaAs stop-layer. The P composition of the GaAs;_,P,
graded-layer was adjusted by P, flux from zero to the desired
flux value. The Ga flux and As flux were kept to be a con-
stant value during the growth. All the samples were cooled
down quickly after stopping growth. The beryllium element
was incorporated as the p-type dopant for MBE growth and
the doping concentration was around 5x10'® cm™3. During
the entire growth procedure, the growth rates for all epilayers
were about 1 um/h, and the crystalline quality of the epilayers
was monitored during growth via reflection high-energy elec-
tron diffraction in situ.
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Fig. 1. (color online) Structural diagrams of t-mode (a) GaAsP and (b) GaAs
cathode samples.

2.2. Preparation and measurement

After the growth, the surface photovoltage spectroscopy
(SPS) data for the cleaned epitaxial materials were mea-
sured to predict the cathode emission performance, since
there are many similarities between SPS and spectral response
(SR), which are both related to the inherent material per-
formance factors.[!® Following that, as the proposed pro-
cess of fabricating t-mode GaAs photocathodes by Antypas

[14

and Edgecumbe,!'¥ the cap-layer was first removed with a
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properly selective etch to expose the window-layer to coat
the SizN4 antireflection film on it. Then the glass was ther-
mocompression bonded to the full wafer structure to sup-
port the fragile epilayers. After that, the substrate, stop-layer
and graded-layer were selectively etched away to expose the
emission-layer to perform the activation. Finally, the Al-
GaAsP/GaAsP and AlGaAs/GaAs samples were made into the
18-mm-diameter cathode module with a glass/SizN4/window-
layer/emisison-layer structure. Based on the double opti-
cal path method, the spectrophotometer typed UV-3600 was
adopted to measure the reflectivity and transmissivity curves
of the module samples in a range of 400 nm—1000 nm. When
measured, photons entered into the modules in the near normal
incidence on the glass layer.

Following chemical etching and heat cleaning, the NEA
activation for the cathode modules was performed in an ul-
trahigh vacuum chamber with a base pressure of < 10~ Pa
by using the co-deposition activation technique,'' in which
the cesium source was kept constant and the oxygen source
was introduced periodically. For both the samples, the Cs/O
flux ratio was adjusted to be the same value. After the usual
“high-low temperature” two-step activation, the cathode mod-
ule was transferred from the activation chamber to the sealed
vacuum chamber and indium sealed into a vacuum image tube,
in which the activated cathode module was equipped in asso-
ciation with the microchannel plate and fluorescence screen.
Finally, the spectral response of the sealed image tube after
being transferred into ambient air was measured by the spec-

tral response measurement system. 2!

3. Results and discussion
3.1. Photoelectric property

The experimental curves of optical properties are given in
Fig. 2 for the GaAsP- and GaAs-based cathode module sam-
ples, and the absorptivity curves are easily gained according
to the principle of energy conservation. As shown in Fig. 2(a),
in a range of 400 nm—-555 nm, the reflectivity of the GaAsP
sample is evidently lower than that of the GaAs sample, while
the transmissivities for both samples are equal to zero. In a re-
gion of 600 nm—950 nm, the reflectivity and transmissivity of
the GaAsP sample become larger than those of the GaAs sam-
ple. On account of the multi-beam interference principle in
the four-layer module, a group of alternative extreme points
emerge simultaneously in the reflectivity and transmissivity
curves. The maximum point in the reflectivity curve corre-
sponds to the minimum one in the transmissivity curve when
taking the energy conservation into consideration. Compared
with the GaAs sample, the GaAsP sample produces a big ef-
fect on the oscillation frequency of reflectivity. Especially in a
waveband of 640 nm—1000 nm, the number of peak-valley cy-

cles in the reflectivity curve for the GaAsP sample greatly ex-
ceeds that for the GaAs sample. As shown in Fig. 2(b), in the
near-infrared (NIR) band, the GaAsP photocathode gradually
becomes optically transparent as the absorptivity decreases to
nearly zero. In addition, it can be clearly seen from Fig. 2(b)
that the absorptivity of the GaAsP sample is larger than that
of the GaAs sample over the blue—green waveband. In the re-
gion larger than 620 nm, the absorptivity of the GaAsP sample
decreases severely and exhibits a smaller longwave cut-off in
contrast with the GaAs sample. Accordingly, it is concluded
that the t-mode GaAsP and GaAs samples each manifest bet-
ter absorptions of blue—green light and red-NIR light, respec-

tively.
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Fig. 2. (color online) Experimental optical property curves of t-mode
GaAsP and GaAs cathode samples.

Using the monochromator combined with a tungsten
halogen lamp, the measured normalized SPS and SR curves
for the two samples are shown in Fig. 3. According to the re-
sults shown in Fig. 3, we can find that there are similarities be-
tween SPS curves and SR curves, wherein SPS and SR curves
possess the same variation trends. The peak wavelengths of
SPS and SR curves are in the region of the blue—green spec-
trum for the GaAsP sample, and in the region of the NIR spec-
trum for the GaAs sample. It is noted that there exists a dif-
ference in peak wavelength between SPS and SR curves. For
the GaAsP sample, the peak wavelength of SR is longer than
that of SPS while the case for the GaAs sample is the opposite.
Since SPS represents the change of potential distribution at the
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interface of the material due to illumination, the SPS signal of
the t-mode multilayer sample is considered to be induced in
the surface space charge region (SCR) and at several buried
interfaces via light absorption. The reason for the difference
is that the SPS signal of the t-mode cathode sample is an alge-
braic sum of the signals accumulated in the surface SCR and
the five interface SCRs,!"®! while the SR signal only comes
from the photoelectrons in the bulk emission-layer via light
absorption. By comparing the SPS curve with the SR curve, it
is inferred that for the t-mode GaAsP photocathode, the high
SPS in the region of the blue—green spectrum can predict the
better SR in the same spectrum region to some extent.
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Fig. 3. (color online) Normalized SPS and SR curves of t-mode GaAsP
and GaAs cathode samples.

3.2. Quantum efficiency

The experimental quantum yield curves for the t-mode
GaAsP- and GaAs-based cathode samples sealed in the vac-
uum image tubes are shown in Fig. 4, which are obtained

[20] The mea-

through converting the spectral response curves.
sured results show that the t-mode GaAsP photocathode can
obtain higher quantum efficiency in a range of 400 nm-
720 nm, and the longwave cut-off wavelength is at 850 nm.
For the t-mode GaAs photocathode, the quantum efficiency in
the longwave region is more than 720 nm, and the longwave
cut-off wavelength can extend to 920 nm. Although the thin
window and high Al composition are applied to the t-mode
GaAs photocathode to enhance the shortwave response,?!! the
blue—green response of interest is still higher for the t-mode
GaAsP photocathode. The GaAsP sample possesses a quan-
tum efficiency peak of 62% at 560 nm while the GaAs sample
possesses a quantum efficiency peak of 42% at 690 nm. Be-
sides, the quantum efficiencies at 532 nm reach 59% and 30%
for GaAsP and GaAs samples, respectively.

The quantum efficiency curves of foreign t-mode GaAsP
photocathodes from Hamamatsu and Intevac are shown in
Fig. 5,122l and the spectral characteristics of the t-mode
GaAsP photocathodes are shown in Table 1. From Fig. 5
and Table 1, we can see that the comparison of the quan-

tum efficiency curve between the t-mode GaAsP photocath-

odes from Hamamatsu and Intevac, and the t-mode GaAsP
photocathode reported in the present work exhibits that the
former has a quantum efficiency peak 62% higher than the
latter one at 560 nm. Owing to the high P composition ex-
ceeding 0.35, the peak wavelength positions of the t-mode
GaAsP photocathodes from Hamamatsu and Intevac are less
than the GaAsP photocathode reported in this work. Mean-
while, the t-mode GaAsP photocathode reported in this work,
with the lower P composition, has a larger longwave cut-off
wavelength. Whereas, the quantum efficiency at 532 nm of
our t-mode GaAsP photocathode is higher than that of the
ones from Hamamatsu and Intevac, and can reach as high as
59%, which is beneficial to the underwater range-gated imag-
ing based on 532 nm-laser illumination.
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Fig. 4. (color online) Experimental quantum efficiency curves of t-
mode GaAsP and GaAs cathode samples.
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Fig. 5. (color online) Quantum efficiency curves of t-mode GaAsP pho-
tocathodes from Hamamatsu and Intevac.

Table 1. Spectral characteristics of this work and t-mode GaAsP pho-
tocathodes from Hamamatsu and Intevac.

Type Peak Quantum efficiency Quantum efficiency
wavelength/nm Peak/% at 532 nm/%
This work 560 62 59
Hamamatsu 520 52 51
Intevac 510 48 47
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3.3. Performance parameter

In order to evaluate the important intrinsic cathode per-
formance parameters such as electron diffusion length, back
interface recombination velocity and surface electron escape

_ P(1=R)exp(—PBpvTw)ohvLp

probability of the two different t-mode photocathodes, we
compare the measured quantum efficiency curves with the the-
oretical curves respectively according to the t-mode uniform-

doping quantum efficiency equation, which is given by!>]

athn + SV

Y(hv) = {

2 72
athD -1

(Dyn/Lp)cosh(T./Lp) + Sy sinh(T.. /Lp)
_ exp(—apyTe) [Svcosh(Te/Lp) + (Dy/Lp) sinh(T /Lp)]

(Dn/Lp)cosh(T;/Lp)+ Sy sinh(7;. /Lp)

where P is the surface electron escape probability, D,, is the
electron diffusion coefficient, R is the reflectivity of the photo-
cathode module surface, Lp is the electron diffusion length, Sy
is the back interface recombination velocity, T and T, are the
thickness of the emission-layer and the thickness of window-
layer respectively, and a,, and f,, are the absorption coeffi-
cients of the emission-layer and window-layer respectively.
When simulating the theoretical quantum yield curves,
about the absorption coefficient values varying with wave-
length in the layers like GaAs, Alg7Gag3As and GaAsg 9Py 1
we referred to Refs. [24] and [25].
the absence of any reference about the absorption coeffi-

Nevertheless, in

cient of the Aly;7Gap3Asp9Po window-layer in the t-mode
GaAsP photocathode, about the absorption coefficient of
Alp.7Gag3As0.9Pp.1 alloy with the low P composition we just
referred to that of Alp;Gagp3As alloy. By using Eq. (3), we
can simulate the theoretical quantum efficiency curves, and the
simulated curves are consistent with experimental curves as
shown in Fig. 6, and the three cathode performance parameters
obtained by a best fit of the experimental quantum efficiency
curves are listed in Table 2.

100

102§

— GaAsP experimental curve
~~~~~ GaAsP theoretical curve
— GaAs experimental curve

Quantum efficiency /%

----- GaAs theoretical curve

10-3 ) i 1
400 500 600 700 800 900 1000

Wavelength/nm

Fig. 6. (color online) Experimental and theoretical quantum efficiency
curves of t-mode GaAsP and GaAs cathode samples.

From Fig. 6, it is seen that the inconsistency between
experimental and theoretical quantum efficiency in the short-
wave region for the GaAsP sample is ascribed to the improper
absorption coefficient of the window-layer. According to Ta-

— OpyLp eXp(_athe)}a 3)

\
ble 2, we find that the electron diffusion length and back inter-

face recombination velocity of the GaAsP sample are nearly
the same as those of the GaAs sample, which indicates that
the crystalline quality of the grown cathode material, whether
GaAsP- or GaAs-based sample, can meet the requirements.
From Table 2, we can also find that the surface electron es-
cape probability of the GaAsP sample is larger than that of
the GaAs sample, which is similar to the experimental results
observed by Escher and Antypas. ¢!

Table 2. Fitted performance parameters of t-mode GaAsP and GaAs cath-
ode samples.

Electron diffusion  Interface recombination  Surface electron escape

Type

length/pm velocity/cm-s~! probability
GaAsP 3.0 10° 0.62
GaAs 32 10° 0.52

With an attempt to clarify the difference in surface elec-
tron escape probability between GaAsP and GaAs photocath-
odes, we should carry on an investigation into the inner band
structure and surface barrier, which is shown in Fig. 7. The
surface barrier profile based on the double dipole model com-
prises two approximately straight lines with different slopes,
namely barriers I and II, [26] which are related to the Cs—O ac-
tivation layer. As shown in Fig. 7, the high-energy photoelec-
trons excited by the shortwave photons near the back interface
would relax into the I" conduction-band minimum and pref-
erentially traverse barrier II, while the low-energy photoelec-
trons excited by the longwave photons near the surface would
consequently traverse barrier I without experiencing a thor-
ough relaxation. As is well known, the profiles of barriers 1
and IT would play a crucial role in surface electron escape.>"!
On the one hand, for the small-bandgap GaAs sample, the
longwave photoelectrons would become easier to escape to a
vacuum because of the narrower barrier 1. Besides, the larger
red-NIR absorption in the thicker GaAs photocathode can also
contribute to the number of longwave photoelectrons. On the
other hand, for the large-bandgap GaAsP sample with a small
electron affinity, the shortwave photoelectrons would escape
to a vacuum more easily because of the narrower barrier II,
while part of shortwave photoelectrons would possibly pene-
trate barrier I for the GaAs sample. Compared with barrier II,
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barrier I is more difficult to pass through for photoelectrons.
Therefore, there are higher quantum efficiencies respectively
in the blue—green waveband for the GaAsP photocathode and
in the red-NIR waveband for the GaAs photocathode.

surface

barrier

¥

A

Eoy GaAsP
Ecs

GaAs |

incident light |

Fig. 7. (color online) Schematic band structures and surface barriers of
the GaAsP and GaAs photocathode. Ey is the valence band maximum,
EF is the Fermi level, Ec; and Ec; are the conduction-band minima of
GaAsP and GaAs respectively, and Ey; and Ep; are the vacuum levels
of GaAsP and GaAs respectively.

wavelength and quantum efficiency at 532 nm, respectively,
and the simulation results are shown in Fig. 8. From Fig. 8(a),
we can see that when the emission-layer thickness is within
0.6 pm, the peak wavelength can be in the blue—green wave-
band. Furthermore, it can be found from Fig. 8(b) that the
quantum efficiency at 532 nm can reach its maximum when
the emission-layer thickness ranges from 0.4 pm to 0.6 pmm.
To sum up, the optimum thickness of the emission-layer is
in a range of 0.4 um-0.6 wum which would result in a bet-
ter blue—green response, especially for the underwater range-
gated imaging based on 532-nm-laser illumination.

4. Conclusions

In the present article, we have fabricated an 18-
mm-diameter vacuum image tube incorporating the t-
mode Aly7Gag3As9.9Po.1/GaAsy 9Py photocathode grown
by MBE. A comparison of photoelectric property, spectral
characteristic and performance parameter between the t-mode
GaAsP-based and blue-extended GaAs-based photocathodes
shows that the t-mode GaAsP-based photocathode achieves
better absorption, higher quantum efficiency and narrower
spectrum range in the blue—green waveband. Besides, the
quantum efficiency of the t-mode GaAsP-based photocathode
reaches as high as 59% at 532 nm, which is nearly twice that of
the t-mode GaAs-based one. The simulation results show that
the optimum thickness of the emission-layer is in a range of
0.4 p—0.6 um, which is advantageous to range-gated imaging
underwater. This work could provide a reference for further
improving the performance of the t-mode GaAsP-based pho-
tocathode for better blue—green response.
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