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Cu? E generates the coordinates of polygonal lines by approximat-
ing to the cubic Bézier curve or the cubic B-spline curve. The ap-
proximating algorithm is a combination of the midpoint subdivi-
sion and error calculation method. This LS| can transform the
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investigated. As a result, an Fe-50%Co alloy magnetic circuit yoke
with a complex shape was obtained having good magnetic proper-
ties.
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at 1.3 um has been developed by applying a p-substrate to a flat-
surface buried heterostructure. A high internal quantum efficiency
of 94.3 percent, a very low threshold current of 5.8 mA at 25 °C,
and a high temperature operation (for example, up to 15 mW at
100 °C) have been achieved with this structure. An error-floor-free
transmission of up to 600 Mbit/s NRZ using pseudo-random
modulation with a —80 ps/nm fiber dispersion and up to
1.2 Gbit/s with a —40 ps/nm fiber dispersion have also been
obtained. Moreover, a high reliability (median lifetime of more
than 1 x 10° h for 70 °C at 5 mW) has been realized.
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Sputtered Garnet Media for Magneto-Optic Recording

® Keiji Shono e Hiroshi Kano e Sumio Kuroda

In-situ crystallized Bi-substituted iron garnet films were
deposited by RF sputtering. The films had a columnar microstruc-
ture and the surfaces were as smooth as a single crystal. They
showed square hysteresis loops with large coercivity.

The films’ perpendicular magnetic anisotropy is ascribed to
inverse magnetostriction. A disk four inches in diameter was
dynamically recorded using an Ar ion laser. The figure of merit of
the disk with an Al reflector was about ten times higher than that
of a magneto-optic disk made of an amorphous rare-earth transi-
tion metal. CNRs of 57dB and 54 dB were obtained for bit
lengths of 5 um and 1.4 um, respectively.
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A Cubic Curve Generation LSI

® Masayuki Okamoto e Mitsuru Yamauchi e Tomohiro Fukuoka

(Manuscript received November 30, 1989)

This paper describes the processing algorithm, hardware architecture, and application of the
Cubic Curve Engine (Cu®E). The Cu®E generates the coordinates of polygonal lines by
approximating to the cubic Bézier curve or the cubic B-spline curve. The approximating

algorithm is a combination of the midpoint subdivision and error calculation method.
This LSI can transform the data which define a curve. It was designed using asynchronous
pipeline architecture and interfaces with TOKEN format data. Fujitsu has adopted a 1.2 um
CMOS fabrication technology, and has achieved such a high speed performance that the LSI

can generate one million coordinates per second.

1. Introduction

Curves have been used as a common tech-
nology for high quality outline fonts. In the case
of Kanji characters, it has been difficult to
generate high quality fonts without such curves.
Recently, most of the high quality Kanji outline
fonts have used the cubic Bézier curve or the
cubic B-spline curve. This curve is usually gener-
ated by software on the processor. However,
the speed has been too low for systems re-
quired to produce thousands of characters per
second, for example, desk top publishing sys-
terms (DTP). A high speed curve generator is
required for such systems.
PostScript °'®), which is becoming a stan-
dard of PDL (Page Description Language), sup-
ports the cubic Bézier curve. One of the fea-

tures of Postscript, is that it approximates
a cubic curve to a polygonal line. In PostScript,
the error between the original curve and the
approximated polygonal line, called the flatness
parameter, is programmable by the user?).

Cu’E satisfies PostScript’s specifications and
the demands of high speed outline font generation.
2. Characteristics of the cubic curve??

2.1 The Bézier curve
The shape of the cubic Bézier curve is shown

in Fig. 1.
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Given the four points Qgg, Qo1, Co2, and
Qo3, the curve passes through Qg and Qg3 and
is laid within the concave sections defind by
the control points. Therefore, its shape can be
visualived form the control points.

The cubic Bézier curve is given by the fol-
lowing equation using the parameter 7:

=1 3-=3 1|8,
Py=1P ey 36 3 0110
3 3 0 0|0l
1 0 0 0]|Qs
......... (1)
where
05150, = aesnmisss (2)

Using the cubic Bézier curve to obtain the
outline font is practical for simple characters
such as letters and numerals.

2.2 The B-spline curve

There are two methods to define the cubic
B-spline curve using the Cu?E LSI. One is to
define the control points of the curve. The other
is to define the knot points of the curve.

An example of continuous B-spline segments
defined by control points is shown in Fig. 2.

Note: PostScript is trade mark of Adobe Systems Inc.
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Fig. 1—Cubic Bézier curve.

Fig. 2—Cubic B-spline curve defined by control points.

Generally, the curve does not pass through
all control points but is laid within the con-
cave sections defined by the control points.
Therefore, its shape can be visualized from the
control points. When a control point is moved,
the shape of just a few adjacent segments will be
affected (local controllability).

The cubic B-spline curve defined by four
control points Q; 1, Q;, O;+1,and Q;4; is givenas

1 3% 1lla.
T 1| 3-6 3 0||&
Plt)=r ¢ t1] < 3 0 3 ollg.l
1 4 1 0f|Qi+
......... (3)
where
B, oiiseaane (4)

An example of a shape defined by knot
points is shown in Fig. 3. In the case of a curve
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Fig. 3—Cubic B-spline curve defined by knot points.

Fig. 4—Midpoint subdivision.

defined by knot points, the curve passes through
all knot points. When a knot point is moved, the
shape of all curve segments will be affected
(global controllability).

The cubic B-spline curve is defined by less
data and can define smooth continuous curves.
Therefore, using the cubic B-spline curve as
an outline font is effective for complicated
characters such as Kanji.

3. Processing algorithm of Cu?E LS|
3.1 Approximation of a curve to apolygonal line
The approximation algorithm of the Cu?E is
a combination of midpoint subdivision and an
error calculation method to complete the calcu-
lation.
3.1.1 Subdividing a curve’
A parametric curve segment can be generat-
ed using Equation (1). However, this method

)
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increases the load on hardware because it re-
quires floating point calculation. There is a
simpler algorithm called the midpoint sub-
division algorithm, that calculates the midpoint
(parameter £ = 0.5) on the Bézier curve.

Provided the four control points Qyo, Qo1,
Qo2,and Qg3 of the cubic Bézier curve are as
shown in Fig. 4, the midpoint on the curve can
be obtained using the following equations:

Qi =Qsa *Be1 Y2 sevesnnn (5)
011 = (Qo +002 )2, asiiussess (6)
Qi3 =(Qgz ¥ Qo3¥2. «iiionnnn (7)
Qa0 = W10+ Qi M2 coviievas (8)
oy =(Q13 ¥@1a )2 ool 9)
Q30 = (@20 + @21)2. ... (10)

Point Q3, becomes the midpoint of the
given cubic Bézier curve. The curve is divided
into two segments and smaller curves defined
by Qoo» CQio> @20, and Q3¢; and Qszo, Qs
Q,,,and Qo3. The Cu?E repeats the same proce-
dure for each segment of the divided curves.
When the subdivided curves become small
enough, the approximation of the curve to
a polygonal line is completed.

This algorithm is realized by the execution
of add and bit-shift operations that can be
implemented on LSI.

3.1.2 Error calculation

It is necessary to specify at what point the
midpoint subdivision process should be finished.
For this purpose, the error parameter ERR
(flatness parameter in PostScript) is introduced
in the Cu?E operation. The subdivision process
is completed, when the calculated error becomes
smaller than the given value of ERR. It is
difficult to compute the error between a curve
and an approximated line. Therefore, the Cu?E
uses an approximating calculation that computes
the error at high speed without lowering the
quality of the generated curve. The error is
calculated from the coordinates of four control
points Quo, Qo1, Qo2, and Qg3 using the follow-
ing equation:

ERR = 1(Qoo + Q03)/2 — (Qo1 + Qo2)/2l.
This equation is applied to the characteristics

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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of cubic Bézier curves laid within the concave
sections defined by the control points. The cal-
culation is executed by add, subtract, and bit-
shift operations.

3.2 Transformation of B-spline curves®

It is possible to transform a B-spline curve
into a Bézier curve without loosing the shape.
The Cu?E can perform this transformation.

The B-spline control points Q;_1, O;, Qi+1,
and Q;+, are transformed into the control points
of the cubic Bézier curve Qgo, Qoi1, Qp,, and
Q5 using the following equation:

Qoo 1 4 1 0f Qi
Qo1 1 10 4 2 0|0

= = i wsaiCl2
Qo2 6 [0 2 4 0] |Qi+ (12)
Qos 0 1 4 1] |Qi+2

The knot points of the B-spline curve are
transformed into the Bézier control points via
the B-spline control points. The B-spline control
points can be calculated to solve the simultane-
ous equations for the knot points of the B-spline
curve.

4. Hardware

The block diagram of the Cu?E LSI is shown
in Fig. 5. The LSI consists of a DATA INPUT
BLOCK (DI), DATA OUTPUT BLOCK (DO),
two identical OPERATION BLOCKs (OP), a
STACK RAM, and a CONTROL BLOCK (CTL).

4.1 DATA INPUT BLOCK and DATA

OUTPUT BLOCK

The Cu?E has two 16-bit external busses.
These are the input data bus and the output data
bus. They were designed using asynchronous
pipeline architecture with a two-line handshake
connection. This architecture is suitable for the
Cu?E LSI because the data output timing and
the number of output coordinates vary with the
shape of the given curve. A FIFO memory is
included in DI (2-word) and DO (4-word) for
asynchronous operation. The interfaces of the
Cu?E LSI are connected to a preprocessor, for
example, a coordinate transformation processor,
and are connected to a postprocessor, for exam-
ple, a drawing processor.
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’—OPERATION BLOCK (X coordinate)
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Fig. 5—Block diagram of Cu?E.
15 g .
. = data for the OPs. The input data is converted
~<] 12 11 65 0 iyt e :
HEAGER from 16 bit integers to 24-bit fixed point values
\ PROCESSOR-| TOKEN- |EXTEND-
atapagr | S| 0% CODE | INFORMATION at the DI. The DI constructs a set of four B-
5 N spline control points.

EOT (End Of Token)

Fig. 6-TOKEN format.

The input and output data are in TOKEN
format and consist of the HEADER, DATA-
PART, and EOT (End Of Token) (see Fig. 6).
The HEADER is separated into the PROCES-
SOR-CODE (PC), TOKEN-CODE (TC), and
EXTEND-INFORMATION (EI). The PC defines
which processor is selected for the given
TOKEN. The TC defines the data format of the
DATA-PART and the type of data processing to
be executed. The EI defines further information
on each TC. The TOKEN ANALYZER UNIT in
DI analyzes the input HEADER and outputs the
TOKEN analyzed information. This information
is used in the CTL to determine processing for
the input TOKEN.

The other function of DI is to preprocess the
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4.2 OPERATION BLOCK and STACK RAM

The OPs are connected to the DI and DO via
dual 24-bit internal data busses. One of these
busses is dedicated to X coordinates and the
other to Y coordinates. These busses are used to
retrieve (POP) data from the STACK RAM, but
are not used to store (PUSH) data into the
STACK RAM. Other data lines are connected
directly between the OPs and the STACK RAM
block so that the PUSH operation can be exe-
cuted in parallel with other operations. The
performance of OPs is therefore not reduced
even if the PUSH operation is executed.

The OP includes a 3-port REGISTER-FILE
(REG: 8 x 24-bit, 2-read/1-write) and a 24-bit
ARITHMETIC UNIT (AU) consisting of a 24-
bit adder and a 24-bit bit-shifter. The AU has
MSB correction logic to avoid overflow at mid-
point calculation. The AU outputs information
indicating the sign of the result. This sign infor-

FUJITSU Sci. Tech. J., 26, 2, (June 1990)



Move instruction field
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Control instruction field

RG AU BC LC AC

LJUMP address field (5 bits)
JUMP instruction field (4 bits)
WAIT instruction field (2 bits)
Sequence control flag (1 bit)

STACK RAM control field (3 bits)

RAM address field (5 bits)

Loop counter control field (3 bits)

Bus control field (4 bits)

AU control field (4 bits)

Register control field (11 bits)

Fig. 7—Micro instruction field for OPs.

mation becomes the condition used to deter-
mine when to finish a subdividing process.
Whether ERR or the calculating error is the
bigger value can be determined at high speed.
The primary function of the OP is to calcu-
late the midpoint as performed by the midpoint
subdivision algorithm. The execution procedure
loads two values from the REG, adds the values,
shifts them in AU, and store the result into the
REG. All other instructions, for example, trans-
formation from a B-spline curve to a Bézier
curve, are performed by the adder and shifter.
The STACK RAM consists of a RAM (32 x
48-bit) and a 5-bit counter to generate the
RAM address for loading and storing. The
STACK RAM stores the coordinate data of each
subdivided curve. A pair of X and Y coordinates
are stored into the STACK RAM, while the two
OP blocks simultaneously execute the operation
for X and Y. The STACK RAM block is also
used as the work area for calculation of the
simultaneous equations used to transform the
B-spline knot point.

4.3 CONTROL BLOCK

The DI, DO, and OPs are controlled by their
own CONTROL UNIT in the CTL. The clocks
for the CONTROL UNITs and controlled
BLOCKSs are in anti-phase.

The DI and OP are controlled by a horizon-
tal microprogram resident in each CONTROL
UNIT. The micro instruction has a move instruc-
tion field and a control instruction field. The

move instruction control the DATA-PATH,

FUJITSU Sci. Tech. J., 26, 2, (June 1990)

NAME : CNTLO ;

ANDIN :
OROUT :

ODLX , ODLY , FIFOR ,
+0GRANT , +ODSEL ,

CLRX ;
+HHL , +WTFIFO , -BUSYO ;
STATUS ;

$LOGIC : IF “CLRX THEN GOTO SO

50’0000’ : CASE ODLX , ODLY OF

0 : { OGRANT , BUSYO , GOTO O@SELF }
1 : { OGRANT , HHL , GOTOD ONEXT }
2 : GOTO S¢
3 : GOTO S7 ;
s1 : CASE ODLX , ODLY OF
0 : { OGRANT , HHL , GOTO @SELF }
1 GOTO @SELF
2 : { HHL , GOTO GNEXT }
3 : { HAL , GOTO S5 } ;

s2 : HHL ,
IF FIFOR THEN { WTFIFO , GOTO ONEXT }
ELSE GOTO OSELF ;

s3 : GOTO S4 ;
sS4 : IF FIFOR THEN { ODSEL , WTFIFO , OGRANT , GOTO SO }
ELSE GOTO @NEXT ;
S5 : HHL ,
IF FIFOR THEN { WIFIFO , GOTO ONEXT }
GOTO @SELF ;
56 : GOTO 87 ;
s7 : IF FIFOR THEN { ODSEL , WIFIFO , GOTO ONEXT }
ELSE GOTO @SELF ;
S8 : GOTO S9 ;
s : IF FIFOR THEN { WTFIFO , OGRANT , GOTO SO }
ELSE GOTO @SELF ;

ENDSTATES ;

Fig. 8 —Control sequence of the DATA OUTPUT
BLOCK.

for example, gates and selectors. The control
instructions manage the sequence of operations.
These control instructions are conditional WAIT,
conditional JUMP, and unconditional JUMP. It
may happen that conditional WAIT and condi-
tional JUMP are used at the same time; in this
case, the JUMP instruction has priority. This
priority enables multiway JUMP instructions
and reduces the number of program steps. The
step and bit length of microprograms are 160
steps and 26 bits for the DI, and 240 steps and
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Fig. 9—Control logic for the DATA OUTPUT BLOCK.
42 bits for the OPs (see Fig. 7). The entry % o i i | 1 B i nisi <

address of each sequence used to process the
input TOKEN is decided at the CTL using the
TOKEN analyzed information received from the
DI.

The logic design of the CONTROL UNIT for
the DO was performed on our logic synthesis
tool ZEPHCAD™® . The control sequence is
written in a hardware description language
(HDL) that has ten states (see Fig.8). The logic
gates of this unit are generated by ZEPHCAD™
as shown in Fig. 9.

4.4 Summary of the Cu?E LSI

This LSI was fabricated using 1.2 um CMOS
Sea Of Gates (SOG) technology®. A photo-
graph of the chip is shown in Fig. 10. The
features are summarized in Table 1. It can
produce 3 000-5000 characters per second in
Kanji outline font.

This LSI is suited to a two dimensional
coordinate system. It is easy to expand dimen-
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Fig. 10—Photograph of chip.

sions by adding extra OPs to the Cu?E using the
same hardware architecture.

FUJITSU Sci. Tech. J., 26, 2, (June 1990)



Table 1. Summary of Cu?E LSI

Physical
Technology | CMOS 1.2 um triple-layer metal
Package RIT-88

Organization

Random logic | 112-k basic cells

ROM | 26-bit x 160-word (microprogram
for the INPUT BLOCK)
42-bit x 240-word (microprogram
‘ for the OPERATION BLOCK)
RAM | 48-bitx 32-word (STACK RAM)
16-bit x 12-word (work RAM)

WPerfé)rriniancé
Clock 20 MHz
Bézier curve :
approximation 1 M coordinates/s
Curve 100-k segments/s (B-spline control
transformation point to Bézier control point)

70-k segments/s (B-spline knot
point to B-spline control point)

5. Applications
5.1 Outline font design system

The block diagram of an example outline
font design system is shown in Fig. 11.

The original font is read from the IMAGE
SCANNER, converted to binary using image
processing, and then stored in memory. The
stored font becomes the basic data used to
generate the desired outline font. A character is
selected from the stored basic data and dis-
played on the CRT. Then, the designer assigns
curves to fit the outline of displayed character.
At this time, the control points of the curves are
input from a pointing device such as TABLET.
The input control points are transformed by the
coordinate transformation processor and then
input to the Cu?E to generate the curves. The
generated curves are overlapped on the selected
character to help the designer decide whether
the curves are suitable. If the generated curves
are not suitable, the designer readjusts the con-
trol points of the curves to suit the outline font
data. The data is then stored in memory.

An effective way to use the Cu?E in this
system is described below. First, to obtain a
rough curve, the knot point of the cubic B-spline
curve is used to point the shape of curve. It is
easy to obtain the desired curve using the knot
point because the curve passes through all of the
given knot points. However, a curve defined by
knot points is not suitable for fine adjust-

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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. Scann
CPU System Outline C?rgaegg& Original
memory font : font
processing
-« I l I I I l System bus
Coordinate Bus gate
transformation Tablet [&— Control point
processor

Local graphic bus

Bitmap
memory
for CRT

Drawing
Cw’E processor

Bitmap 5
memory [ Laser
for LBP| |- Printer

Fig. 11—Example of an outline font design system.

Table 2. Processing speed

Number of Cu? E Total time (clocks) Ratio
1 28 231 1
20 511 0.73
R 15309 0.54

ment because all of the curve segments are
changed if a knot point is modified. Therefore,
these knot points are transformed to the control
points of a cubic B-spline curve using the Cu?E.
The curve defined by the control points is such
that only a few adjacent segments will be
affected if a control point is moved. Conse-
quently, the B-spline control points are very
suitable for the fine modification of outline
fonts at the final stage.

5.2 Pipeline operation of Cu?Es

The Cu?E can be connected to an asynchro-
nous pipeline to disperse the processing. Consid-
er the case in which three Cu?Es are connected
to generate the curve defined by the B-spline
knot points. In this case, each Cu?E performs
the following: The first Cu?E transforms the B-
spline knot points to B-spline control points; the
second transforms the B-spline control points to
the Bézier control points; and the third gen-
erates the coordinates of a polygonal line from
the Bézier control points. The processing speed
for a TOKEN depends on the number of con-
nected Cu?Es. Table 2 shows the processing
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times required when ten TOKENs were used to
transform B-spline knot points to polygonal
lines.

6. Conclusion

We have successfully implemented a hard-
ware architecture on the Cu?E LSI which com-
bines the midpoint subdivision algorithm and
error calculation to approximate a cubic Bézier
or cubic B-spline curve to a polygonal line. The
flatness error is programmable. This Cu?E LSI
can transform the data which defines a curve.
A high-speed operation of one million coordi-
nates per second was achieved. This speed is
sufficient to process the curve segments of
3000-5000 Kanji characters per second. It
was proved that the Cu?E LSI was suitable for
application in outline font design/operation
systems. We are convinced that the Cu?E LSI is
suitable for systems such as DTP and LBP.
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Bi-Substituted Magnetic Garnet Film
and its Application to an Optical Isolator

® Hidema Uchishiba ® Masao Shibayama (Manuscript received December 13, 1989)

The growth and magneto-optical properties of thick epitaxial iron garnet films of composi-
tion (Tby.xBiy) (FeGaAl)sO;, and its application to an optical isolator were investigated.
The influence of Bi** ions on the magneto-optical properties was determined experimentally,
and Faraday rotation coefficients of 2370 deg/cm at a wavelength (A) of 1.31 um and
1590 deg/cm at 1.55um were obtained with x = 1.6. For A = 1.55 um, the film thickness
required to obtain a 45 ° Faraday rotation was 280 um. Also, an optical isolator mounted
on an anisotropically etched silicon substrate was proposed. An extinction ratio of about
40 dB and an insertion loss of less than 0.3 dB were obtained after temperature cycle testing.

1. Introduction

Bismuth-substituted iron garnet films with
high magneto-optical effects have been used
as optical isolators” and magneto-optical
switches?. These isolators have been used
to prevent reflected light from interfering
with coherent laser sources. The requirements
for these isolators are 1) small size, 2) low
insertion loss, 3) high isolation, 4) easy coupling
to other optical components (for example,
optical fibers), 5) high tolerance to environmen-
tal influences, and 6) low cost. To satisfy these
requirements, isolator materials (Faraday
rotators) having excellent properties were
developed, and a new isolator mounting tech-
nique was proposed.

This paper is divided into two main sections.
One section discusses Faraday rotator materials
and the other discusses the isolators.

2. Faraday rotator
The important characteristics of Faraday
rotator materials are:
1) high Faraday rotation coefficient,
2) low optical absorption,
3) high extinction ratio,
4) low temperature dependence of Faraday

FUJITSU Sci. Tech. J., 26, 2, pp. 123-130 (June 1990)

rotation, and
5) saturation at low magnetic field intensities.

It has been reported that Faraday rotation is
increased by Bi concentration in Bi-substituted
garnet films¥. The required thickness of Bi-
substituted rare earth iron garnet films is
300-400 um at a wavelength of 1.31-1.55 um".
However, these films have a tendency to form
cracks and sometimes fracture during growth
at thicknesses of 300-400 um. In this study,
we found that by carefully controlling the
concentration of Tb and Bi ions, the required
thickness of (TbBi); (FeAlGa)s O, thick films
could be decreased to 190 um for A =1.31 um

and to 280 um for 1.55 um.
This section describes the film growth,

stability of super-saturated melts, bismuth
substitution, and magneto-optical properties
of the thick films.

2.1 Film growth and characterization of film
properties
(TbBi);(FeGaAl)sO,, thick films were grown
on 23 mm diameter (111)-oriented nonmagnetic
garnet substrates with PbO-Bi,03-B,05-based
fluxes. The method used was liquid phase
epitaxial (LPE) dipping‘”. Because the bismuth
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Fig. 1—Measurement method.

ion is large, bismuth substitution expands the
garnet lattice. The Bi concentration increases
with decreasing growth temperature. The
lattice parameters of films were therefore
controlled by controlling the growth tempera-
ture. The films were grown on substrates that
most closely matched the lattice of the films,
that is, (GdCa); (MgZrGa)s O;, or Nd;3GasO,,.
The difference between the lattice parameters
of the thin film and the substrate, da =ay — ay,
was measured using the X-ray double crystal
method. (Where ag; and ay are the Ilattice
parameters of the substrate and film respective-
ly.) The 1-2 um thick films were grown so
that both the film and substrate diffraction
peaks were observed in the same scan.

From Bragg’s equation:

2dgsinwg = nAx ,

2dgsinws = BAx, 00000 .. (1)
where dg and dy are the lattice plane spacings,
ws and wy are the Bragg angles of the substrate
and film, and Ay is the X-ray wavelength. It
follows that

4d

ds
where.dd = dy — dfand dw = wg — wy .
In addition, the data of the strained films are
corrected via Poisson’s ratio v; namely,

O s P
(1+v»)

= —(cotwg)dw, ..., 2)

da
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Using Equations (2) and (3), the relative differ-

ence da is given by
as
da 1 —p
= — (cotwg)dw . .o @
as 1 +»

Because the substrates are cubic crystals, ag is
equal to ds.

The A4da was proportional to the growth
temperature. It was therefore controlled by
controlling the growth temperature.

Films were grown by the following method.
After homogenization at 1030 °C, the tempera-
ture of the melt was lowered to the growth
temperature (~ 720 °C). The substrate, clamped
in a horizontal position by a holder, was held
10 mm above the melt surface for about 20 min.
It was then placed on the melt surface. The thin
films were grown over 5 min to a thickness
of 1-2 um. The thick films were grown over
20-35 h to a thickness of 200-400 um.

The film compositions were determined
by electron probe microanalysis (EPMA).
The magneto-optical properties were measured
in the normal transmission configuration with
Glan-Thompson prisms as polarizers. Mono-
chromatized light beams from laser diodes
(1.31 um and 1.55 um wavelengths) were used
as the light source. The measurement method is
shown in Fig. 1.

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 2—Bi; 03/2Tbs O, dependence of stability of
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Table 1 Growth conditions and properties of
(TbBi);(FeAlGa)s Oy, thick films grown on

0GG

Sample No. #1 #2
Growth temperature ( °C) 75757.737 77557.9
Growth time (h) 30 30
Growth rate (um/min) 0.25 0.27
O (A\=1.31 um) (deg/cm) - 1850 1 980
Magnetic field 12,79 x 10* | 2,63 x 10*

saturation (A/m)

2.2 Stability of the supersaturated melt
Solutions of garnet components in the
PbO-Bi, O3-B, O3 -fluxes are readily supersatu-
rated with respect to the garnet phase without
spontaneous nucleation. This makes it possible
to grow thick garnet films by the LPE dipping
method using these solvents. The decrease in
supersaturation causes a decrease in growth
rate and possibly changes the film composition.
Figure 2 shows the stability of supersatura-
tion as a function of the Bi, O3/2Tb, O, molar
ratio in the melts. The stability of supersatura-
tion was defined as the time at which spontane-
ous nucleation occurs after the substrate
contacts the melt surface. The stability of the
melts was proportional to the Bi, O3/2Tb, O,
concentration and was more than 35 h for a
Bi, 05/2Tb,O0, of 90. A 470 um thick

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 3—Lattice parameters (¢) vs. Bi-contents (x).

(TbBi); (FeGaAl); O,, film was obtained on a
(GdCa); (MgZrGa); O,, (OGG) substrate after
dipping for 30 h at 755 °C. Typical growth con-
ditions and properties of the thick garnet films
are summarized in Table 1.

2.3 Faraday rotation

Films of (Tb;.Bi,)(FeGaAl)sO,, were
grown on substrates that most closely matched
the lattice  of  the  films, that is,
(GdCa); MgZrGa)s O,,(0GG)(a = 1.249 7 nm),
Nd; Gas; O, (NGG) (a=1.2509 nm) and
(GdCa);(MgZrGa); O,,(LSG) (@a=1.251 5 nm to
1.2520 nm). The Bi-content and lattice param-
eters of the films were proportional to the
Bi, O3/2Tb, O,  concentration and lattice
constant of the substrates, and were inversly
proportional to the growth temperature. The
iron contents of the films were almost constant.

Figure 3 shows the lattice parameter
a as a function of the Bi-contents x for
(Tbs_, Bi, ) (FeAlGa)s O,, films. The substrates
used are shown in Fig. 3. Table 2 shows the
magneto-optical properties of films grown on
various substrates from melts with various
Bi, O;/2Tb, 0, concentrations. Figure 4 shows
the Faraday rotation coefficients fp at 1.31 um
and 1.55 um as a function of the Bi contents

x for (Tbs.,Bi,)(FeGaAl)s O;, films. A 6O
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Table 2 Magneto-optical properties of
(TbBi);(FeAlGa)s Oy, thick films

Sample No. #3 #4 #5
1311155131 |1.,55|1.31[1.55
1 820|1 230[2040(1360(2370(1 590

Thickness for 247 | 365|220 | 330|190 | 280
45 ° rotator (um) |

Bi; O3 /2Tbs O4 95.4 120 120
Substrate 0GG NGG 1.SG
{a(nm)} (1.2497) I(I.ZSO 9) | (1.2519)

#3 s (Tb1 65 B11 .35 )(FeGaAl)s 012
#4: (Tby 59Bi; 41)(FeGaAl)s Oy,
#5: (Tby 44 Bi; 53 )(FeGaAl)s Oy,

Wavelength (um)
O (deg/cm)

2000

T

1500F

Faraday rotation coefficient (§;) (deg/cm)

1000 L 1
12 1.4 1.6

Bi-contents x

Fig. 4—Faraday rotation coefficients (0 ) vs.
Bi-contents (x).

as high as 2370 deg/cm at 1.31 um and
1 590 deg/cm at 1.55 um were obtained with
x = 1.6. 6 depends mainly on the Bi concentra-
tion, that is, O increases with an increasing
concentration of Bi®* ions. Figure 5 combines
the results shown in Figs. 3 and 4. It shows
the Faraday rotation coefficients at wavelengths
of 1.31 um and 1.55 um as a function of the
lattice parameters. Even for A =1.55 um, the
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Fig. 5—Faraday rotation coefficients (8 ) vs. lattice
parameters (¢) at A=1.31 um and 1.55 um.

Table 3 Properties of (TbBi);(FeAlGa)s Oy, thick films

Sample No. #5 #6
Wavelength (um) 1.31 1.55 131 1.55
O (deg/cm) 2370 | 1590 | 2060 | 1380

Thickness for
45 ° rotator (um) | 190 280 220 330

Insertion loss (dB) | 0.12 0.12 0.25 0.26

Extinction ratio

(dB) 40 39 42 39
Magnetic field for | 3,11 x | 3.50 x [ 2.79 x | 3.34 x
saturation (A/m) | s 104 104 10*

Temperature coef-
ficient (deg/°C)

Substrate
la(nm)} |LSG {1.2519] NGG{1.2509}

—0.07 | —0.07 | —0.07 | —0.07

film thickness required to obtain a 45 ° Faraday
rotation was only 280 um. The formation of
cracks was appreciably reduced by decreasing
the film thickness.

Typical properties of the film in the
(TbBi); (FeGaAl); O,, system are summarized
in Table 3.

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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The temperature dependence of the Faraday
rotation ¢r at A=1.31 um and 1.55 um for
sample #6 of Table 3 is shown in Fig. 6. The
temperature coefficient d¢yp (7) of the Faraday
rotation was —0.07 deg/°C,

where,

: (50 °C) — ¢ (0 °C
don (1) = $FGO°C)=dr 0°C)

50°C—-0°C

(%)

3. Optical isolator

3.1 New mounting technique of optical isolators
A typical optical isolator for a Laser diode

(LD) module using the Faraday effect is shown

in Fig. 7. It consists of a polarizer, a Faraday

rotator (FR), and a cylindrical permanent

magnet. Bi-substituted garnet films grown by

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 8 —Anisotropic etching of (110) Si.

the LPE method have recently been used for
the FR. A polarization beam splitter (PBS) is
used for the polarizer. The permanent magnet
provides the saturation magnetic field for the
FR.

One of the problems concerning this type of
isolator is that the components are often very
small and therefore difficult to optically align.
To solve this problem, a new mounting tech-
nique in which the optical components are
inserted in an anisotropically etched groove
in silicon (Si) was devised.

In anisotropic etching of Si wafers, the
crystallographic planes are etched at different
rates to produce various shapess). A high-
precision rectangular groove in (110) Si sub-
strate can be made using photolithography
(see Fig.8). The components of the optical
isolator were inserted in these grooves. It then
because easy to optically align the components.

The rectangular groove is made by aniso-
tropic etching of an Si wafer. Thermally grown
SiO, is used as an etch mask, and 0.4 um thick
SiO, films were grown at 1 100 °C in wet O,.
The Si wafer was etched using anisotropic
etching equipment(’). The etchant used was
ethylene diamine pyrocatechol and water (EDA)
which yielded a higher etch ratio (Si/SiO, ).

A rectangular groove in an Si wafer is il-
lustrated in Fig. 9. The groove is 330 um deep
and was etched over 9.5h at 110°C. The
etching rates of the (110) plane and (111) plane
were about 0.57 um/min and 0.03 um/min
respectively. The angle of the (111) and (I11)
planes to the (110) plane was almost 90 ° (the
deviation was 0.3 °).
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Fig, 9—Etching of the optical isolator.
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Fig. 10—Structure of optical isolator.

3.2 Assembly of optical isolator components
Figure 10 illustrates the structure of the
optical isolator on etched Si. The isolator
was 5.2 x 4.5 x 2.5 mm. The Si wafer was fixed
to 500 um thick Pyrex glass by UV cured
adhesive. There are two reasons why this
method was used. One reason is that the
thermal expansion of Si (2.4 x 107 deg™!)is
nearly equal to that of Pyrex glass (3.0-3.6 x
107® deg™). The other is that Pyrex glass passes
ultraviolet rays. The permanent magnet is
cylindrical and made of Sm-Co. This magnet
creates a magnetic field in the saturation
magnetic field (Hg =2.79 x 10* A/m) of the
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Table 4 Optical properties of the polarization beam

splitter
Wavelength (um) 1.26-1.35
Incident angle (deg) 45-58 b
Tpolarization transparent 7(%) 1 59 -
S pol_arizatio; transpareht (%)71 70.027
Extinction ratio (dB) | >45

Table 5 UV cure adhesive

Viscosity (poise) 35-50
Wavelength :
Cured state 350-380 nm
e L <730 min
Temperature range —54 °C to +100 °C

3.5h/cycle

60

Temperature (°C)

—10

Fig. 11—-Temperature cycle test.

FR. The PBS is a multilayer dielectric of TiO,
and SiO, films.

Table 4 shows the optical properties of the
PBS.

The isolator components were fixed in
the etched groove of the Si substrate using UV
cured adhesive (see Table 5). This adhesive
is a polymer of acrylic resins and is cured by
ultraviolet irradiation at room temperature.

3.3 Properties of the optical isolator

Because it was extremely difficult to
measure the isolation of the optical isolator
shown in Fig. 10, the extinction ratio was

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 14 —Temperature properties of extinction ratio.

measured instead. The measurement method
is shown in Fig. 1. The extinction ratio of this
isolator was more than 40 dB.

The optical properties (insertion loss and
extinction ratio) were measured after tempera-
ture cycle testing. Figure 11 shows the tempera-
ture cycle that was used. One cycle took 3.5 h
and the temperature was varied between — 10 °C
and +60 °C. Figure 12 shows the extinction
ratio measured at room temperature as a func-
tion of the number of temperature cycles the
device was subjected to. There was no remarka-
ble degradation of the extinction ratio over the
first 100 cycles. After 100 cycles, the extinction
ratio was still greater than 40 dB. Figure 13
shows the extinction ratio and insertion loss
measured at room temperature as a function of
time at 80 °C for two samples. The extinction
ratio decreased less than 1 dB and over an 86 h
period was almost a constant 40 dB. There was
no remarkable degradation of insertion loss
(insertion loss was less than 0.3 dB over an
86 period).

Figure 14 shows the extinction ratio as a
function of temperature. An extinction ratio
of more than 25 dB was obtained over the range
of 10 °C to 60 °C.
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4. Conclusion

The growth and magneto-optical properties
of thick epitaxial iron garnet films of composi-
tion (TbBi); (FeGaAl)s O,, and the use of these
films in an optical isolator were investigated.

O at A=131um and 1.55um were
2370 deg/cm and 1590 deg/cm respectively.
The magnetic field required for saturation
was 3.11 x 10* A/m and 3.50 x 10* A/m respec-
tively. At A=1.55um, the film thickness
required to obtain a 45° Faraday rotation
was only 280 um. The extinction ratio at
both these wavelengths was 42 dB, and the
insertion loss was 0.20 dB and 0.16 dB respec-
tively. The temperature coefficient of the
Faraday rotation was —0.07 deg/°C.

The optical isolator components were
positioned in a rectangular groove etched
into an Si wafer and were fixed using UV
cured adhesive. An extinction ratio of about
40 dB and an insertion loss of 0.3 dB were
obtained after temperature cycling. The extinc-
tion ratio of the optical isolator between 10 °C
and 60 °C was greater than 25 dB.
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Metal Injection Molding
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Metal injection molding has attracted substantial attention in the powder metallurgy field
because of the technology's promise for manufacturing parts with complex shapes.

An attempt has been made to apply the metal injection molding technology to the produc-
tion of a magnetic circuit yoke. The yoke has a complex shape and is made from a soft
magnetic alloy, Fe-50%Co, which has low workability due to its hardness and brittleness.

In this paper, the optimum starting powders and plastic binders, and the mixing which most

affects metal injection molding were investigated. As a result, an Fe-50%Co alloy magnetic
circuit yoke with a complex shape was obtained having good magnetic properties.

1. Introduction

Metal injection molding (MIM) is a marriage
of conventional sintering technology and ther-
moplastic injection molding. This process has
attracted substantial attention in the powder
metallurgy field because of the technology’s
promise for manufacturing parts with complex
shapes‘)'z).

The authors have developed the soft magnet-
ic sintered Fe-50%Co alloy, which has a low
workability due to its hardness and brittleness,
to produce near net shaped magnetic circuit
yoke3). This sintered alloy has been applied to
an electromagnetic part in a printing head of
a 24-wire dot-matrix printer.

In conventional sintering, however, it is
difficult to make parts with complex shapes
because the flexibility is limited along one axis.
This is because a press is used to compact the
powders.

The authors tried to apply the MIM process
to make an Fe-50%Co magnetic circuit yoke
with a complex shape. The authors identified
the optimum starting powders, plastic binders,
and the mixing method. As a result, an Fe-
50%Co magnetic circuit yoke with a complex
shape was obtained having good magnetic prop-

FUJITSU Sci. Tech. J., 26, 2, pp. 131-137 (June 1990)

erties.

2. Metal injection molding

Figure 1 shows the flow of the MIM process.
The starting metal powder is mixed with a lot of
plastic binder at a ratio of 40-45 vol%. The
mixture can be easily injected into mold cavities
to form precious components under moderate
temperature and pressure as with conventional
thermoplastics fabrication. This is because the
metal powders are embedded in the viscous and
malleable plastic binder matrix. Any parts with
a complex shape can be formed if the mold
cavities are machinable. To obtain the metal
part, the plastic binder is extracted by low-
temperature heat treatment to break down and
vaporize. This process is known as debinding.
The debound bodies are then sintered to obtain
metal parts with high density.

In this process, however, it is difficult to
select the starting powders and plastic binders
which determine the molding and debinding
ability through the thermal fluidity of the
mixture.

The generally used metal powder has an
average particle size of less than 10 um”. The
mixture using this powder has higher fluidity
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than that using large particles in conventional
sintering, when the amount of binder in each
powder is the same.

Various plastics are used as binders. These
are selected for their thermal fluidity and
decomposed properties. The amount of plastic
binder most affects the molding and debinding
ability. The mixture using a lot of plastic binder
shows a high thermal fluidity and is easily mold-
ed. The molded body using this mixture, how-
ever, breaks down during debinding. Therefore,
a mixture with a high thermal fluidity with a

Metal powder Plastic binder

.

Kneading

A

Injection molding

'

Debinding

'

Sintering

Fig. 1 —Metal injection molding process.

small amount of binder is necessary. For the
mixture to satisfy this demand, a suitable mixing
method is also necessary.

The authors concentrated on the relation-
ship between the characteristics of the starting
powder and the molding ability. The effects of
the amount of plastic binder and the mixing
method on the mold ability were also studied.

3. Experimental procedure

Table 1 lists the characteristics of the start-
ing powders. Figure 2 shows the distribution of
the particle size of these powders. Powders with
an average particle size of about 20 um were
used. These powders are easily obtained because
they are used in conventional sintering tech-
nology. Powder D, however, was mixed from
three powders with an average particle size of 5,
20, and 40 um.

Polyethylene (PE) and Polymethylmethacry-
late (PMMA) were selected as the binders be-
cause they do not dissolve each other, and
because less carbon remains after debinding.
Carbon adversely affects the magnetic properties
of Fe-50%Co alloy.

To study the optimum amount of binders,
the starting powders and two plastic binders,
PE and PMMA, were mixed in the range from

Table 1. Properties of starting powders

Powder A
Specific
surface area 5.84 3.01
(m? /g)

SEM
photographs

20 um

Tap density
(%) |

46.9 44.7
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30

Powder A

Powder B

Powder C

Frequency (%)

Powder D

N’
1 10 100
Particle size (xm)

Fig. 2—Distribution of particle size of starting powders.

Table 2. Mixing method

Process
Method i
e Material fppailiog
First Second
Metal powder—
A PMMA Mixture
PE ~
Metal powder—
H-Premixture
B PMMA - :|-—Mixture
PE

35 vol% to 45 vol% using a kneader.

The mixing methods were varied as shown in
Table 2. In method A, the raw materials were
mixed to lump together at a relatively high
temperature. In method B, PE was mixed at
relatively low temperature after the PMMA was
mixed with the metal powders at high temper-
ature.

These mixtures were injected into the mold
cavity shown in Fig. 3. After molding, the mold-
ed bodies were debound and sintered.

The torque of the mixtures was measured as
a standard of thermal fluidity. Cross-sections of
the mixtures and molded bodies were observed
by using an optical microscope.

The densities of the sintered bodies were

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 3—Mold cavities.

Powder A

Powder B

Torque (a.u.)
oo

Powder D

1Y

N | Powder C
0 0.3 0.6 0.9 1.2
Kneading time (ks)

Fig. 4—Torque changes in the mixtures.

measured using Archimedes’ method. The mag-
netic properties were measured in a magnetic
field of 4 kA/m using the ring samples which
were cut down from the sintered bodies.

4. Results and Discussion
4.1 Effect of starting powder

Figure 4 shows the torques of the mixtures
used as the various starting powders. In this case,
the amount of plastic binder was 45 vol%, and
method A shown in Table 2 was used to make
mixtures. In all the mixtures, the torque became
constant after mixing for 0.3 ks. The torque of
the mixture using powders A and B are, however,
four times higher than that of the mixture using
powders C and D.
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a) Powder A

b) Powder C

Fig. 5—Cross-sections of the mixtures.

A\B

T

Torque (a.u.)

0 ! 1
2.0 2.5 3.0 35

Distribution of particle size (a.u.)

Fig. 6—Relationship between the distribution of particle
sizes and torque of the mixtures.

Figure 5 shows the cross-sections of the
mixtures using powders A and C. In powder A,
particles of about 20 um agglomerate together,
In powder C, the particles disperse homogene-
ously. The difference of the torque in these
two mixtures is due to this agglomeration.
The authors propose the following explana-
tion. When the particles accumulate, the powder
with narrow distribution A has more porosity
than that with wide distribution C. And the
binder is wasted as it is used to fill the porosity.
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b) Residue

_
a) Molded body 10 mm

Fig. 7—Molding body of powder C and the residue in
the injection machine for powder A.

Therefore, the distance between each particle in
the mixture used for powder A is narrower be-
cause the effective amount of binder is reduced.
This is why the powder with a narrow distribu-
tion is prone to agglomeration.

Figure 6 shows the relationship between the
distribution of the particle size and the torque
of the mixtures. The torque of the mixtures
decreases with an increase in the distribution of
the particle size. The result of powder D shows

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 8—Relationship between the amount of binder and
torque of the mixtures prepared by methods 4
and B.

Alloy powder

Coating layer of PMMA

Fig. 9—Model for mixtures.

that the mixed powders with different particle
sizes also have higher molding ability.

The mixture for powders A and B cannot be
molded. This is because the particles in these
mixtures agglomerate under the injection pres-
sure and remain in the injection machine. The
mixture for powders C and D can be molded as
shown in Fig. 7 because they have low torque.

The distribution of the particle size varied at
the atomizing lots. However, the distribution of
the particle size in the mixed powder can be
controlled to a constant value. From these
results, mixed powder D was selected as the
optimum starting powder.
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Fig. 10—Torque change during heating and cooling.

4.2 Binder content and mixing method

Figure 8 shows the relationship between the
amount of binder and torque of the mixture
prepared by the two methods shown in Table 2
using powder D. The torque of the mixture
prepared by method A is lower than that pre-
pared by method B in all the amount of binder.
Furthermore, the torque of the mixture prepared
by method B is low even if the amount of binder
is 35 vol%, which is about 10 vol% less than that
generally used in MIM.,

The reason for this is thought to be as fol-
lows. As shown in Fig. 9, method B fabricates
the coating layer of PMMA around the particles
which acts as a sliding layer between the particles.
Because this layer prevents the agglomeration of
particles, the mixture can maintain high thermal
fluidity under the injection pressure even if the
amount of binder is 35 vol%. However, method
A fabricates a homogeneous mixture of two
binders. Because the agglomeration of the
particles increases when the amount of binder
decreases, the thermal fluidity of the mixture
decreases.

To prove that a coating layer was formed,
the torque change during heating and cooling
was measured. As shown in Fig. 10, the torque
of the mixture prepared by method A decreases
proportionally during heating as well as increas-
ing proportionally during cooling, and traces
almost the same curve during both heating and
cooling. The torque of the mixture prepared by
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Fig. 11—-EPMA analysis of the mixture prepared by
method B.

method B is three times lower at 120 °C and
decreases until the temperature reaches 140 °C.
However, it increases as the temperature exceeds
140 °C and shows the same value as that pre-
pared by method A. Moreover, it increases in the
same way as that in method B with cooling.

This result shows that the structure of the
mixture prepared by method B changes at
140 °C, that the coating layer of PMMA begins
to soften at 140 °C, and that PMMA then dis-
perses in the PE as the temperature increases.
Finally, the structure of the mixture becomes
homogeneous like the mixture prepared by
method A. This result suggests that the coating
layer of PMMA is formed by method B.

Using EPMA, the authors analyzed the
mixtures by method B. In this case, PMMA
was added to organic titanium because organic
materials cannot be analyzed by EPMA. As
shown in Fig. 11, titanium peaks are observed
around the particles. This means that the coating
layer of PMMA is formed around the particles.
This result proves that the coating layers are
formed by method B.

In debinding, the molded bodies break down
when the binders begin to soften and flow at
once. However, no problem occurs with the
mixture prepared by method B when the
amount of binder is 35 vol%. This indicates why
the amount of binder is less and why the binder
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Table 3. Properties of sintered body fabricated by
metal injection molding

Relative Magnetic properties
density Bsxk um H,
(%) (T) (mH/m) (A/m)
92.4 2,05 4.1 180
W " ~ & T

200 pm
Fig. 12—Microstructure of sintered body.

hitdtnknheal

Fig. 13—Magnetic circuit yoke made by metal injection
molding.

thermally decomposes step by step due to the
presence of two layers and the difference in
softening points in PE and PMMA.

The authors sintered these debound bodies.
Table 3 shows the relative density and the
magnetic properties of Fe-50%Co alloy. The
microstructure is shown in Fig. 12. These prop-

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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erties are sufficient to apply the magnetic circuit
yokes for various OA equipment.

5. Application

This MIM technology was applied to an
Fe-507%Co magnetic circuit yoke with a complex
shape in a printing head of a 24-wire dot-matrix
printer, The trial product, which has 24 inner
cores, is shown in Fig. 13.

6. Conclusion

The authors applied metal injection molding
to a magnetic circuit yoke with a complex shape
made from Fe-50%Co alloy. This alloy had few
applications due to its low workability, although
it has the highest magnetization of all metals.

The authors identified the optimum starting
powder and plastic binder. And the mixing
method was optimized to obtain a high thermal
fluidity even if the amount of binder was
35 vol%. As a result, an Fe-50%Co alloy magnet-
ic circuit yoke with an extremely complex shape
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was obtained which had sufficient magnetic
properties to be applied to the new OA equip-
ment.

This technology is applicable to ceramics
and to composite materials which are less prac-
tical due to low workability.
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A bistable laser diode with a saturable absorber was studied for optical signal processing
from two points of view. First, for fast operation using optical set and electrical reset signals,

the carrier density change caused by the electrical reset was decreased by optimizing the bias
voltage of the laser. As a result, fast flip-flop operation at a 2.5 Gbit/s repetition rate was
achieved. Second, for all-optical signal processing which will be important for future optical

systems, a new optical reset using gain quenching was proposed and confirmed. All-optical

flip-flop operation is demonstrated.

1. Introduction

As photonic networks increase, optical signal
processing such as optical signal switching
is gaining attention because it can use a large
bandwidth of light and does not need O/E or
E/O conversion. In the construction of optical
signal processing systems, optical bistable
devices will play an important role in the logic
and memory devices.

So far, many optical bistable devices have
been researched, e.g. Fabry-Perot etalon with
nonlinear materialsl), Fabry-Perot laser ampli-
fier?, SEED®, VSTEP?, a bistable laser diode
(BSLD) with saturable absorber® 2V- Among
these devices, the BSLD is the most useful,
because it has a large optical gain, relatively
small switching energy, and a large on/off
ratio. Some system applications for optical
signal processing have been reported, e.g. optical
time division switchinglg)‘m), and optical data
latch??.

Usually the BSLD is set by light injection
and is reset by decreasing the electrical bias.
For high-speed operation, many studies about
turn-off characteristics have been reported.
For example, the turn-off time for light is
decreased by increasing the reset current
intensitylm. Tomita et al. have reported opti-
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mizing the bias condition for the reset region
to maximize the relaxation frequency13).
Tomita et al. achieved flip-flop operation at a
repetition rate of 500 Mbit/s using set light
signals with a pulse width of 250 ps (2 Gbit/s
RZ signals). In Chap. 2, this paper reports an
improvement in the electrical reset from a
different point of view for higher repetition rate.
The repetition rate is mainly limited by large
carrier density changes caused by the reset pulse.
Therefore, the bias condition for the reset region
was optimized to minimize the carrier density
change. This produces a flip-flop operation at a
repetition rate of 2.5 Gbit/s using set light
signals with a pulse width of 130 ps.

As basic research for future technology, the
possibility of all-optical signal processing was
studied, using no electrical signals even for the
reset signals. This is because it has advantages
such as no electrical cross-talk, and freedom
from grounding and impedance mismatch
problems. Only one trial for the optical reset of
the BSLD has been reported so far. Inoue et al.
have reported the optical reset using the beat
vibration between an injected light and the
lasing light of the BSLD16), where the injected
light wavelength had to be precisely tuned to the
lasing wavelength of the BSLD. In Chap. 3, this

FUJITSU Sci. Tech. J., 26, 2, pp. 138-148 (June 1990)
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Saturable absorption region 3

Reset pulse

Set light

Gain regions

a) Schematic structure

I,: 38mA
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Light output (mW)

0 b 10 15
Current /, (mA)

b) Light output vs. electrical bias

Fig. 1 —Basic characteristics of the BSLD (Bistable laser diode).

paper proposes and confirms another new
optical resetting using gain quenching phenome-
non. This has the advantage that the injected
light wavelength does not need to be tuned to
the lasing wavelength precisely”)’ls). This paper
also demonstrates all-optical flip-flop operations
using light signals having two different wave-
lengths or two different intensities.

2. Improvement of electrical reset
2.1 Basic mechanism of the BSLD

The basic mechanism of the BSLD is as
follows: Figure 1a) shows a schematic diagram
of the BSLD structure. It has gain regions and a
saturable absorption region. Figure 1b) shows
the light output vs. electrical bias. The upper
branch is the lasing state and the lower is the E£L
state. By setting the bias current within the
hysteresis region, the BSLD operates as an
optical flip-flop. When a light is injected into the
BSLD, the light pumps the saturable absorption
region and the BSLD starts to lase. Then the
saturable absorption region is pumped by the
lasing light. Therefore, after decreasing the
injected light, the BSLD continues to lase. This
is the set operation. To reset the BSLD, the gain
of the laser should be decreased. For the pur-
pose, the electrical bias is decreased below the
hysteresis. Then, the BSLD stops lasing. This is
the reset operation.

FUJITSU Sci. Tech. J., 26, 2, (June 1990)

Reset voltage

Carrier density

|
Set light | l | I |
| | [
‘ | |
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b) Case when
carrier density
change is small

a) Case when
carrier density
change is large

Fig. 2—Carrier density changes after a reset operation.

2.2 Principle of the electrical reset for decreasing
the carrier density change.

The repetition rate of the BSLD is limited
mainly by the recovery time of the carrier
density after a reset operation. Figure 2 shows
the carrier density changes of the BSLD after a
reset. In Fig. 2a), when the carrier density
change caused by a reset pulse is large, small
light injection cannot set the BSLD unless the
time interval 7' between the reset and set pulse is
long, i.e. the recovery time of the carrier density
is long. However, in Fig. 2b) when the carrier
density change is small, a small light injection
can set the BSLD just after the reset, i.e. the
recovery time is short. Thus the recovery time of
the carrier density is decreased by decreasing the
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carrier density change even if its time constant
is not shortened.

Figure 3 shows the principle of the method
used for decreasing the carrier density changels).
As is well known, the differential gain is higher
at lower carrier densities. Thus, at low carrier
density (condition B), the carrier density change
(dng) with gain change (4g) is much smaller
than 4n, at the high carrier density (condition
A). Therefore, keeping a low carrier density in
the reset region is good for small carrier density
change. For the low carrier density, the reset
region was biased much lower than usual.

2.3 Structure of BSLD

Figure 4 shows the structure of the BSLD
used. It has tandem electrodes to control the
optical hysteresis characteristics. The cavity is
300 um long, and the saturable absorption
region is about 30 um long. The reset pulse was
applied to region 1. The lasing wavelength was
about 1.31 um. The active region is embedded
with a semi-insulating (SI) InP layer grown by
MOVPE??. The resistivity of the SI InP layer is
more than 10% cm. This BH laser is superior to
the conventional p-n junction BH laser because
the tandem electrode BSLD must have a high
resistance between the two electrodes, allowing
independent control of the injection currents.
The contact layer of the saturable absorption
region was removed by chemical etching to
increase the resistance between the two elec-
trodes. This resistance is about 8 k§2. The capaci-
tance of the deviceis less than 3 pF over 300 um.

2.4 Experiment
2.4.1 Methods for maintaining low carrier
density
To maintain a small carrier density in the
reset region (region |1 in Fig. 4), the following
operations were performed.

1) The reset region was biased with a constant-
voltage source to keep the carrier density
low even when the region was pumped by a
lasing light.

2) The reset region was biased below 1V fora
small carrier density.

3) As the reset region has a large loss, the
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Fig. 3—Principle of the improvement of the electrical

reset.
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Electrode

p*-InGaAsP cap

p-InP cladding layer

InGaAsP active layer

Fig. 4—Structure of BSLD.

region was made only 16 um long to prevent

a large increase in the threshold current.

2.4.2 Static characteristics

Figure 5 shows light output vs current of the
BSLD. 7, is the bias current of the gain region
(region 2), and V, is the bias voltage of the reset
region. The hysteresis width narrows with
decreasing V; and disappears below V; = 0.2 V.
The lowest voltage (V) for stable operation is
about 0.4 V.

Figure 6 shows the current density (J;) vs.
bias voltage (V,) of the reset region with the
electrode of region 2 open. Conventionally,
semiconductor lasers are biased above 1 kA/cm?.
Therefore by setting V; below 1V, a very low
carrier density was expected with the differ-
ential gain (loss) being larger than the con-
ventional value.

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 7—Experimental setup for dynamic operation.

2.4.3 Experimental setup

Figure 7 shows the experimental setup for
dynamic operation. A DFB laser was used for
the set light source, and the light was injected
into the BSLD. The input light intensity was
controlled by an optical attenuator. The light
intensity was evaluated by the photo-current of
the BSLD. The light output from the BSLD was
detected by an InGaAs pin photodiode (10-GHz
bandwidth). A 50-§2 resistor was inserted in
parallel with the reset region to match the
impedance.

2.4.4 Measurement of carrier density change
caused by a reset pulse

FUJITSU Sci. Tech. J., 26, 2, (June 1990)

Instead of directly estimating the carrier
density change after the reset, the change of the
threshold set light intensity (P, ) was measured
after the reset operation (see Fig. 8). The hori-
zontal axis shows the time after a reset pulse.
The bias was changed from 0.7V to 0.4 V.
Reset and set pulse widths were both 200 ps.
The reset pulses height was fixed to be 0.4 V.
AP is defined as Py, (t=0) — Py, (f =0). The
larger the carrier density change caused by the
reset, the larger the threshold set light intensity
just after the reset { Py, (£ =0) ]| . Therefore it is
possible to evaluate the carrier density changes
by measuring 4P. The lower the bias of the reset
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region, the smaller the 4P (the carrier density
change). Therefore a lower bias voltage is better
for fast operation, as long as the hysteresis
exists.

2.4.5 Fast flip-flop operation

A fast optical flip-flop (see Fig.9) was
achieved with the reset region biased at 0.4 V.
The reset pulse was 200 ps wide and 0.2 V high.
The set pulse width was 130 ps (about 4 Gbit/s
RZ signals) with a power of 80 uW. The repeti-
tion rate was 2.5 Gbit/s. This is several times
faster than any rate yet reportedm'ls).The
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Fig. 8—Change of threshold set light intensity after a
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a) Set operation by light injection which pumps the
saturable absorption region

output light corresponds to the set light signal
sequence of 1, 1, 0, 1, although there are some
pattern effects.

3. All-optical flip-flop operation
3.1 Threshold changes by light injection

In Chap. 2, we discussed the optical flip-
flop operation with optical and electrical signals.
However, future optical technology is expected

200 ps/div

Upper: Set light
Middle: Reset voltage
Lower: Output light of the BSLD

Fig. 9—Fast optical flip-flop operation.

/l/

Light output
\
| TR T ol .

Current

b) Reset operation by light injection which quenches
the gain of the gain region

Fig. 10—Two operations by threshold current changes caused by light injection.
In both cases, the solid lines show light output vs. current characteristics

without light injection, and the dashed lines show those with light injection.
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Lasing wavelength

Wavelength

Fig. 11—Gain spectra of the BSLD. The upper two
traces are those of the gain regions and the
lower two traces are those of the saturable
absorption region. The dashed lines show those
in the E'L state, and the solid lines are those
in the lasing state.

to consist of all optical signal processing because
there is no electrical cross-talk and so on. For all-
optical flip-flop operation, it is necessary to
perform set and reset operations by light injec-
tion. Figure 10 shows schematic diagrams of
threshold turn-on and turn-off current changes
by light injection. The solid lines show light out-
put vs. current without light injection, and the
dashed lines are those with light injection. Case
a) shows a well-known set operation using the
optical pumping phenomenon. As mentioned
above, when an injected light-pumps the satu-
rable absorption region, the loss of region
decreases and the threshold currents become
smaller as shown by the dashed lines. Then the
BSLD starts to lase. For the optical reset,
however, as shown in b), it is necessary to
quench the gain of the gain region and to increase
the threshold currents. The authors found that
optical reset is possible by using the gain spectra
changes of the saturable absorption region
between the EL and the lasing state.

3.2 Optical reset

3.2.1 Mechanism

The authors first considered the gain spectra
of the BSLD. In Fig. 11, the upper two traces
show the gain spectra of the gain region, and the

FUJITSU Sci. Tech. J., 26, 2, (June 1990)

Lasing wavelength

Injection light

Gain

Wavelength

Fig. 12—Gain spectra changes by injection light with a
wavelength slightly longer than the lasing
wavelength. The solid lines are gain spectra
and saturable absorption regions in the lasing
state without light injection. The dashed lines
are those with light injection.

lower are those of the saturable absorption
region. The dashed lines are those in the EL
state and the solid lines are those in the lasing
state. As is well known, in the EL state, the
saturable absorption region has a large loss
coefficient over a wide wavelength range because
there is no current injection. Therefore, light in
the wide wavelength range can pump the satu-
rable absorption region and set the BSLD.
Precisely speaking, for the set operation, the
BSLD has a high sensitivity around the lasing
wavelengthlg). However, in the lasing state, it
may have a gain coefficient or small absorption
coefficient at a wavelength slightly longer than
the lasing wavelength because the region is
pumped by the lasing light. Figure 12 shows the
gain spectra changes by the injection light with
the wavelength slightly longer than the lasing
wavelength. In the gain region, the light de-
creases the carrier density by stimulated emis-
sion, and quenches the gain at the lasing wave-
length. In the saturable absorption region, the
light also reduces the carrier density or scarcely
pumps the region. Therefore the light will
quench the net gain at the lasing wavelength and
stop the lasing L,
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Fig. 13 —Spectral changes caused by injection light with
a wavelength slighly longer than the lasing
wavelength,

3.2.2 Optical reset in the static condition

The optical reset mentioned above was
confirmed experientally. The structure of the
BSLD used here was the same as that for the
electrical reset experiment described in section
2.3, except for the length of the electrodes.
Region 1 was 70 um long, region 2 was 190 um
long, and the saturable absorption region was
40 um long. Unlike in Chap. 2, region 1 was
biased at the normal condition and acts as a
gain region.

Figure 13 shows the results of the optical
reset experiment. First, the BSLD was set in
the lasing state a). The lasing wavelength was
about 1.302 um. Then, light with a wavelength
13 nm longer than the lasing wavelength was
injected into the BSLD b). Lasing continued
when the injection light intensity was 40 uW.
However, when the injection light intensity
reached 200 uW, the BSLD stopped lasing c).
Only the amplified injection light was observed.
This is evidence of the gain quenching by the
light injection discussed above. After this, the
injection light intensity was decreased to O d).
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Fig. 14 —All-optical flip-flop operation”).

The BSLD remained in the EL state. In short,
the BSLD was reset by the injection of light
with a longer wavelength.

3.2.3 Optical flip-flop operation with light

signals of different wavelength

Using the set and reset by light injection,
all-optical flip-flop operation was demonstrated
(see Fig. 14)'”. The upper trace is the set light,
the middle is the reset light, and the lower is the
light output from the BSLD. The wavelength of
reset light was selected at 1.3154 um, which is
about 13 nm longer than the lasing wavelength.
The wavelength of the set light (1.304 4 um) was
near the lasing wavelength. The reset and set
light intensities were 90 uW and 30 uW. The
pulse width was about 20 ns. Light output from
the BSLD corresponded to the injection set light
signal sequence 1,1,0. Thus, using light having
two different wavelengths, optical pumping
and gain quenching was achieved.

3.3 Optical set and reset using single-wavelength
light signals
3.3.1 Wavelength dependence of threshold
set and reset light intensity
The method of optical reset was described
above. However the method requires two optical
signals of different wavelengths to set and

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 15—Wavelength dependence of threshold set and
reset light in intensity. The solid line shows the
threshold set light intensity, and the dashed line
shows threshold reset light intensity. Black and
white arrows indicate the resonant wavelength
in the EL and the lasing state. Points A and B
show conditions of set and reset using light
beams of two different wavelengths. Points C
and D show those using light beams of two
different intensities.

reset the BSLD. Here, to optically set and reset
the BSLD using single-wavelength light signals,
the wavelength dependence of the threshold set
and reset light intensity is discussed in detail.

As mentioned in subsection 3.2.1, the
sensitivity for set operation is high around the
lasing wavelength, and the sensitivity for reset is
high around the wavelength slightly longer than
the lasing wavelength. In addition, the BSLD
has a Fabry-Perot cavity. So, when light is
collinearly injected into the BSLD, the wave-
length dependence of the threshold set or reset
light intensity will be modulated by the resonant
characteristics of the Fabry-Perot -cavity as
shown in Fig. 15. The solid line shows the
threshold set light intensity and the dashed line
shows threshold reset light intensity. The black
and white arrows are the resonant wavelengths
in the EL and the lasing state. They are different
because the carrier densities of the gain and
saturable absorption regions change between
the EL and the lasing state, and as a result,
the refractive index of the regions changes. The

FUJITSU Sci. Tech. J., 26, 2, (June 1990)

Injection light Lasing

Nonlasing
Lasing

wavelength e D

Gain

Wavelength

Fig. 16 —Mechanism of optical set and reset using single-
wavelength light signals. As the injection light
intensity increases, the gain spectrum changes
from the lower line (the EL state) to the upper
line (the lasing state) and to the middle line.
When the injection light is decreased quickly,
the gain spectrum goes to the lower line (F'L
state) again.

threshold set light intensity has minima near the
resonant wavelengths in the FL state, and the
threshold reset light intensity has minima near
those in the lasing state'”. In short, they have
minima near the resonant wavelengths in the
initial state before light injection.

In subsection 3.2.3, a light at point A was
used for setting and a light at point B for reset-
ting. Thus by changing the wavelength of injec-
tion light, optical pumping and gain quenching
were achieved. However, if a light at point
C acts as the set light and a light at point D acts
as the reset light, single-wavelength light will
pump the saturable absorption region and
quench the gain by changing the intensity of the
light.

As shown in Fig. 16, the gain spectrum in
the saturable absorption region will probably
be changed by injection light with a wavelength
at point C and D. The lower dashed line shows
the gain spectrum in the EL state. In this state,
the region has a loss coefficient even at a wave-
length slightly longer than the lasing wavelength.
So when light at the wavelength is injected
into the BSLD, the light pumps the saturable
absorption region and sets the laser diode. The
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Fig. 17—Experimental results of the wavelength
dependence of the threshold set or reset light
intensity. Circles show the threshold set light
intensity and squares are the threshold reset
light intensity. Black and white arrows indicate
the resonant wavelength in the £L and the
lasing state.

gain spectrum then changes as shown by the
upper solid line. In this state, because the
saturable absorption region is pumped by the
lasing light, it has a gain coefficient at a wave-
length longer than the lasing wavelength, as
mentioned in subsection 3.2.1. However, when
the injection light intensity is further increased,
the light will quench the gain of the saturable
absorption region as shown by the middle ling.
Thus the light stops the lasing. Although when
the light is then decreased slowly, the BSLD
starts to lase again, when the light is decreased
faster than the recovery time of the net gain, the
BSLD will enter the EL state. Therefore, it is
possible to set and reset the BSLD with a single-
wavelength light having a wavelength slightly
longer than the lasing wavelength.

3.3.2 Experimental results under static con-

ditions

Figure 17 shows the experimental results of
the wavelength dependence of the threshold
set and reset light intensity. A DFB laser is used
for the set and reset light source and the light is
injected into the BSLD collinearly with the
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Fig. 18 —Spectral changes caused by light injection.
The wavelength of the injection light is in the
shaded region of Fig. 17.

lasing light of the BSLD. The circles show
the threshold set light intensity, and the squares
show the threshold reset light intensity. As
mentioned above, the wavelength dependence
has resonant characteristics. In addition, the
threshold set and reset light intensity have
different resonant wavelengths. It should be
noted that in the shaded wavelength region at
the right, the single-wavelength light sets the
BSLD and stops the lasing as expected.

Figure 18 shows the spectral changes of the
BSLD caused by single-wavelength light injec-
tion in the shaded wavelength region of Fig. 17.
First, the BSLD was in the EL state. Light with
a wavelength slightly longer than the lasing
wavelength (1.302 um) was injected into the
BSLD and the 50 uW injection set the laser
diode. When the injected light intensity reached
290 uW, the lasing stopped. In short, single-
wavelength, low-intensity light pumped the
saturable absorption region and set the laser
diode, and high-intensity light quenched the net
gain and stopped the lasing.

3.3.3 Optical flip-flop operation with single-

wavelength light signals

We achieved optical flip-flop operation of
the BSLD with single-wavelength light signals,
using the phenomena described above'®).
Figure 19 shows the optical flip-flop operation.

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Lower: Output light of the BSLD

Fig. 19—Optical flip-flop operation using single-wave-
length signals.

The upper trace is the set and reset light. The
lower trace is the output light. The wavelength
of the set and reset light was 1.308 22 um. The
set light intensity was 30 uW and the reset
light intensity was 170 uW. Their pulse width
was 30 ns. The single-wavelength, low-intensity
light set the BSLD and the high-intensity light
reset it.

Optical flip-flop operation was also achieved
using single-wavelength light signals which have
different pulse widths but the same intensity.

4. Conclusion

A Dbistable laser diode with a saturable
absorber was studied from two points of view.
One is high-speed operation using electrical reset
and optical set signals. And the other is a new
optical reset for all-optical signal processing,
which will be important in the future.
1) High-speed operation

The repetition rate of the BSLD is mainly
limited by the large carrier density changes
caused by the electrical reset. To reduce the
carrier density change, the reset region was
biased lower than 1 V where differential gain
(loss) is large. And by experiment, it was con-
firmed that the lower bias of the reset region is
better for small carrier density change. Flip-flop

FUJITSU Sci. Tech. J., 26, 2, (June 1990)

operation at a 2.5 Gbit/s repetition rate was
achieved.
2) Optical reset using optical gain quenching

A new optical reset method using optical
gain quenching has been proposed and ex-
perimentally confirmed for the first time. And
all optical flip-flop operations with light signals
of two different wavelengths or two different
intensities were successfully demonstrated.
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A high performance buried heterostructure laser diode emitting at 1.3 um has been

developed by applying a p-substrate to a flat-surface buried heterostructure. A high internal
quantum efficiency of 94.3 percent, a very low threshold current of 5.8 mA at 25 °C, and

a high temperature operation (for example, up to 15 mW at 100 °C) have been acheived
with this structure. An error-floor-free transmission of up to 600 Mbit/s NRZ using
pseudo-random modulation with a —80 ps/nm fiber dispersion and up to 1.2 Gbit/s with a
—40 ps/nm fiber dispersion have also been obtained. Moreover, a high reliability (median
lifetime of more than 1 X 10° h for 70 °C at 5 mW) has been realized.

1. Introduction

A 1.3 um wavelength InGaAsP/InP laser
diode has been developed as a key device
for long-haul high-bit-rate optical transmission
systems. The 1.3 um wavelength was chosen
because at 1.3 um a single mode fiber has
zero dispersion and a low loss. We have
developed a long wavelength flat-surface buried
heterostructure distributed feedback (FBH-DFB)
laser. This laser exhibited a high performance,
for example, low threshold current, high
external differential efficiency, and high single
longitudinal mode operation yield. It was
developed for long-distance and giga-bit optical
transmission systemsl)’z).

Recently, 1.3 um wavelength lasers have
been demanded in order to increase communica-
tion capacity in short and medium distance
communication, high bit rate local area net-
works, local loops, and computer links. Such
lasers must operate in harsh environments,
for example, high temperature. To realize high
performance, several types of structures for
1.3 um p-substrate laser diodes have been
developed. Some examples are a buried hetero-
structure (BH) laser on p-substrate3)'4), a p-

substrate buried crescent (PBC) lasers), and

FUJITSU Sci. Tech. J., 26, 2, pp. 149-155 (June 1990)

a V-grooved inner stripe on p-substrate (VIPS)

laser®.

We have developed a high performance
laser diode by applying a p-substrate to a flat-
surface buried heterostructure”. Its excellent
static characteristics include a high internal
quantum efficiency of 94.3 percent, a very
low threshold current of 5.8 mA at 25 °C,
and up to 15 mW of output at 100 °C.

Error-free transmission characteristics have
been obtained up to 600 Mbit/s NRZ using
pseudo-random modulation with a —80 ps/nm
fiber dispersion, and up to 1.2 Gbit/s with a
—40 ps/nm fiber dispersion. A high reliability
(median lifetime of more than 1 x 10® h for
70 °C at 5 mW) has also been realized.

In this paper, we describe the design, fabrica-
tion, characteristics, and reliability of this
device.

2. Design concept

Figure 1 shows a schematic cross-section of
the p-substrate flat-surface buried hetero-
structure (P-FBH) laser diode. To realize high
performance even at high temperature, the
p-substrate flat-surface buried heterostructure
is made using several techniques.
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Fig. 1—Schematic cross-section of 1.3 um wavelength
P-FBH laser diode.
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Fig. 2—Scanning electron photomicrograph of
cross-section of 1.3 um wavelength P-FBH laser
diode.

The key points are as follows:

1) The side walls of the mesa are shifted
from the (111)A surface. This reduces
the leakage current generated by the forma-
tion of non-radiative recombination center
of the (111)A interface.

2) The p-n-p-n current blocking layers are
composed of a p-n-p and n-p-n transistor.
The bases must be more highly doped
than the emitters in order to reduce the
gain. Therefore, a blocking layer doping
level of p* (2 x 108 /cm)p (4 x 107 /cm)-
n* (1.4 x 10*¥/cm)p* (2 x 1018 /cm)n (5 x
10 /cm) is used. This suppresses the
thyristor action of the p-n-p-n blocking
Iayerss)' o

3) In the second growth stage, the first p*-p InP
layers are grown sufficiently thick so that
the next n-InP layer can be separated from
the n-cladding layer. As a result, there
is no contact between the n-cladding and

150

n-blocking layers.

Therefore, there is no compensated region
between the n-cladding and n-blocking layers.
A scanning electron photomicrograph of a
cross-section of .the P-FBH laser is shown in
Fig. 2. By using this technique, the separation
width between the n-cladding and n-blocking
layers is controllable within 0.3-0.5 um over
the whole wafer. The leakage current near the
active region can be reduced by using a narrow
separation width. The gate current of the
p-n-p-n thyristor can also be suppressed. This
blocking layer sufficiently confines the driving
current to the active region and sufficiently
supresses the gate current. This is the case even
at high temperatures. The above conditions are
necessary for the realization of fabrication
reproducibility, excellent uniformity of device
characteristics, and high operation yield.

3. Fabrication

P-FBH lasers were fabricated by three-step
liquid phase epitaxial (LPE) growth. In the first
growth, a p-InP buffer layer, p-InGaAsP active
layer (0.12 um thick), n-InP cladding layer,
and n-InGaAsP cap layer were grown on a p-InP
substrate. A SiO, mask to delineate the stripe
geometry was patterned on this wafer, and
the wafer was then etched with an etchant
of HBr, H,0O,, and H,O to form the mesa
structure'?. By using this etchant, the side
walls of the active layer were shifted from the
(111)A surface. The width of the active region
was 0.8-1.2 um. In the second growth, p*-p-n*-
p*-n InP blocking layers (1.0-1.5 um thick)
were grown. The second p-InP layers were grown
thick to separate the n-InP and n-cladding
layers. After removing the SiO, mask and
etching the n-InGaAsP cap layer of the first
growth, an n-InP cap and n-InGaAsP contact
layers were grown in the third growth.

After the growth process, the mesa structure
was formed to reduce the capacitance of the p-n
junction in the current-blocking layers. This
structure enables a high speed response. The
mesa width was about 10 um. Next, an n-
electrode and p-electrode were formed, the
rear facet was coated with three layers of

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 4—Temperature dependence of CW output-power/
current characteristics of P-FBH laser.

high reflection (HR) films of (SiO, /a-Si/SiO,).
The reflectivity was about 80 percent. Finally,
the front facet was cleaved and the P-FBH laser
diode was mounted junction-up on a heatsink.

4. Characteristics

4.1 Static characteristics
Internal quantum efficiency is estimated

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 5—Temperature dependence of threshold current of
P-FBH laser.

from the CW output-power/current character-
istics of lasers with different cavity lengths. The
equation for the differential quantum efficiency
is given by

1 20; L
—1=~§1+—’—&, s 1)
nd Tli 1 ( 1 )

LA
Rf R,

where ny is the total external differential quan-
tum efficiency of the front and rear facets, n;
is the internal quantum efficiency, o is the
internal loss, L is the cavity length, and Ry and
R, are the reflectivities of the front and rear
facets. When 1/n; is plotted against L, the
intercept at L =0 gives the internal quantum
efficiency and the internal loss can be solved
using Equation (1). The CW output-power/
current characteristics of five or six samples for
each cavity length from 250 um to 500 um were
measured. The front/rear ratio of the external
differential quantum efficiency was 4.0. The
results are shown in Fig. 3. At 25°C, the
internal quantum efficiency was 94.3 percent
and the internal loss was 20.7/cm'?). This
internal quantum efficiency is the best so far
reported for double heterostructure (DH),
and we believe it to be due to the optimum
design and high quality of the crystal.
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The temperature dependence of the CW
output-power/current of a P-FBH laser with a
cavity length of 300 um is shown in Fig. 4.
A high power operation of up to 15 mW at
100 °C and up to 6 mW at 120 °C have been
achieved using the P-FBH structure. The highest
lasing temperature was 130 °C and the output-
power was 2 mW.

The temperature dependence of the thresh-
old current is shown in Fig. 5. The threshold
current was 8.5 mA at 25°C and 34.1 mA at
100 °C. The characteristic temperature was 61 K
at 50 °C and 45 K at 100 °C. The lowest thresh-

|
=~
T

Power (dBm)

—80 L L L L ! ! s L L
1.281 1.306 1.331

Wavelength (,m)

Fig. 6—Example spectrum of P-FBH laser at 25 °C,
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old current of n-substrate FBH (N-FBH) lasers
with HR films was 11.6 mA at 25°C and
55.7mA at 100 °C. Therefore, the threshold
current of the P-FBH laser was 30 percent less
than that of the N-FBH laser.

Figure 6 shows an example spectrum at
25 °C, 5 mW. The peak wavelength was 1.306 um
and the full width at half maximum (FWHM) of
the spectrum was 1.8 nm. A small FWHM is
essential for long distance and high bit rate
transmissions.

Figure 7 shows a typical far field pattern
(FFP) at 25°C, 3 mW. The FWHM of the FFP

Parallel Perpendicular
6y = 22.6 deg

f. = 278 deg
1.0

Relative intensity

0
=50 0 50
Angle (deg)

Angle (deg)

Fig. 7—Typical far field pattern (FFP) of P-FBH laser at
25°C, 3 mW.
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Fig. 8 —Histograms of CW threshold current of P-FBH lasers (N = 150 pcs.).
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Fig. 10—Small-signal frequency response of P-FBH laser
without HR films.

was 22.6deg in the parallel direction and
27.8 deg in the perpendicular direction. A
narrow and stable single lobe was obtained.
These results show that high coupling to a single
mode fiber can be realized with a narrow FFP.
One hundred and fifty chips having a thresh-
old current below 20 mA at 25 °C and a cavity
length of 300 um were cleaved from ten wafers.
The CW output-power/current characteristics
were measured at 25 °C and 100 °C. Histograms
of the threshold current and the external dif-

FUJITSU Sci. Tech. J., 26, 2, (June 1990)

ferential efficiency at 3 mW from the front facet
are shown in Figs. 8 and 9. The average value
of the threshold current was 7.9 mA at 25 °C
and 35.6mA at 100 °C. The average value
of the external differential efficiency was
0.365 mW/ mA at 25 °C and 0.186 mW/mA at
100 °C. The lowest threshold current was
5.8 mA at 25 °C and 26.7 mA at 100 °C. These
results show that P-FBH lasers with high-
performance static characteristics even at high
temperatures are achievable.

4.2 Modulation characteristics

Figure 10 shows the small-signal frequency
response of the P-FBH laser without HR films.
The bias current was set at 1.5Ith, 3Ith, and
61th. The —3 dB modulation bandwidth above
11 GHz was achieved at a bias current of 6Ith.
This frequency response is sufficient for use in
giga bit modulation. Figure 11 shows the eye
pattern under modulation at 2.4 Gbit/s NRZ.
The bias current was set at the threshold level
and the peak power was 5 mW. A well-opened
eye pattern was obtained. The high speed
response characteristics are due to the 10 um
mesa P-FBH structure, which reduces the para-
sitic capasitance of the p-n junction in the cur-
rent blocking layers.
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Fig. 11—-Eye pattern using 2.4 Gbit/s NRZ pseudorandom
modulation (threshold bias current, S mW peak
power).
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Fig. 12—Results of bit-error-rate measurement.
Conditions are 400 Mbit/s NRZ with
a —120 ps/nm dispersion, 600 Mbit/s NRZ with
a —80 ps/nm dispersion, and 1.2 Gbit/s NRZ
with —40 ps/nm dispersion (threshold bias
current, 3 mW peak power).

4.3 Transmission characteristics

Figure 12 shows the results of bit-error-
rate measurements. The bit rates were 400-,
600-Mbit/s, and 1.2 Gbit/s using NRZ pseudo-
random modulation. In the measurements, the
bias current was set at the threshold level and
the peak optical power was set at 3 mW.
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Fig. 13—APC aging tests of P-FBH lasers at 70 °C, 5 mW
(N = 25 pcs.).

The following floor-free performances were
obtained: 400 Mbit/s with a —120 ps/nm fiber
dispersion (45 km distance), 600 Mbit/s with
a —80 ps/nm fiber dispersion (30 km distance),
and 1.2 Gbit/s with a —40 ps/nm fiber disper-
sion (15 km distance). The high speed response
characteristics and narrow stable spectrum
enable high bit rate transmission even for modu-
lation at 1.2 Gbit/s.

5. Reliability

To investigate the reliability of the P-FBH
laser diode, an automatic power control (APC)
mode aging test at an ambient temperature of
70 °C and an optical power output of S mW was
carried out. There were 25 samples in the test.
The lasers were selected by automatic current
control (ACC) screening at 85 °C, 150 mA, and
48 h. Figure 13 shows the results of the aging
tests. The driving currents ranged from 38 mA
to 52 mA. The samples operated for about
4000 h. In 19 samples, the change in driving
current from the initial values were within the
measurement error. For the other six samples,
the degradation rates were within one percent.
If the lifetime is defined as 1.5 times the initial
driving current, the median lifetime of P-FBH
for 70 °C at 5 mW is estimated to be more than
1 x 10% h. Thus, the reliability of P-FBH lasers

is very high.
6. Conclusion

We have developed a high performance
P-FBH laser diode. Its excellent characteristics

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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have been achieved using several fabrication
techniques. A high internal quantum efficiency
of 94.3 percent, a very low threshold current of
5.8 mA at 25 °C, and a high temperature opera-
tion (for example, up to 15 mW at 100 °C) have
been achieved. Error-floor-free transmissions at
600 Mbit/s NRZ modulation with a —80 ps/nm
fiber dispersion, and 1.2 Gbit/s NRZ modula-
tion with a —40 ps/nm fiber dispersion have
been achieved. Error-floor-free transmissions at
estimated to be more than 1 x 10° h for 70 °C
at S mW, which clearly shows that the P-FBH
structure has a high reliability.
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Sputtered Garnet Media for
Magneto-Optic Recording
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In-situ crystallized Bi-substituted iron garnet films were deposited by RF sputtering. The
films had a columnar microstructure and the surfaces were as smooth as a single crystal.
They showed square hysteresis loops with large coercivity.

The films’ perpendicular magnetic anisotropy is ascribed to inverse magnetostriction. A disk
four inches in diameter was dynamically recorded using an Ar ion laser. The figure of merit
of the disk with an Al reflector was about ten times higher than that of a magneto-optic
disk made of an amorphous rare-earth transition metal. CNRs of 57 dB and 54 dB were
obtained for bit lengths of 5 um and 1.4 um, respectively.

1. Introduction

At present magneto-optic (M-O) recording
is the most highly developed erasable optical
data storage technologyl). Recording is per-
formed by thermomagnetically writing magnetic
domains. The readout is obtained using the
magneto-optic effect such as polar Kerr rotation
or Faraday rotation.

A good M-O recording medium should have
1) high coercivity to support micron or sub-
micron sized domains for high-density storage,
2) a strong M-O effect to produce a large readout
signal, 3) good writing sensitivity for the use of
semiconductor leasers, and 4) long-term stability.

An amorphous rare-earth transition metal
(RE-TM) is now the leading candidate for M-O
recording media because the noise of the medium
is extremely small. In addition, it has high
coercivity and good writing sensitivityz). How-
ever, the Kerr rotation of RE-TM is typically
as small as 0.3 degrees, whereas a larger Kerr
rotation is required for higher readout per-
formance. Moreover, the chemical stability is
very poor unless the film is well protected.

Bi-substituted  rare-earth  iron  garnet
(Bi:RIG) is very attractive for M-O recording
media because it has a huge Faraday rotation in
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the visible region3). Moreover, there is no prob-
lem with long-term stability since garnet is stable
oxide. Liquid phase epitaxy (LPE) has been
mostly used to prepare garnet film*). However,
it is difficult to obtain a film of high coercivity,
large size and high Bi-substitution using LPE.
These properties are required for M-O recording
media.

Recently there have been attempts to pro-
duce garnet films by sputterings)'7). It is rather
easy to obtain a large uniform film with high
Bi-substitution by sputtering. There are two
methods for preparing a sputtered garnet film on
a single crystal Gd;Gas0,,(GGG). One way is
to crystallize an as-sputtered amorphous film by
postannealing. The other way is to make a
crystallized film during deposition, keeping the
substrate temperature above 500 °C.

With Bi, Ga:YIG on GGG, there are major
differences in the microstructure and magnetic
properties of postannealed film and crystallized-
as-deposited film”). The crystallized-as-deposited
film has a columnar microstructure and its
surface is quite smooth, while the postannealed
film has a granular microstructure and its
surface is rather rough. The postannealed film
shows a square hysteresis loop with large co-

FUJITSU Sci. Tech. J., 26, 2, pp. 156-163 (June 1990)
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Fig. 1 —Surface roughness measured by scanning optical
differential interference.

ercivity. But the squareness ratio and coercivity
of the crystallized-as-deposited film are both
small.

Positannealed film was dynamically recorded
using an Ar ion laser®® . However, the media
noise was very large due to light being scattered
by the granular microstructure. Crystallized-as-
deposited film could conceivably be used for
M-O recording, but it has not been used because
of its low coercivity. To overcome this problem,
the authors changed the composition to
Bi, Ga:DyIG with large magnetostriction, and
attained large coercivity and low noise.

This paper describes the microstructure and
magnetic properties of crystallized-as-deposited
Bi, Ga:DyIG films, and shows the dynamic
recording characteristics using an Ar ion laser.

2. Film properties
2.1 Film preparation

Films were prepared by RF diode magnetron
sputtering.

Substrates were (111) GGG wafers three

FUJITSU Sci. Tech. J., 26, 2, (June 1990)

0.2 ym

Fig. 2—FF-SEM image of the surface.

inches and four inches in diameter. The target
was composed of Bi, Dy, Ga, and Fe oxide,
which was made by conventional sintering. A
mixture of Ar and O, was used as the sputtering
gas. The substrates were kept at 570 °C for
crystallization during deposition. The substrates
were rotated to produce uniform films.
The film composition was

Bi; : Dy, 1 Gag ,Feyq 404, . This was determined
by the Inductive Coupled Plasma (ICP) method

assuming eight as the total number of cations.
The X-ray diffraction pattern showed only a

(444) peak of garnet phase. The lattice mis-
match between the film and the substrate was
about one percent. No impurity phase was
observed despite the large deviation from the
stoichiometric value.

2.2 Surface morphology

The surface roughness of the films are
shown in Fig. 1.

These were measured by the scanning optical
differential interference method with a beam
spot size of 1 um. The roughness of the sub-
strate and the postannealed film are also shown
for comparison with that of the crystallized-as-
deposited film. The crystallized-as-deposited
film has no surface roughness except due to that
of the substrate, whereas the postannealed
film has its own roughness. The long-range
undulations in each figure originate from the
striation of the substrate.
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a) Top

100 nm

b) Cross section
Fig. 3—TEM image of the film.

The features of the surface of the crystal-
lized-as-deposited film could not be seen using
an ordinary scanning electron microscope. But
a microstructure smaller than 100 nm was
revealed by field emission SEM (Hitachi S-800).
This is shown in Fig. 2.

2.3 Microstructure

The microstructure was observed using a
transmission electron microscope (TEM). The
specimens for TEM were prepared, removing the
substrate by mechanical polishing and ion
milling.

Figure 3 shows the TEM images of top view
and cross section of the film. Although there are
small crystallites of 50 nm, the diffraction pattern
is like that of a single crystal. A columnar
structure is clearly seen in the cross section.
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e
200 nm

Fig. 4—TEM image of the cross section.
The substrate is single-crystal (Gd, Ca); (Ga, Mg)s O, .

# (deg)

Fig. S—Faraday hysteresis loop.

The columnar structure seems to be caused
by the lattice mismatch. Figure 4 shows a cross
section of the film where a single crystal
(Gd, Ca);z (Ga, Mg)s O;, was used as a substrate.
In this case, the lattice mismatch was less than
0.1 percent, and no features were observed
except for the interface.

2.4 Magnetic properties

The Faraday hysteresis loop is shown in
Fig. 5. The coercive force of 0.16 T is not as
large as that of RE-TM, but it is acceptable for
M-O recording.

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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H. (T)

Fig. 6—Temperature dependence of Faraday rotation
and coercivity.
The film thickness is 0.2 um and the Faraday
rotation was measured at a wavelength
of 514 nm.

By changing the composition from
Bi, Ga:YIG to Bi, GA:DyIG, the coercivity was
increased about 50 times. Even when a single
crystal (Gd, Ca);(Ga, Mg)s O;, was used as a
substrate, the coercivity was almost the same as
that of the film on GGG. Therefore, the perpen-
dicular magnetic anisotropy does not originate
from the shape effect. It is considered that the
perpendicular anisotropy is caused by inverse
magnetostriction.

If sp, the anisotropy constant, Ku, is given
by Equation (1)10).

Ku=—(3/2)\;;0.

Here, Ku is positive, because the magneto-
striction coefficient, \,;;, is negative and the
stress, o0, is positive.

DyIG has one of the largest values of A\,
among rare-earth iron garnets which have a
negative magnetostriction coefficient!!? . Further-
more, the thermal expansion coefficient of the
film is larger than that of the substrate, which
causes tensile stress in the film'?. In the
crystallized-as-deposited film, the stress acting
along the grain boundaries is much smaller than
that of postannealed film. This is why the coer-
civity of .crystallized-as-deposited Bi, Ga:YIG
film is small.

Figure 6 shows the temperature dependence
of the Faraday rotation and coercive force. The
Faraday rotation and coercive force decreases
monotonically with increasing temperature and

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 7—Wavelength dependence of Faraday rotation.
The film thickness is 0.5 um.

they vanish at the Curie temperature of 200°C.
Since the coercive force increases rapidly at low
temperature, the compensation temperature
seems to exist below —160 °C. The saturation
magnetization was about 0.057 T at room
temperature.

2.5 Faraday rotation spectrum

The wavelength dependence of Faraday
rotation is shown in Fig. 7. The Faraday rota-
tion increases with decreasing wavelength and
has a maximum value around 500 nm. This is
the specific Faraday rotation spectrum of
Bi:RIG. The huge Faraday rotation has been
ascribed to the charge transfer transition
around 450 nm, which is strongly enhanced
by Bi-substitution'?’.

A larger Faraday rotation near the infrared
range is desirable for practical applications using
a laser diode. Recently it was found that Ce-
substituted garnets (Ce:YIG) have a large
Faraday rotation around 800 nm!®> 15

Investigation of the applicability to M-O
recording is now in progress on sputtered
Ce, Ga:DyIG film'®.

3. Dynamic recording
3.1 Read-write system

Dynamic recording was carried out using
a 514-nm Ar ion laser as a light source. An Ar
laser was used in order to obtain the largest
reproduced signal, as is shown in Fig. 7.

The read-write system is shown in Fig. 8.
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Fig. 8 —Read-write system.

An acousto-optic device was used to modulate
the Ar laser. A He-Ne laser was used for the
forcus servo. The half-width of the focused
Ar laser beam was 1 um on the media. This
value was measured by the knife-edge method.
The numerical aperture of the objective lens was
0.45 and a slide glass with appropriate thickness
was attached to the optical head to obtain the
half-width of 1 um. A tracking servo was not
used because the disks have no tracking grooves.
An ordinary differential detection scheme was
used to reduce the media noise.

3.2 Disk structure

On the 0.23 um thick garnet film, 0.1 um
thick Al film was deposited as a reflector. The
Al film also acts as a heat absorber. Since the
garnet film is still transparent at the wavelength
of the Ar laser, the writing sensitivity is much
improved by coating the disk with a metal
reflector?.

The reproduced signal is proportional to the
figure of merit, which is defined as the product
of the reflectivity R and the effective M-O
rotation angle 6. Both R and 6 are strongly
affected by the thickness of the transparent
garnet film because the interference is extremely
large in the multilayer structure. Therefore,
the garnet film thickness must be optimized to
obtain the largest reproduced signal. A garnet
film thickness of 0.23 um is the optimum.
This was determined by both calculation and
experiment”).
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The figure of merit of the optimized disk is
2.1 degrees at the wavelength of 514 nm, as 6
was 4.5 degrees and R was 46 percent. This
figure of merit is more than ten times that of
RE-TM disk.

3.3 Read-write characteristics

Figure 9 shows the write power dependence
of the carrier-to-noise ratio (CNR) at a write
frequency of 1 MHz, a linear velocity of 10 m/s
and a read power of 2.5 mW. The resolutional
bandwidth of the spectrum analyzer was 30 kHz.
The threshold power is 5 mW, and CNR reaches
57 dB when the second harmonic is minimum
at 15 mW. Since the threshold power of an
ordinary RE-TM disk is about 4 mW under the
same writing conditions, this writing sensitivity
is moderate. The writing sensitivity can be
improved if more absorptive metal such as Cr

is used as a reflector”’.

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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Fig. 12—Reproduced signal.

The read power dependence of the carrier
and noise level at the optimum write power is
given in Fig. 10. The noise level increases by
2 dB after recording. The erase noise level was
compared with that of a typical RE-TM disk
with the same read-write system under the
same conditions. It was found that the erase
noise level of sputtered garnet disk was only
1 dB higher.

The write frequency dependence of CNR is
shown in Fig. 11. CNR decreaes gradually with
increasing write frequency or decreasing bit
length. This is because the bit length becomes
close to the beam size. At 5 MHz, the CNR is
54 dB.

Since the linear velocity is 14 m/s, the bit
length is only 1.4 um. This value of CNR is

FUJITSU Sci. Tech. J., 26, 2, (June 1990)
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slightly higher than that of a typical RE-TM
disk.

The reproduced signal and recorded bits are
shown in Figs. 12 and 13. The bit width is
1 um and the edges of the bits are very sharp.
The sharp edges of bits lead to low write noise.

3.4 Signal amplitude

Though a good CNR was obtained, it was
much smaller than expected. The figure of merit
of the sputtered garnet disk is more than ten
times that of an RE-TM disk, and the noise level
was comparable. Therefore, the CNR of a
sputtered garnet disk is to be 20 dB higher than
that of an RE-TM disk.
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The CNR sometimes greatly depends on the
read-write system. To check that the M-O
signal was correctly obtained, the signal
amplitude was measured for various sputtered
garnet disks. Figure 14 shows the relative signal
amplitude dependence on the figures of merit.
The signal amplitude is proportional to the
figure of merit, as determined theoretically.
Therefore, the read-write system may be thought
to be insensitive to the M-O signal, as the slope
of the straight line in Fig. 14 is small.

One possible reason for the low CNR is that
the optical components in the read-write system
were not well optimized. For example, when the
M-O rotation angle is very large, the half-mirror
placed before the half-wave plate must be
chosen considering the appropriate separation
ratio of the p- and s-wave. If the half-mirror is
not chosen appropriately, the signal amplitude
is reduced to about half by incomplete differ-
ential detection. However, a big difference will
still remain between the obtained CNR and
the predicted one even after the read-write
system is well optimized.

The other reason might be related to
ellipticity, which is caused by the Faraday effect
or birefringence. How much the ellipticity
influences the signal amplitude is not clear,
and this seems to be the key to obtaining the
predicted CNR.

4. Conclusion

Films of high quality and good magnetic
properties were produced by crystallizing
Bi, Ga:DyIG films on GGG during deposition.
The film has a columnar microstructure resem-
bling a single crystal and a square hysteresis loop
with large coercivity. The perpendicular
magnetic anisotropy is ascribed to the inverse
magnetostriction of DyIG.

The figure of merit of the optimized disk
is more than ten times that of RE-TM disk. A
CNR as high as 54 dB was obtained for a bit
length of 1.4 um using Ar laser. The noise
level was comparable to that of RE-TM disk,
and high-density recording is possible.

A high CNR is a great advantage for high-
density recording. In addition, the recording
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density can be increased by using a laser diode
with a shorter wavelength. A high-power visible
laser diode will be available in the near future.
The CNR of the RE-TM disk has already reached
the theoretical limit of its ability. But it is not
necessarily sufficient for use in a computer
memory that requires a very high data rate.

Sputtered garnet film is promising for the
next generation of M-O disks having ultra-high
recording density and high reliability.
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