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A transmission-mode GaAs photocathode includes four layers of glass, SigNy, Gaj_,AlzAs and GaAs. A gradient-

doping photocathode sample was obtained by molecular beam epitaxy and its transmittance was measured by spec-

trophotometer from 600 nm to 1100 nm. The theoretical transmittance is derived and simulated based on the matrix

formula for thin film optics. The simulation results indicate the influence of the transition layers and the three thin-film

layers except glass on the transmittance spectra. In addition, a fitting coefficient needed for error modification enters

into the fitted formula. The fitting results show that the relative error in the full spectrum reduces from 19.51% to

4.35% after the formula is modified. The coefficient and the thicknesses are gained corresponding to the minimum

relative error, meanwhile each layer and total thin-film thickness deviation in the module can be controlled within 7%.

The presence of glass layer roughness, layer interface effects and surface oxides is interpreted on the modification.
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1. Introduction

A negative electron affinity (NEA) GaAs photo-
cathode possesses high quantum efficiency, small dark
emission and flat spectrum curve. Transmission-mode
(t-mode) GaAs photocathodes are currently attract-
ing extensive attention and have been applied in many
areas such as for high performance low light level
(LLL) image intensifiers, semiconductor sensitive ele-
ments and spin-polarized electron sources.[! =5 At the
same time, because of the many scientific issues it has
involved, the GaAs photocathode has been used for
preparation technology, surface model and activation
mechanism research during the last few decades.[6—8!
However, there are few reports concerning the optical
properties of the photocathode, such as reflectance,
transmittance and absorptivity. However, the opti-
cal properties spectra contain abundant information
relevant to the optical performance of each layer’s
material.l%!

We concentrate on the optical properties of sim-
ply configured semiconductor, where the mathemat-
ical model is built as a single-layer structure.[!0—12

One advantage of the model is the feature of a short
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cut calculation in the context of just one film sys-
tem. However, the GaAs photocathode mentioned
in this paper is composed of several layers, each of
which should not be ignored. The transmittance of
the four-layer photocathode has been calculated and
simulated by means of thin film optics. Error modifi-
cation is introduced into the theoretical transmittance
calculation. Compared with the experimental curve,
the modification coefficient and the thickness of each
layer in the photocathode are fitted corresponding to
the minimum relative error. Mechanism analysis is
also made.

2. Experiment

A t-mode GaAs photocathode sample was ob-
tained with a gradient-doping structure by molecu-
lar beam epitaxy (MBE), which provides precise con-
trol of the epilayer thickness and doping concentra-
tion level. After a series of processes, the photocath-
ode module, as shown in Fig. 1, was formed. The
GaAs active layer contained several sublayers of dif-
They
were regarded as the whole layer with the thickness

ferent thicknesses and doping concentrations.
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of 1600 nm since their concentrations only changed a
little.

The active layer was divided into four sections
with the Be-doping concentration ranging from 1 x
10'® cm™3 to 2 x 10" cm™3.
centration of the window layer was also designed as
2 x 10" em™3. During the entire growth procedure,
the growth rates of GaAs and Ga;_,Al,As were both
about 1000 nm/h and the crystalline quality of the epi-

The Be-doping con-

layer was monitored during growth via reflection high-
energy electron diffraction in situ. All growth pro-
cesses were conducted in an ultrahigh vacuum (UHV)
chamber at a base pressure of 4 x 10710 Pa at 620 °C.
After the growth, the superficial GaAs cap layer was
first removed with a proper selective etch. After the
coating layer was applied to the surface of window
layer, glass was thermocompression bonded to the full
wafer structure. Following that, the substrate and the
stop layer were selectively etched away to expose the
active layer to perform the activation. Thus, the sam-

ple was made into a four-layer photocathode module.

glass layer 5 mm

SigN4 antireflection layer 100 nm

CGag.5Alg.5As window layer 1000 nm, 2 x 10'° ¢cm—3

GaAs active layer 100 nm, 2.0x10 cm~—3

GaAs active layer 300 nm, 5.0x10'8 cm™—3

GaAs active layer 500 nm, 2.5x10'® cm™3

GaAs active layer 700 nm, 1.0 x 10'® cm—3

Fig. 1. The structure of the transmission-mode GaAs

photocathode sample doped with gradient.

An UV-VIS-NIR spectrophotometer was used to
measure the transmittance of the sample. The equip-
ment had three detectors, which are photomultiplier
operated under the visible and ultraviolet range, In-
GaAs and PbS detectors are used for the near in-
frared region. Using the double-optical-path method,
the transmittance spectrum was obtained in the range
from 600 nm to 1100 nm. The reference beam prop-
agated in one optical path with a placement of the
same glass as designed in the sample. The other path

was designed as a measurement beam with the sample.

In the measuring procedure, incident photons entered
into the GaAs layer at normal incidence and passed
through the following layers. Hence, the measured
data was a comprehensive transmittance of the three
thin layers in the full spectrum while the glass served

as an exit medium.

3. Results and discussion

3.1. Simulation results

The t-mode GaAs photocathode can be simply
seen as a four-layer film structure combined with
glass/SigNy/Gaj_, Al As/GaAs. The spectral trans-
mittance of the photocathode, which is a function of
the wavelength, the refractive index, extinction coef-
ficient and thickness of each layer’s material, can be
derived using the matrix formula in thin film optics.!*!

Suppose that Y is the characteristic matrix of
these thin films and their substrate in a multilayer

structure, then

B
Y =
C
ﬁ cosd; isind;/n; 1 1)
j=1 | imjsind;  cosd; 7y ’
where §; is the phase difference and equal to

(2mn;d; cos6;/A),
layer’ material and equal to (n; —ik;), d; is the cor-

7n; is the optical constant of j-th

responding thickness and §; represents the refraction
angle, determined by the refraction law. The symbols
n; and k; are respectively the refractive index and ex-
tinction coefficient of the material, which are all func-
tions of incident photon wavelength. The notation 7,
Thus, the
theoretical transmittance of the multilayer structure

is the optical constant of the substrate.

yields

4107,
(0B +C) - (noB + C)*’ @)

When the transmittance of the photocathode is

Tine(nj,dj; ) =

calculated, the multilayer structure can be considered
as three thin layers that are deposited on glass. There-
fore, three characteristic matrixes respectively repre-
sent the SizN, antireflection layer, the Ga;_,Al,As
window layer and the GaAs active layer. The fairly
thick glass layer needs to be seen as an incident or exit
medium of the three-layer thin film depending on the

measurement method.
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In order to reflect the integrated effect of the op-
tical properties in the selected wavelength range, the
integral values of the spectral transmittance is calcu-
lated by making use of the discrete-wavelength inte-
gral. The calculation formula of integrated transmit-

tance Tt is given by

A2

Ty — ﬁ . / Toe(nydyiA) AN, (3)
2 1 I

where \; and Ao are started and stopped wavelengths

in the researched waveband.

Using Eqgs. (1) and (2), transmittance curves are
simulated by changing the thickness and number of
the module’s layers. All of the simulations are op-
erated under normal incidence. The refractive index
of SigNy is fixed at 2.06 and because SizN, is not an
absorptive medium, the extinction coefficient is set at
zero and the thickness is designed to be 100 nm.

The optical constants of Ga;_,Al,As are related
to the Al mole component, which is selected as 0.5
in this paper. As shown in Fig. 2, the refractive in-
dex and extinction coefficient of Gaj_,Al, As are func-
tions of incident photon wavelength and provided by
the preparative database of optical constants. The
database has been built with the aid of interpola-
tion of the discrete points.*4 The values of 2=0.5 are
calculated by interpolating between those of x=0.491
and x=0.590. The absent data out of 827 nm are in-
terpolated using those between 725 nm and 827 nm.
The initial thickness of the window layer is set to be
1000 nm.

As to the active layer, GaAs corresponds to the
value of z in Gaj;_,Al,As as zero and its optical con-
stants are also provided by the database mentioned

above. At present the influence of doping is not taken

100
(a)
80+
.......................... To = 90 nm
= —— T, = 100 nm
g 60t
ﬁ .......... Ty = 110 nm
=
g 40}
=]
g
=
20}
0 , , .
600 700 800 900 1000 1100

Wavelength /nm

into account in the database. The active layer should
be thick enough to absorb photons, meanwhile be thin
enough to emit electrons.*® Thus, the initial thickness
is 1600 nm.

6

refractive index

Optical constants

200 300 400 500 600 700 800 900
Wavelength/nm

Fig. 2. The refractive index and extinction coefficient of

Gaj_zAlz As material for different Al mole components

. [14]

During the simulation, the thickness of each layer
The

transition layer between Gaj_,Al,As and GaAs is ne-

varies and other parameters remain the same.

glected for the first run. Then, one transition layer
with a thickness of 100 nm is put in the comput-
ing model, while the thicknesses of both the adja-
cent layers are cut down by 50 nm separately. Sim-
ilarly, two transition layers that are 200 nm in total
are calculated again with Egs. (1) and (2), and the
Gag.5Alg 5As and GaAs layers are changed to 900 nm
and 1500 nm, respectively. The results are shown in
Fig. 3 and Table 1.

100
(b)
801
N w0 =900 nm
B — T% = 1000 nm
g 60r A
8 - Tw = 1100 nm
h=1
g
S 40t
g
H
20+
0 L . .
600 700 800 900 1000 1100

Wavelength /nm
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Fig. 3. Theoretical transmittance curves for a transmission-mode GaAs photocathode with different layers: (a) varied
thickness of the SigNy layer, (b) varied thickness of the Gag.5Alg.5As layer, (c) varied thickness of the GaAs layer, and
(d) varied transition layers (t-layers) with the thickness of 0, 100 and 200 nm in total separately.

The simulation results indicate that increasing thickness of the SigNy layer and the extra transition layers
would lead to higher integrated transmittance. So the SizN,4 layer should be thin enough, the transition layers
should be few enough and the other two layers should be relatively thick in order to obtain low transmittance,
which benefits good photoemission. Yet the Gag sAly5As and GaAs layers cannot be too thick for effective

emission.['% In addition, the deviating manner can be estimated by comparing the experimental curves with

theoretical ones in reference with the results listed in Table 1.

Table 1. Relation between the structural parameters and transmittance of the transmission-mode GaAs photocathode.

short waveband

long waveband

thin film layer  various manner

position of humps

integrated transmittance

transmittance values amplitude
and hollows

increasing

SizNyg . no change no change smaller higher
thickness
increasing

Gag.5Alg.5As . no change blue shift irregular lower
thickness
increasing

GaAs . smaller blue shift irregular lower
thickness
increasing

transition bigger no change irregular higher

layers

3.2. Fitting results

Due to the inaccuracy of the thin film preparation
process, the actual thicknesses of these layers in the
sample would deviate from the design ones. As stated
above, the spectral transmittance of the photocath-
ode is a function of incident photon wavelength, the
refractive index, extinction coefficient and the thick-
ness of the individual layer, which are known except
for the practical thickness. After setting specific initial
values, we can fit each thickness in the sample in ac-

cordance with the experimental transmittance curve.

Thus, the fitted thickness values and the deviations
from the initial ones could be obtained.

When the curve fitting is carried out using the
least squares method,['”] the relative error in measur-

ing range is selected as controlled criterion given by

_ Tthe(njv dj; A) — TeXp()‘)

A
Tine(n5,dj; )

100%,  (4)

where Texp(A) is the experimental transmittance data
The fitting

thickness of each layer can be obtained by minimizing

measured by the spectrophotometer.

the quadratic sum of the residual errors in Eq. (4).
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The initial values are shown in Fig. 1 and the
theoretical transmittance of the sample is achieved by
calculating Eq. (2). Figure 4 also shows the theoreti-
cal curve. Obviously, there are big deviations of peak
location and amplitude between the experimental and
theoretical curves. Shown in Table 2, the relative devi-
ation is up to 19.51% calculated by Eq. (4). Based on
Table 1, the Gag5Alg5As and GaAs layers are likely
thinner than the designed values in the paper.

A software program is designed for fitting each
thickness of the GaAs photocathode automatically.
The line of fitting I in Fig. 4 shows the first fitting
results with the aid of the program. The fitting thick-
nesses are 83.4, 1008.7, and 1487.2 nm respectively
for the SigNy, GagsAlg5As and GaAs layers. Mean-
while, the relative error reduced to 13.09%. However,
the fitting method by means of the thickness variation
just makes the humps and hollows sites consistent in
the experimental and theoretical curves. As a result
of the invalid thickness variation for the curve ampli-

tudes, the method does not improve the fitting results

further. Gradually to reach the lowest error, other
factors need be considered for the adjustment of the
amplitudes.
100 T T T
-- experimental curve
- theoretical curve a
B0 oo fitting T
e — fitting II
~
S 60f
o]
pe
2
g 40}
2
H
20 ¢
0 s L s
600 700 800 900 1000 1100
Wavelength /nm

Fig. 4. The experimental and computed transmittance
curves for the transmission-mode GaAs photocathode
sample doped with gradient. The large error between
800 nm and 900 nm is derived from replacing light source

of the spectrophotometer in the experiment.

Table 2. The fitting thicknesses and relative errors of the transmission-mode GaAs photocathode sample

doped with gradient.

thickness of thickness of thickness of total
curve At (A ) . curve error® /%
SizNy4/nm Gag.5Alp.5As/nm GaAs/nm thickness/nm
theoretical curve 1 100.0 1000.0 1600.0 2700.0 19.51
fitting I 1 83.4 1008.7 1487.2 2579.3 13.09
fitting IT 0.88 99.5 1001.0 1500.5 2601.0 4.35
thickness error?) /% / 0.50 0.10 6.22 3.67 /

a) The relative error between the experimental and theoretical transmittance curves.

b) The relative error between the designed and fitted thicknesses with modification.

According to the first fitting results, major am-
plitude errors are observed between the experimental
curve and the fitting I curve in Fig. 4, and the ex-
perimental data are evidently less than the calculated
ones in the full spectrum. The cause of deviation can
be figured out between the experimental and the the-
oretical models. The calculation formula should be
consistent with the experimental situation as far as
possible. Inevitably, experimental instruments, exter-
nal environments and testing technology can affect the
measured results. For accuracy of fitting results, the
theoretical transmittance needs to be modified by ap-

propriate function. The modificatory formula is given

by

Tmod (77]'7 dj; A) = AT()‘) : Tthe(njz dj; )‘)7 (5)

where Ar(A) is the dimensionless modificatory coeffi-
cient, which can be a constant or a function of wave-
length. Based on the overall effect, the simplest sit-
uation is considered that Ar(A) is a constant lying
between 0 and 1.

Fitting calculation is again made by using Eqs. (2)
and (5), while Ap(\) is also fitted and equal to 0.88.
The resulting curve is shown as the line of fitting II in
Fig. 4, and the fitting thicknesses are listed in Table 2.
Seen from the fitting curves, a significant consistency
in phase and amplitude between experimental curve
and fitting II curve can be found. The relative error
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has dropped to 4.35%. In addition, the deviations of
thicknesses from the designed values are smaller than
those of the first fitting. The relative errors of the
thicknesses are also calculated in the last row of Ta-
ble 2. It demonstrates that the relative deviations of
each layer and the overall thin-film thicknesses in the
module are all controlled within 7%. The fitting re-
sults indicate that the SigNy and Gags5Alg 5As layers
scarcely change in the experiment, and the GaAs layer
attenuates the thickness due to etching.

3.3. Mechanism analysis

A comparison of the experimental transmittance
with the theoretical value demonstrates that the data
analysis has to be performed by taking the module
structure into account. In the analysis of film param-
eters, there are three main factors ought to be consid-
ered including glass surface roughness, a non abrupt
substrate-film interface and the presence of surface
contaminants such as oxides.['® These factors are all
irrelevant to wavelength, which causes the experimen-
tal transmittance to decline in the whole waveband.
Thus a constant coefficient should be chosen to mod-
ify the theoretical formula, as shown in Eq. (5).

According to the fabrication technology of the
photocathode sample and test method of the trans-
mittance, the effect from the glass layer is evident,
but was not considered in the theoretical calculation.
In a realistic model, the photocathode deposits on the
The reflection of the glass and the
glass—SizN, interface needs careful consideration. The

glass substrate.

simulation is shown in Fig. 5, where the reflectance
and transmittance spectra of glass in the sample can
be calculated. Both the spectra are anomalous lines
and mutually complementary due to the absence ab-
sorption.

The integral average should be used to indicate
the results. The integral transmittance is obtained
from Eq. (3) for single layer, and the integral re-
flectance is equal to (1 — T¢). Suppose that the thick-
ness of the glass layer is 5 mm and the refractive index
is 1.49. The integral results are obtained as 93.73% for
transmittance and 6.27% for reflectance in the range
from 600 nm to 1100 nm. So the constant coefficient
of glass’ influence can approximately be 0.94, which is
recorded as A;.

In addition, the photocathode sample consists
of four layers. So, the interfacial effect exists be-

tween the different layers, such as the adjacent layers

of glass—SizgNy, SigNy-Gag 5Alg5As and Gag 5 Alg 5As-
GaAs.[1929 Due to the discrepancy of material per-
formance, inter-diffusion of different kinds of parti-
cles has been observed. Specifically, a similar in-
terface makes Al-ion diffuse gradually between the
Gag5Alg5As and GaAs layers. It should be taken
into account that in one or more Gaj_,Al,As subdi-
vision layers x value changes with thickness, varying
between 0 and 0.5. Thus some new interfaces form in
the module. When incident photons reach these inter-
faces, complex process of reflection and transmission
would take place. The global transmittance will be
changed according to A, in proportion. The number
of electrons, which are generated in the Ga;_,Al,As
layer and flow into the GaAs layer, is formulated by
integrating the local electron concentrations through-
out the GaAs layer. An explicit representation of the
detailed process of logic reasoning and numerical cal-

culating is shown in Ref. [21].

80
X
W
9 —e— reflectance
£ 60f .
g — transmittance
o
o
a
£ aof
=
2
®}
20 1

600 700 800 900 1000 1100
Wavelength /nm

Fig. 5. The reflectance and transmittance curves of the
glass layer in the transmission-mode GaAs photocathode
sample.

The experimental transmittance is also measured
after a series of process flows, among which the influ-
ence outside is inescapable. Obviously, the outermost
layer (the active layer of GaAs) is oxidized easily by
ambient air. So the alteration of the thickness and
component produces an effect on the transmittance
curve. Let the ratio of the change be registered as As.

Based on an overall consideration of various fac-
tors, the experimental values are less likely than the
computational ones. It is reasonable that the trans-

mittance multiplies a fitted coefficient for error com-
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pensation. The modificatory coefficient should be cal-
culated with the following expression

Ap(\) = A; - Ay - As. (6)

In this way, more accurate thicknesses can be ob-
tained after the modificatory process. The fitting re-
sults listed in Table 2 indicate this.

4. Conclusions

A t-mode GaAs photocathode has been prepared
with gradient-doping by means of MBE, and the trans-
mittance curve of the sample was measured in the
spectral range from 600 nm to 1100 nm with a spec-
trophotometer. The theoretical transmittance was
calculated and simulated based on the matrix formula
in thin film optics. The simulation results demon-
strate that fewer transition layers, a thinner SigNy
layer and higher thicknesses of the Gag Al 5As and
GaAs layers should obtain low transmittance, which
favours photoemission for GaAs photocathodes. In
addition, the experimental and computational curves

are fitted with primitive and modificatory formulas,

respectively. The result indicates that a reduction in
the transmittance relative error emerges from 19.51%
to 4.35% after modifying. The thicknesses of the
SisNy, Gag sAlg5As and GaAs layers are obtained re-
spectively as 99.5, 1001.0, and 1500.5 nm, meanwhile
the deviations between the designed and fitted thick-
nesses are controlled below 7%. The result demon-
strates that the presence of glass layer roughness, in-
terface effects of layers and surface oxides claim a mod-
ificatory term to draw in calculation for error compen-
sation. The term can be a constant or function needed
fitting as in different cases. The results and methods
in this paper are significant for the constructional de-
sign and spectral fitting of t-mode GaAs photocath-

odes.
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