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Abstract—To improve the understanding of the optical image
resolution of transmission-mode GaAs photocathode, by establish-
ing the surface scattering analysis model of AlGaAs window layer,
we have researched the effect of the surface height distribution
variance o on scattering surface transfer function (STF) and point
spread function (PSF) of transmission-mode GaAs photocathode.
The simulation results show that the decrease of surface height
distribution variance o is beneficial to improve the optical image
resolution. This improvement is mainly attributed to the decrease
in input light energy attenuation and spatial diffusion caused by
smaller surface height distribution variance o, and thus the signal
to noise ratio of scattering degraded optical image is increased.

Index Terms—AlGaAs window layer, GaAs photocathodes,
point spread function, scattering surface transfer function.

1. INTRODUCTION

OWADAYS, III-V negative electron affinity semiconduc-
N tor photocathode technology plays an increasingly impor-
tant role in low illumination detection for various applications
including night vision, vacuum electron source and high-speed
photography [1], [2], [3], [4], [5]. As far as the field of night
vision is concerned, the imaging quality level can be directly
and quickly reflected through the integral sensitivity and limited
resolution [6], [7]. The integral sensitivity can be used to describe
the photoelectric conversion efficiency of the transmission-
GaAs photocathode, which directly affects the lowest detection
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illuminance. Besides the integral sensitivity, the limited resolu-
tion is also quite important in low illumination detection research
[8]. By analyzing the limited resolution, the detail resolution of
the image can be provided [9]. Particularly, transmission-mode
GaAs photocathode has been extensively developed in the field
of low-light-level imaging due to the high quantum efficiency,
small dark emission, adjustable long-wave threshold, and large
long-wave response expansion potential [10], [11], [12], [13].
Therefore, for real-time night vision, it is necessary to consider
the integral sensitivity, limited resolution, response time and
other requirements of transmission-mode GaAs photocathode
at the same time.

For a transmission-mode GaAs photocathode, the input light
must pass through the window glass and AlGaAs window layer
first and then be absorbed by the GaAs photoemission layer and
converted into electron image [14]. So both the optical image
resolution and electron image resolution of GaAs photocathode
are major considerations. Whereas most research into GaAs
photocathode has focused on how to improve its electron image
resolution, and very little research has focused on improving its
optical image resolution [15], [16], [17]. Deng et al established
the electron image resolution model and modulation transfer
function (MTF) of varying doping and varying composition
GaAs photocathode in 2022 [15]. Wang et al have researched the
effect of electron lateral diffusion in transmission -mode varied-
doping Alp.37Gag 3N photocathode on resolution in 2022 [16].
Theoretical research showed that the inhibition on lateral diffu-
sion of electrons is beneficial to improve the electron image
resolution of GaAs photocathode, caused by an appropriate
electric field or reasonably designed photocathode parameters.
However, it is hard to further improve the resolution of GaAs
photocathode. In practice, during the transmission of input light,
some deterioration of optical image resolution is bound to occur
in GaAs photocathode. The input light scatters on the rough
surface of the AlGaAs window layer, which weakens the energy
of the optical image and degrades the image quality [18], [19].
As a result, the light scattering behavior in GaAs photocathode
accounts for this deterioration. Under this direction and accord-
ing to high resolution GaAs photocathode requirements, it is
important to discuss the effect of the light scattering behavior in
GaAs photocathode on resolution.
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Fig. 1. (a) Structural schematic of GaAs photocathode material. (b) Schematic
diagram of the light scattering principle from the rough surface of AlGaAs
window layer in the transmission-mode GaAs photocathode.

Therefore, in the work of this paper, due to the lack of
theoretical models for the analysis of the light scattering be-
havior in transmission-mode GaAs photocathode, an AlGaAs
window layer scattering analysis model based on scattering
surface transfer function (STF) is proposed. We simulated the
differences of STF and point spread function (PSF) for different
surface roughness at the same input light wavelength. In addi-
tion, the degradation degree of optical image caused by the light
scattering of AlGaAs window layer was analyzed by using the
peak signal-to-noise ratio (PSNR), so as to study the influence
of different surface roughness of AlGaAs window layer on the
optical image resolution of GaAs photocathode. This research
provides a possible way to improve the resolution performance
of transmission-mode GaAs photocathode.

II. MODEL AND DETAILS

Fig. 1(a) is a simple structural schematic of GaAs photo-
cathode material. GaAs photocathode material adopts multi-
layer heterogeneous epitaxial structure, which mainly includes
GaAs substrate, 50 pm -thick Aly 3Gag 7As corrosion barrier
layer, 1.5 um -thick GaAs photoemission layer, 0.5 pm -thick
Al 7Gagy 3As window layer and 0.1 pm -thick GaAs cap layer.
The aim of designing GaAs gap layer is mainly to avoid the pos-
sible chemical contamination and mechanical damage of GaAs
photocathode material. In the preparation of the transmission-
mode GaAs photocathode, a wet chemical etching method is
required to remove the GaAs cap layer to expose the AlGaAs
window layer. Therefore, the surface of the AlGaAs window
layer is inevitably rough. An optical antireflective film is man-
ufactured on the surface of the rough AlGaAs window layer
and bonded with the window glass to basically complete the
preparation of the transmission-mode GaAs photocathode. Due
to the existence of a certain surface roughness of the AlGaAs
window layer, the input light is bound to scatter on the surface
of the AlGaAs window layer, thus reducing the resolution of the
optical image, as shown in Fig. 1(b).

Assuming that the rough surface of AlGaAs window layer
is random [20], the height obeys Gaussian distribution and the
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light of incidence should be vertical, the STF is defined as [21]
_ACV(z,7) ‘

STF = exp {—(470) 5
o

1 ey

Where ACV (Z,7) is two-dimensional surface autocorrela-
tion function, o is surface height distribution variance, A is
wavelength of incident light, & equals x/A, ¢ equals y/A.

In order to comprehensively describe the rough surface of
the AlGaAs window layer and characterize the optical surface
quality in a certain spatial frequency scale range, an optical
power spectral density function (PSD) [22], [23] is determined
by

PSDy, 1,

1 2

loly
Where A(x, y) is the optical surface profile vector height
distribution, representing the undulation of the surface profile,

I, and [, stand for the autocorrelation lengths in two vertical
directions, respectively. Specially, & (x, y) is given by [24]
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Subsequently, by solving (2) for PSD (f,, f,)) and performing
inverse Fourier transformation, ACV (Z, § ) can be obtained and
it is given by [25]

acvi@m) =o* (1/ex (2 + y#)) @

More specially, substituting (4) into (1), we can establish this
model as

el (oY
STFaiGaas = exp {—(4mo) ’1 xp (Al%—'_)»l%)‘ ®

III. RESULTS AND DISCUSSIONS

A. Surface Morphology of AlGaAs Window Layer

In order to study the influence of light scattering behavior
in transmission-mode GaAs photocathode on the optical image
resolution, we simulated the surface morphology of AlGaAs
window layer under different roughness. Assuming that the
autocorrelation lengths in both x and y directions in the AlGaAs
window layer are /., the surface pattern distribution of the
AlGaAs window layer can be calculated as [26]

Z (z,y) = h(z,y) * g (z,y) (6)

Where g (x, y) denotes the Gaussian filter function and is given
by [27]

20 22 4 92
g(z,y) = Wexp <2 B Y ) (7

Assuming that [, = 3, and ¢ = 0.1 nm, 0.5 nm and 1 nm,
respectively, the surface morphologies of AlGaAs window layer
are shown in Fig. 2. Clearly, it is found that surface undulation
of AlGaAs window layer rise dramatically with increasing the
surface height standard deviation distribution o. For instance, the



GUO et al.: MODELLING THE LIGHT SCATTERING BEHAVIOR OF TRANSMISSION-MODE GaAs PHOTOCATHODE

6801005

25,
(a)w =3 (),,| ©) o
4 ol =0.1nm 18] 2
) 5 o1 ol
2 ] FWHM=0.024
0 Z
2 oo 1 ]
2 =
5 E
=01 g
4 E 0 1
—=— y-shift ;
N 0.2 —e— x-shift i
— 20§ :
20
0.3 L L . - L 25
30 20 10 o 10 20 30 20 10 3 10 2
surface length
d (e) surf g
@ g D
x10% € 20 - 001
02 =0.5nm s

vetor height distribution/nm

—eo— x-shift 20 001

-10

surface length (l)

) 10 20 30 20 -10 0 10 20

—=— y-shift
—e— x-shift

Fig. 2.

surface length

(a) ol = 0.1 nm, /. = 3, three-dimensional Gaussian rough surface; (b) o1 = 0.1 nm, /. = 3, one-dimensional Gaussian rough surface numerical

distribution; (c) o1 = 0.1 nm, /. = 3, Gaussian rough surface FWHM contour distribution; (d) 62 = 0.5 nm, /. = 3, three-dimensional Gaussian rough surface;
(e) 02 = 0.5 nm, [, = 3, one-dimensional Gaussian rough surface numerical distribution; (f) 02 = 0.5 nm, /. = 3, Gaussian rough surface FWHM contour
distribution; (g) 03 = 1 nm, /. = 3, three-dimensional Gaussian rough surface; (h) 3 = 1 nm, /. = 3, one-dimensional Gaussian rough surface numerical
distribution; (i) 3 = 1 nm, /. = 3, Gaussian rough surface FWHM contour distribution.

peak-to-valley difference of AlGaAs rough surface are 5.5 nm
and 0.35 nm for ¢ = 1 nm and 0.1 nm, respectively, i.e., it
increases by an order of magnitude. In addition, according to
the distribution of simulated Gaussian surface rough points,
the full width at half maximum (FWHM) value increased with
the increase of standard deviation value, from 0.024 nm to
0.236 nm, indicating that the surface rough point not only
increased the degree of height undulation, but also the degree
of discreteness of the rough point. From the standpoint of input
transport, When the input light passes through the rough surface
of AlGaAs window layer, the input light will deviate from the
original propagation direction, so that the input light will be
redistributed spatially, and the intensity of the input light in the
original propagation direction will be weakened. Particularly, for
a given transmission-mode GaAs photocathode, the weakening
of optical image energy leads to a reduction in imaging quality.

B. Surface Transfer Function and Point Spread Function

In a bid to research the effect of the surface height standard
deviation distribution ¢ on STF and PSF of transmission-mode
GaAs photocathodes, we give STF and PSF in the case of
A = 800 nm, via changing ¢ = 0.1 nm, 0.5 nm and 1 nm,
individually. As shown in Fig. 3, it is clear that the lower o
leads to higher STF. Moreover, the area surrounded by STF
two-dimensional curve is calculated. As o decreases, the area
(dimensionless) surrounded by STF increases from 116 to 180.

Stated another way, the lower o can give rise to the optical image
resolution. This phenomenon is attributed to the fact that the
reduction of STF means that the area or integral value enclosed
by the surface transfer function is smaller, that is, the smaller
the capacity of optical image information and the more blurred
the imaging.

The PSF of AlGaAs window layer rough surface can be
obtained by Fourier quasi-transform based on the scattering
surface transfer function, as follows:

PSF (f,. f,)
—+o00 —+o00
[ H@) e i) sy ®

By assuming ¢ = 0.1 nm, 0.5 nm and 1 nm, The PSF of
AlGaAs window layer rough surface haven been shown in Fig. 4.
As can be seen form Fig. 4, it is obvious that the central value
of PSF fall as the surface height standard deviation distribution
o is increased, which indicates that the central energy of the
input optical image decreases. In addition, in the small range
outside the center of the PSF, its value rises with the increase
of the surface height standard deviation distribution o. More
specially, the rate of decrease in the value of the PSF rises more
markedly as o = 0.1 nm. It is well illustrated by the fact that the
input image energy is shifted outward with increasing surface
height standard deviation distribution and produces a spot with
increased brightness and slightly smaller brightness range. In the
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Fig. 4. Point diffusion function of different rough surfaces: (a) 1 = 0.1 nm
(b) 02 =0.5nm (c) 63 =1 nm.

meanwhile, as the surface height standard deviation distribution
o increases, the PSF produces more fluctuations at the edges,
and thus the energy edge distribution of the input optical image
becomes more unstable as a result of higher surface height
standard deviation distribution.

Asdiscussed above, there is an obvious qualitative and quanti-
tative relationship between the STF and PSF values of the rough
surface of the AlGaAs window layer. The increase of the surface
height distribution variance of the AlGaAs window layer will
reduce the STF and the PSF, so that the input optical image

(a) STF function of o1 = 0.1 nm, [, = 3, left: three-dimensional STF,
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Fig. 5. Degradation of signal-to-noise ratio for rough surface imaging with
different standard deviation distributions: (a) original (b) ol = 0.1 nm
(¢)02=05nm(d) 63 =1 nm.

energy is reduced and the input optical energy distribution is
not centralized. Therefore, the optical image resolution of the
transmission-mode GaAs photocathode will be decreased.

C. Signal to Noise Ratio of Scattering Degraded Image

In order to analyze the influence of optical image quality of
input light scattering on the AlGaAs window layer rough surface,
the PSF with varying surface height distribution variance o are
convolved with the original image of a given standard resolution
target to simulate image degradation, as shown in Fig. 5(a)—(d).
It can be observed from Fig. 5(a)—(d) that with the increase of
surface height standard deviation distribution variance o, the
optical image quality significantly decreases.

In order to realize the quantitative analysis of the optical image
degradation degree corresponding to the scattering of different
surface height standard deviation distribution variance o on the
AlGaAs rough surface window layer, the optical image quality is
evaluated by using the parametric mean square error and para-
metric peak signal-to-noise ratio. The formulas of parametric
mean square error and parametric peak signal-to-noise ratio are
as follows [28], [29]:

)DralD Dl [f (i,5) — f (m] 2

MSER = N < L ©)
K2
PSN = 10 _—
SNRg OogloMSER
2
— 10logy N x M x K : ;
D7D Sl [f (i,5) — f(i,j)}
(10
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TABLE I
PSNR OF DEGRADED IMAGE WITH DIFFERENT INCIDENT LIGHT WAVELENGTHS
Models 0.1Inm 0.5nm Inm
PSNR 18.91 18.35 17.58

Where f{i, j) is original image, f (z,y) is degraded image,
NxM is image size, K is quantization bits of digital images.

Table I is the correspondence table between different surface
height standard deviation distribution variance o and the para-
metric peak signal-to-noise ratio after image degradation. It can
be seen from the table that the surface height standard deviation
distribution variance o increases from 0.1 nm to 1 nm, and the
parametric peak signal-to-noise ratio after image degradation
can be decreased from 18.91 to 17.98. At this point, the degree
of optical image quality degradation due to different surface
height distribution variance is different, that is, the reduction
of the surface height distribution variance helps to narrow the
gap between the degraded image quality and the original im-
age quality, thus improving the resolution of optical image. In
practical application, the surface height distribution variance o
of the AlGaAs window layer must be continuously reduced to
mitigate the degradation of optical image quality caused by the
scattering of input light on the AlGaAs window layer rough
surface, so as to obtain a high-resolution transmission-mode
GaAs photocathode.

V. CONCLUSION

In conclusion, the scattering of input light on the AlGaAs
window layer rough surface is one of the main reasons for the
degradation in the optical image resolution of a transmission-
mode GaAs photocathode. The surface height distribution o of
the AlGaAs window layer is a very critical parameter affecting
the scattering behavior of input light, thus a surface scattering
analysis model of AlGaAs window layer based on scattering
transfer function is established. The effect of surface height dis-
tribution o on the optical image resolution of transmission-mode
GaAs photocathode was discussed by calculating and comparing
STF and PSF. The simulation results show that the area enclosed
by the STF is the largest and the signal-to-noise ratio of the
image after scattering degradation is the highest when the surface
height distribution ¢ is 0.1 nm compared to 1 nm, which indicates
that the input optical image has the smallest energy loss, the
highest information capacity and the best image quality. The
results in this paper could provide some references for exploring
the improvement of high-resolution transmission-mode GaAs
photocathode.
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