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Expansion of The Design Guidance of Screw Structure in High-Pressure Plant Facilities

Mitsuo  Kobayashi,
Department of Mechanical Systems Engineering, Kogakuin University
Michihiko Tanaka,
Department of Mechanical Systems Engmeermg, Shinsyu University

Minoru

Tanaka,

Department of Technical Education, Iwate University

ABSTRACT : One of the design methods for closing the end of a pressure cylinder is to screw down a screw plug
on the threaded end of the cylinder. In this case, these is the problem of stress concentration in the threaded end
of the pressure cylinder. To solve the problem, it is necessary to know accurately the load distribution on the
threaded end of the cylinder. To find the load distribution on the threaded end of the pressure cylinder engaged
with the screw plug, the following experiments are carried out. Applying the tensile load between the plug and
the pressure cylinder and regarding the situation above as equivalent to the situation in which the internal
pressure is applied, the load distribution is measured with the strain gauge. The influence of material of engaged
thread on the load distribution on the threaded end of pressure cylinder is presented and an expansion of design

manual is discussed.

Key words: High-pressure Equipment, Screw Structure, Pressure Cylinder, Threaded End, Load Distribution,

Materials of Screw Part
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Fig.1 An example and experimental model
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Fig.2 Structural model for threaded end of cylinder
Table 1. Measured dimensions of the screw thread
Experimental Value
Measured dimensions Int. Ext.
thread(steel) thread(brass)
Depth of thread D(mm) 0.21 1.38
Depth of fundamental triangle of thread B(mm) 1.83 1.73
Semi-angle of thread B(deg) 0.524 0.524
Mean diameter of thread D(mm) 89.08 88.15
Diameter of hole in external thread Do(mm) 27.0
Equivalent outside diameter of internal thread Ds(mm) 102.0
Mean cross-sectional area of thread A(mm?) 6232.33 6102.18
Cross-sectional area of external thread respectively — Ai(mm?) 5529.63
Cross-sectional area of internal thread respectively — A2(mm?) 1938.95
Length of thread in engagement L(mm) 53.0 53.0
Number of thread in engagement N 26.0 26.0
Distance along thread helix S1(mm) 7976.37 7200.0
Coefficient of friction M 0.2 0.2
Friction angle ®(deg) 0.197 0.197
Young’s modulus E(GPa) 206.4 206.4
Poisson’s ratio N 0.28 0.33
Pitch A(mm) 2 2

HdE (2 3)
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Fig.3 Strain gauge and its position in threaded end of
pressure cylinder
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Table 2. Calculated value of various factors on load

distribution
Measured Experimental Value
dimensions Int. Int.
thread(steel) | thread(steel)
hl 0.63
h2 0.04
B1 11.24 11.24
B2 10.68 10.16
B3 6.98 6.98
T 1.20 1.20
C 1.11 1.80
f1 0.23
f2 —0.01
m 0.3 0.3
k1 3.36
k2 32.51
h1+h2+f1+f2+k1+k2 36.76
a 3.70x104
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Fig.4 Distribution of axial strain along the length of a
threaded end of pressure cylinder
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Fig.5 Distribution of axial strain along the length of a
threaded end of pressure cylinder
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Development of high-speed AFM for single molecule imaging of EGF Receptors
— Performance enhancement of stage positioning control of AFM —

Takashi Nakakuki, Department of Mechanical Systems Engineering, Kogakuin University

Yuko Saeki, Research Center for Allergy and Immunology, RIKEN

ABSTRACT : This paper propose a robust nonlinear controller for a stage control of a
vertical scanner in atomic force microscope to improve a settling time compared to a
conventional PI controller, which results in a large increase in speed of scanning on a
sample surface. The physical model of the whole measurement system with respect to a
vertical stage control is mainly described by two linear subsystems and a nonlinear and
nonsmooth subsystem with an unmatched disturbance generated from a change of shape
in a sample surface. First, we propose an approximation model in which the nonsmooth
one that is generated by repetitive collisions between cantilever and sample surface is
virtually converted into an additional nonsmooth disturbance. Then, the control problem
is to design a feedback controller to compensate the two unmatched disturbances as fast
as possible. With the object of a specification of a general AFM product, we assume that
only output signal is available. Then, a controller including both a softened switching
action and a PID compensator is introduced. A series of simulation results show our
superiority in fast response compared to a PI controller and a sliding mode servo.

four-segment
grvvavemyavayyas SHROGIOGE . .
: . photodiode mirror taser diode

i

1. Introduction
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Atomic force microscope (AFM) is a scanning probe comvener

microscope and visualizes a three dimensional shape
of sample by tracing the surface with a tiny tip of

probe called cantilever. The remarkable features of

By NER
controdler

measurement by AFM are that the maximum spatial

L o . . {70 actuator
resolution is about one angstrom and it is possible to processing piezo actuator

measure a sample in liquid that enables us to observe Fig.1 System configuration of tapping modse.
a biological sample under near physiological condition.
The latter feature is quite unique as a scanning probe microscope with a nano-order resolution in liquid.

microscope that we have no other choices for a
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Therefore, AFM is expected as a useful tool to observe
detailed structures on a biological sample such as a
molecule on cell membrane in the field of life science
[1]. In fact, many results with AFM are available in
which it plays an important role in their verification
experiments [1,2].

AFM

measurement that the temporal resolution is as low

However, there 1is a drawback in
as minute-order to obtain a scanning image on an
The

measurement of living biological sample. For example,

area of interest. drawback inhibits a
a diffusion speed of molecules on cell membrane such
as epidermal growth factor (EGF) receptors is about
2x10°14 m2/sec, which is enough large to walk around
a scanning area in a measurement [3], as a result,
AFM cannot capture the snap shot of a living
molecule. The reason for such a slow scanning is
originated from the fact that the principle of
measurement is based on direct contact between
probe and sample surface. AFM has mainly two
operating modes for measurement of a surface shape.
One is called a contact mode since a cantilever traces
a sample surface in maintaining contact, which is
applicable for a sample that is harder than cantilever
such as metal or a cantilever would seriously hurt the
surface shape due to the scrabbly scanning, followed
by an inaccurate image. Therefore, the mode is not
adequate for a soft or fragile sample such as
biological one whereas the scan speed can be
increased up to an upper limitation established by
resonance frequency of cantilever.

On the other hand, the other one, which is our
interest in this study and therefore explained in the
following section, is called a tapping mode and can be
applicable for a biological sample. An upper
limitation of the temporal resolution is determined by
resonance frequency of cantilever and settling time of
stage control. Regarding the former, by developing a
cantilever with a higher resonance frequency the
temporal resolution can be improved although it is
The latter can be

shortened by a better controller design where the

still a challenging work [4].

stage control system is composed of a horizontal
scanner on x-y plane and a vertical scanner on z-axis
(Fig.1). Since the control of a horizontal scanner is
performed in just an open loop system, the main
interest of controller design has been devoted to a
vertical scanner [5-9]. For example, Shiraishi et al
proposed a surface topography observer to obtain a
better image of sample surface in a fast scanning in

which they approximate the nonsmooth physical

AR 7 r Y =7 MR#REH (H2 3)

model by a linear model and find the model
parameters by frequency analysis [8]. In a famous
project by Ando et al for a development of a fast
scanning AFM, a PID-based controller has been
proposed [4]. Although these studies show a better
performance than a conventional PI controller, other
approaches including nonlinear controllers should be
explored since the control system has not only a
nonsmooth property by repetitive collisions between
cantilever and sample surface but also an unmatched
disturbance generated from a change of surface
shape.

In this study, a robust nonlinear controller is
designed for a vertical scanner on z-axis to improve
the performance of a conventional PI controller.
There are two main results regarding model
approximation and smoothed switching controller.
First, we propose a method for model approximation
in which a highly nonlinear and nonsmooth motion of
equation of the measurement system on z-axis is
approximated by linear system with virtually
introduced nonsmooth disturbance.

Second, a switching controller is designed to
attenuate unmatched and nonsmooth disturbances.
Unlike a typical stage control problem, the control
input signal is employed to create a three
dimensional image of sample surface, which means
that even if the controlled performance is satisfactory
a hard

switching action in a sliding mode controller critically

enough with respect to position error,

ruins the resulting image. Then, we introduce a
continuous approximation of discontinuous control
law proposed in [10]. The simulation results show
that our modeling and the subsequent robust
nonlinear controller design including continuous
approximation improve the controlled performance

compared with a PI controller.

2. Modeling of dynamics of AFM in tapping mode

2. 1 Principle of operation of tapping mode

This section outlines the principle of operation of tapping
mode (Fig.1) although many references describing it in detail
[1,7,8,12,13]. As is

terminology of tapping, a cantilever is forcibly excited by

are available expected from the
piezo oscillator at around the resonance frequency that is
determined by specification of cantilever (length, width,
thickness, etc) and measurement environment (in liquid or the
atmosphere). For example, a resonance frequency of a
commonly-used cantilever is about hundreds of kilohertz in

the atmosphere or at most about ten kilohertz in liquid. The
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scan of sample surface is accomplished by using this
vibrating cantilever. First, the root-mean-square (RMS) value
of an amplitude of an oscillating cantilever in the situation of
moderately tapping at a starting point of surface is calculated,
which is employed as a reference value of stage feedback
control. Then, the scan on x-y plane is performed tapping the
surface (Fig.2, upper panel) where a resolution on y-axis is
determined by a presetting shift amount of scanning
cantilever between scan lines and a resolution of x-axis is
determined by both a presetting pixel count and a time
frequency of a RMS signal that is established by tapping
frequency, a performance of a RMS-DC converter and a
settling time of stage control. The RMS value changes up and
down depending on a surface shape and decreases and
increases at a convex and a concave points from the reference
value in scanning, respectively (Fig.2, lower panel). Suppose
that a RMS value is shifted to a lower value at a convex point.
The shift can be compensated by lowering the stage, and
therefore the height of convex point, d, is obtained from the
travel distance of stage for the compensation. The three
dimensional surface shape can be constructed by collecting
such a height information for each of coordinate points. It
should be noted that the scan on x-y plane must be performed
as slowly as the speed satisfying a setting time of stage
feedback control with respect to z-axis in order to obtain the
accurate surface shape. As a result, the scan speed on x-y
plane, which determines the measurement time of objective,
is virtually limited by the performance of a vertical stage
control on z-axis. In what follows, we focus on the equation
of motion with respect to only z-axis since shortening of
measurement time for the whole scanning area results in
shortening of setting time of stage feedback control for each
point, which enables us to exclude motion of equation on x-y

plane.
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Fig.3 Physical model of tapping mode.
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Fig.4 Atomic force between cantilever
and sample surface.

2. 2 Physical Model

A mechanical model for tapping mode is illustrated
in Fig.3 where the dynamics of piezo oscillator and
elastic deformation of a sample by tapping on stage
are ignored for the sake of simplicity [13]. Since only
the motion in z-axis is considered here and an explicit
modeling of scanning on x-y plane is excluded in this
problem setting, we assume that a height of sample
changes over time, d(¢), which is a disturbance to be
compensated by feedback control.

An oscillating motion of piezo oscillator, x,.(?),
excites that of cantilever, x.(7), via second-order
mass-spring-damper system (m., k. and ¢/, which is
described by the following motion of equation.

2
m, dtx; +c, az;" + kc(xr - xl,v) =—f.(z(0) (60
where f, © R—>R denotes an atomic force between

cantilever and sample surface, and is a function of
the distance z(7) between them as follows (Fig.4):
12 6
o o
f(.(z)=4£-(127—6—7) @)
b4 b4
where ¢ and ¢ are positive constants [8,12,13]. Setting
Xo as an absolute position of center of oscillation for

x:(f) and x,(f) as a position of piezo actuator (See Fig.3),
z(?) is calculated by

23
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2(8) = x, + x,(£) = (d(t) + x,(1)) 3
The piezo actuator is modeled by second-order
mass-spring-damper system (m,, k; and ¢;) as follows
and the control input u(f) is designed to compensate

the effect of disturbance d(7).
2

W, (4)
x(D=G, (Hu(s)=———"—uls
() = G (9 (5) s+ 28w s+ o] ()
where o, and { are a resonance angular frequency

and a damping ratio for the piezo actuator,
respectively. Since the tapping mode operates under a
condition when there exists a time sequence {4}
(i=1,2,...) such that
z(t,) =0, Vi

the nonlinear system (1) is discontinuous and the
dynamics becomes highly complicated by repetitive
collisions of cantilever to sample surface (Fig.2).

Define a RMS error of oscillating motion x.(f) at a
time ¢ by e(¢) and consider a mapping from x.(f) to e(?).
Since e(¢) is conventionally calculated with RMS-DC
converter of which dynamics is approximated by
first-order linear system due to the characteristics of
the electric circuit, we have

e(s) = Gy (), () = ‘+ ) ®)

rms’

where T, is a time constant. For the end of this
subsection, the block diagram is depicted in Fig.5.

2. 3 Problem Statement

As described in Section 2.1, the stage feedback
control is accomplished to compensate an RMS error
e(?) that is a gap between the reference RMS value

established before scanning and a present RMS value

o
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in scanning. The system has a discontinuous property
due to repetitive collisions of cantilever to sample
surface. It is well known that a switching controller
including sliding mode control is applicable for some
nonsmooth systems. However, it should be noted that
since the three dimensional image of sample surface
is pictured in terms of control input uy(f), a smooth
control input signal is critically required, otherwise a
resulting picture becomes useless even if u(f) realizes
a very short settling time in stage control. Taken
together, the problem statement is summarized as
follows.

Problem statement:

For the system (1)-(5), design a continuous control
law uy(¢) to compensate the effect of disturbance d(7)
on the RMS error e(f) where only RMS error e(?) is
available because of a hardware specification of a
general AFM product.

3. Approximation of physical model

Since the systems (4) and (5) are linear, we focus on
the discontinuous system (1)-(3). The reference [8]
has proposed a linearization of Eq. (2) by introducing
"negative" spring constant in which the forces in an
attractive and an repulsive areas are approximated
by spring forces with a positive and a negative spring
constants, respectively. However, this modeling leads
switched

repulsive regions, which induces a new discontinuity

to a system between attractive and
and in addition their spring constants should be
estimated that is technically difficult. In what follows,

we propose a new method for approximation.

Fig.2 illustrates the effect of d(r) on an amplitude of
xc(f) where amplitudes during periods of < ¢’ and ¢ >
t” are denoted by 4, and A.” , respectively. It is
obvious that an amount of change of amplitude is
equivalent to that of d(¢) and instantly appears within
a cycle of oscillation. Then, the change is measured as
a level shift of RMS signal via RMS-DC converter.
Although smoothness of RMS signal (or a property of
low pass filter) depends on a time constant Ty,
nonsmooth noise by repetitive collisions considerably
appears on the RMS signal. Then, the characteristics
of system (1) is approximately converted into a unity
gain G¢(s)=1 with nonsmooth disturbance d.(¢), that is
G.(s)+d.(¢). Fig.6 shows the block diagram of proposed
model, and the following control design devotes a
attenuation of d.(f) in addition to d().

Remark:
The nonsmooth noise can be attenuated with a larger



T.ms. However, such a selection limits the readiness of
controller due to a larger time delay. In fact, one of
the main approaches for fast scanning in AFM is to
reduce the time delay caused in the RMS-DC
converter, and a research has proposed a
breakthrough converter that can detect an amount of
change of amplitude within a cycle of oscillation [4].
Then, the nonsmoothness of system (1) critically

appears more in a RMS signal.

4 . Controller design

First, we construct a LgV structure-based
switching controller according to [10,11].

u, = ay(e) - k-sgn(y(e.e)) (6)
where ay is a stabilizing controller for the nominal
system without d(¢) and d.(¢) and a PID controller is
employed.

ay(e) =Kpe(t) + K, [ e()dt + K (1) (M

where Kp, K; and Kp are positive PID parameters. k is
a positive constant and y is defined by

y(e.e)=ae+a.e, a >0, a,>0 (8)
Since the controller (6) has a hard switching action,
then we adopt the continuous approximation of (6)
according to [10] and obtain the following continuous
controller with a softened switching action.

u, = Otﬂ((f) +0 (9)
O=-y- ayly|(6+ ksgn(y))

5. Simulation

5. 1 Parameter identification

The approximate model has three model
parameters that are o, and ¢ in Eq. (4) and Ty, in Eq.
(5). Since it is known that a typical resonance
frequency of piezo actuator, F, is about 1x103 Hz, we
estimate w=27F=6.28x10% rad/s. The remaining
unknown parameters are determined by parameter
identification with experimental data. A commercially
available AFM (Veeco Instruments Inc., Nanoscope
IIla) is employed (Fig.7, left panel) and a time-series
control signal u,(¢) as an input and a RMS error e(¢) as
an output in measuring a standard metal sample
(pitch: 10 pm, depth: 200 nm, also see Fig.7, right
panel) in liquid are collected (Fig.7, lower panel).
Since the model describes the dynamics regarding
z-axis whereas the experimental data is a surface
shape that is a spatial information, a preprocessing
that converts pictures into time-series data by

considering scan speed on x-y plane is accomplished.
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Fig.9 Comparison between simulation with identified
parameters and experimental data.

In addition, noise reduction of the data is performed

in which 60 lines in the domain bounded by a dashed
25
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line in left panels of Fig.8 are averaged. Right panels
of Fig.8 show a pair of the averaged time-series data
of uy(?) and e(?). Time-series data of d(7) is artificially
generated in a similar manner where we assume that
the surface shape of the measured metal sample is
the same with the data sheet. Since there are only
two parameters to be identified, we manually
estimate their parameter values through a trial and
error process, followed by (¢=0.0637 and 7=0.01

(Fig.9).

5. 2 Results

It is often the case that a PI controller is
implemented in a commercially available AFM. After
some initial settings for measurement, a user
manually sets a PI parameter checking the response
of stage controller on PC. In a case that a response
curve with a PI parameter seems to be unsatisfactory
of PI

parameter and/or decrease of scanning speed should

for an accurate imaging, readjustment
be required in addition to readjustment of other
parameters such as tapping force. Fig.10a shows a
successful result of a PI controller in measuring the
metallic sample with a typical scan speed (60 um/sec)
where the upper and the lower panels denote the
RMS error e(r) and the control input uy(¢), respectively.
However, in a case of a ten-fold improvement in scan
unfortunately the best PI

parameter cannot track the sample surface, followed

speed (600 um/sec),

by an inaccurate three dimensional image (Fig.10b).
Then, we apply a typical sliding mode servo. If a
response of actuator is fast enough (x; is almost the
same with uy), the sliding mode controller successfully
compensates the effect of disturbance. However, it is
not the case. In fact, the time constant of actuator
dynamics is considerably large (about 3 msec) and
even worse the actuator dynamics is very oscillatory
with the damping ratio { = 0.0637, As is well known,
since a typical sliding mode controller is effective for
a matched disturbance, for this case with an
unmatched one the performance does not meet the
required specification (figure not shown).

Finally, Fig.11 indicates a result of the proposed
controller, indicating that (i) a hard switching action
in u, is greatly reduced and (ii) the accuracy of
measurement 1s reasonably improved with our
controller in the fast scan (Also see Fig.12 for the
corresponding 3D images). Since it might be difficult
to ideally compensate the actuator dynamics, which is
an oscillatory response with a large time constant,

without state feedback, both a conventional PI and a
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proposed controllers show an oscillatory response
after a transient response. Thus, a further challenge

for more improvement should be addressed.

6. Conclusions

In this paper, we have proposed a robust nonlinear
controller for a vertical stage control system in AFM,
aiming to a faster scanning. Since one of the technical
issues of inhibiting a realization of a faster scanning
is the response speed (more precisely, settling time) of
stage control with respect to z-axis, we focus on
modeling and control problem in z-axis. Regarding
modeling, the highly nonlinear and discontinuous
motion of equation due to the presence of atomic force
and repetitive collisions between cantilever and
sample surface in tapping mode is approximated by
uncertain nonsmooth disturbance, which results in a

disturbance attenuation controller design of a linear



sample surface

proposed controller

PI controller

Fig.12 Three dimensional images in the fast scanning.

system with an unmatched disturbance. However,
since the control objective is not only a realization of
a shorter settling time but also a design of a smooth
control input signal for creating three dimensional
image of sample surface, just discontinuous controller
cannot be a solution of this control problem, which
motivates us to introduce a method for attenuating a
hard switching action. First, a switching controller is
designed to deal with both the step disturbance by
sample surface and the nonsmooth disturbance by
model approximation. Then, the hard switching of the
discontinuous controller is attenuated by introducing
a method for continuous approximation. The
simulation results demonstrate that the proposed
controller realizes a ten-fold improvement in scan
speed compared to a conventional PI controller that is
generally implemented in a commercially available
AFM.
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Fabrication of nano- and micro-structured semiconductors by wet process
and their application to high efficiency devices
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ABSTRACT : To fabricate ordered geometric patterns consisting of InP nanoporous structures, a

photoresist mask with periodic opening arrays was prepared by sphere photolithography. The

diameter and interval of the openings of the photoresist mask could be controlled independently by

adjusting the diameter of silica spheres used as a lens and exposure time. Through this resist mask

with a two-dimensional (2D) hexagonal array of openings, the pore growth of InP during anodic

etching was investigated. The isolated openings could act as initiation sites for the radial growth of

pores, resulting in the formation of hexagonal geometric patterns based on Voronoi tessellation in 2D

space. With further anodic etching, inside the substrate, the growth direction of the pores changed

from radial to perpendicular relative to the substrate. Moreover, by removing domains consisting of

nanopores by anisotropic chemical etching, the fabrication of InP microhole arrays with circular and

triangular cross sections was also achieved.
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Fig. 1
silicon substrate, (b) honeycomb photoresist mask formed by

SEM images of (a) self-assembled silica spheres on

sphere lithography, and (c) cross-sectional view of resist mask
formed on Si substrate. The periodicity of the openings was 3

pm. The exposure time was 0.2 s.
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Fig. 2 Relationship between diameter of openings of resist mask formed on silicon substrate and exposure time. (upper) SEM

images of opening of photoresist mask. (lower) Change in diameter with exposure time.
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Fig. 3 SEM images of InP (100) substrate after anodic etching in 2 mol dm™ HCl at 6 V at 20 °C through honeycomb photoresist

mask. The anodic etching times were (a, b) 1 s, (c, d) 5 s, and (e, f) 10 s. (a, c, ) Plane view and (b, d, f) cross-sectional view.

Fig. 4 Schematic model of growth of hexagonal
geometric pattern based on Voronoi tessellation: (a)
resist mask with 2D hexagonal array of openings, (b)
initial stage of nanopore growth, (c) contact of two
adjacent domains, and (d) hexagonal domain in steady
state. A polygon vertex is formed where three

boundary lines intersect.
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Fig. 5 SEM images of anodized InP (111) substrate after chemical etching in mixed solution of 5.5 mol dm™ HCl and 6.5 mol
dm™ HNO; for (a, ¢) 1 s and (b, d) 15 s. Anodic etching was conducted in 2 mol dm™ HCl at 6 V for 1 s at 20 °C through a

honeycomb photoresist mask. (a, b) Plane view and (c, d) cross-sectional view.

4. A-ERBILYMESENGENDOER

ARG EY, K= X Mb, FRIERA & OBLSH
BB S L U CRILASE Y, 2R Loi-oic
i, BREEERORER_ B e B3 p B, n Ao 3 RITHY
R EREEDOHIHNERE Th 5, AR TIL, p BUTHEH}:
K (A7 2T =), n BRIt E LT ) —F
P CIERL LIc AR — T AL TF 2 o (FH =T F ) F2—7)
W, SEEE SR Om LA B L U TR E D T 7,
LU S, BbTFH o L7 XL T =0 il
BT E > T8 EERPHERSND Z &b oTahd, i
TARLETHY, T ITRIET 2BENHER SV, LIRS
REO SIS D IEF IR LETH D EHEIND Z 0D,
AREFRRIF ORI ORE L, FATEMET & LN~ p B
EROIHSIEOMNI A CTH T, 7z, A — s
BELEWATUC, M — MR SR Ot oD S £ 7 B
LTHERE, EF Ay I 2 b—ya V& 7o, 22T,
n APMEERIC T ) MIFLEF TS TiO, 7/ — REMUIE, Wil
IZ SbyS; & VY, Sb,S; % TiO, fliFL~EAT 25 7 vt A &2
TR ™Y, Ee, BlEFR AT & R0
FABIC DWW T bR LT,

4. 1 ETNLYVIal—3av

AIRESREZ O CRIERE 21T, B/UEDE &
B LT, pion BB AET VAR 6 (T, 1 EDEERILL,
FHE LT AR v ) 7 OffiE A 2 %, AR v ) 7 IRREE
P, PIEBEEIC X Ik SRS, Bt TR L W LT
DEIITEREND,

d'n, . (x) (Y 10 )
jg ﬂﬁuzxﬁamﬁs%ﬁﬂ (1

= o exp— o)+ D
sexp—on)+ O, e (& -

(a : WIRER, 10 : YT5RE, neh : ETIRE, IEFLIRE,
D JEEARER, w T, EFLBENE, o A E
EIRENL, UUTORT Vo HREIz k> TRDT-,

2E e g .. M S, (23
oAy (i n i - N+ N} g
ax £ £<,x(} s{) &£ g

TAUD BN U CEERICAES 2 IS X D S EET 5 E
FROEFLOWREE AR DTz, FTz, FHREILELfET SCHRkE
[G. A. Swartz, J. Appl. Phys. 53,712 (1982)|% &4 L=, Fim
(CEIE U= ST & EALE T COMERICER Y 5 BARR ZRIR
TEEGET 2 Z LIC X 0 AN Jse AR L, BH5EE
Kb, B/UEEIIRK 6 TRT LY, h = 500nm,w = 100
nm CH&HE L7z,

ZORER, BRGESRITTEmEA~T a4 TN 18 %, M
PV ST AR 25 % TH Y, T aiEA
HIREEL D BT %mV iR E o7, ZORERKY, Mg
PG T S TREE OGN R SN T,

4. 2 T/—FBERIE TiO, ~D Sb,S; DEA

7/ — RE&{k TiO, 1% Ti BtkA: NHF-=F L > 7 a—1
W CT ) — FERbd 5 Z LI K 0 ERLL 7=, WU ©dH
% SbyS; HBEEDTFTHEY S, EMTHETIERL, TiO, »
TMEEFLNE A~ OB A Z R AT, ERITHIETIE, SbySs,
Na,S,0;, EDTA IBATEREAEL, KTy axyy MaH
WT 2.0 mA/em® OFERA T UEMITHH 21T 72, *icix
Cu ZHWe, FE7e, BMRYTHETITTF # = 7 LIS

33



34

WitH & FEB 9 570, REWEE L L7 XTIV AR Y
FAODPA) % TiO, LM mICNASE S¢5 Z L2k, e
B S Wz, B AAYEFEIMEHSEMIZ & V) SbyS; DT HITE
BA AT L 72,

e

2L S

@@mﬁm§% %

Fig. 6 p-i-nsolar cell structures.

ODPA 4L¥14% O HEIRTE D 2Kifti X O > SEM B4 2[4 7
WY, ARABROEA T, ML Y DAL CONTHIAERR
STz, FIFLPER T ST Sb* 28l d B R CAIFLA Y DA
THH LIz E B BID, —F5, KiflZ ODPA B4 fiti L 7=
A CITFLANER S Sb,S; OFTHIHERR S iz, LanL,
FIFLA Y OFHEIZ Y SbyS; OTHHMBIER S, ETATH B A
=T % 2 L DBIREATTIY, BITHAMFOMICITE
STURY,

IV 7 ~T BRSO BRI D AT
BEEFIC L 0 RBR SR, TiO, MIFLIIA~D SbyS; DEAIZD
WL, TiO, K EENCHEERIE A TERCT 2 2 & CHIFLPERD
LONHAFETEX D Z LS, A7 u A0 RE
WTWD, LA Lnt, WIUEE LTHWS Sb,S; DT
FERE L TV FEMEOMB A AR D Z N LD, EiE
Lz b=y a AT R D BNHEDEGEL AT L TT /3 A A
WA BN RS D BN B D,

Fig. 7 SEM images of (a) surface and (b) cross-sectional view of

porous TiO, layer after electrodeposition of Sb,S;.
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