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Photorelays
~Points for photorelays in
high frequency circuit
applications ~

Overview

Photorelays (MOSFET output photocouplers) have a variety of advantages, and replacement
from mechanical relays is progressing. However, there are some points that must be taken into
consideration in comparison with mechanical relays when they are used in high-frequency circuits
such as semiconductor testers and measuring instrument applications.

This document mainly describes precautions when controlling high-frequency signals with
photorelays.

Here, signals with a frequency ranging from several hundred MHz to several hundred GHz are
positioned as high-frequency signals. In addition, assume that a 1-Form-A photorelay (a
photorelay in which the output-side MOSFET is turned on when the input-side LED signal is on)
is used as a precondition.
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1. Introduction

A photorelay is a semiconductor relay with MOSFETs at the output stage (Fig. 1). Table
1 shows feature comparison between photorelays and mechanical relays.

Recently, reliability has become important and packages of photorelays have become
smaller, the replacement from mechanical relays is progressing in terms of space saving.
However, there is a resistance component (on-resistance Ron) when a photorelay is on
compared with a mechanical relay, and a capacitance component (output capacitance Cofr)
mainly from the PN junction capacitance of the parasitic diode on the output side MOSFETs
when the a photorelay is off (Fig. 2). As the frequency increases, the inductance (L)
component can also be seen (Fig. 3). Consideration should be given to replacing
mechanical relays with photorelays in circuits that transmit high-frequency signals. This
application note mainly describes precautions when controlling high-frequency signals with
photorelays.

Drain —
/ through the LED to cause

x it to @mit light,

= : \- OUTPUT g Tz

A current is passed

INPUT

MOSFET

. 0 MOSFET tums on.

(1) When current is applied to the LED on the input side, the LED emits light and an optical signal is
generated.
(2) The optical signal is converted into an electrical signal by the contact-side PDA and the MOSFETSs.
Input the electrical signal to the control terminal (gate).

(3) When the electric signal is input to the gate, MOSFETSs are turned on, and the contact is connected.

Fig. 1 Principles of operation of photorelay (1-Form-A contact)
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Table 1 Comparison between photorelays and mechanical relays

Mechanical relay Photorelay Remarks
(Signal relay) [Faature of Pholorelay)
Lifetime » e Long life
(With contact lmit) {Na conlact limit)
) ©(24) O (-54)
Contect Capacky $#Ta 85°CIAC DG applicable #¢Ta 25°C/VOFF=60V basis
Contact Resistance About 0.10 About 0.02-250 -
(ON Resistance) {Degraded by On/CH) (Stable) High reliability
Contact Voltage o Q
(OFF Voltage) e @ AC 250V, DC 30v) {ex : lina up with 20v~B00V)
Isolation Voltage Q e
(ax @ 1KVms) [ miac:5HVrms)
) FaX ] )
Operation / Release Time About S Abost DA High speed
Operation Sound A (exist) @ (No sound) Mo noise
. o ) _
] (e - BOrmm? ) (S-VSON: 2 9mm® - 1.45 x 2.0 mm) Smaller size
. x (cail) o (LED) .
Input Power Consumption — (e 0.5mib~) Less power consumplion
Contact Form 1e. 2c 1a, 1b. Za, 1alb
Leakage Current © (not exist) 20pA~)
LED: on = LED: off = J— C
R OFF
ON

(b) LED: off (Contact: off)

(@) LED: on (Contact: on)
Fig. 2 Ron and Cofr of the photorelay output part

&1

LED: on _ Ron LED: off = Corr

(a) LED: on (Contact: on) (b) LED: off (Contact: off)

Fig. 3 Inductance (L) components also appear in a high frequency
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2. Photorelay behavior for high frequency signals

As described above, the photorelay has an on-resistor (Ron) and a pin-to-pin capacitance
(CorF). This is a major difference from mechanical relays.

When the specified current and voltage are applied to the photorelay input, the photorelay
turns on. At this time, MOSFETSs of the output stage behaves as a resistance component when
the applied current frequency ranges from DC to low frequency. However, as the frequency
increases, an inductance component appears in addition to the resistance component. On the
other hand, if no biasing is applied to the photorelay input, the output MOSFETs are turned
off. At this time, MOSFETs are equivalent to the capacitance component when the applied
signal frequency ranges from DC to low frequency, but an LC resonance occurs because the
inductance component appears in addition to the capacitance component as the frequency
increases. Note this when controlling high frequency signals with a photorelay. In other words,
the signal after passing the photorelay is distorted with respect to the expected output signal.
A common parameter for expressing this distortion is the S-parameter, which is described
later.

3. Points when using photorelays in high-frequency circuits

A problem when operating photorelay is the transmission characteristics when the output
is turned on.

When the frequency increases, the output waveform rise time (trout) after passing through
the photorelay changes from the input waveform rise time (t;in) due to effects of inductance
components of the photorelay. This change is expressed as the equivalent rise time (ERT:
Equivalent Rise Time). The ERT is defined by the equation shown in Fig. 4. The smaller the
value, the less the change in the signal is, which can be said to be a good characteristic. The
transmission characteristics can also be expressed using the S-parameter described later.

ERT (Equivalent Rise Time) ERT = ‘\in"."ci)t'i’."1 —trin®

250 mV

250 mV

10 % 7

ov [ ] ov

' I I
trin trout
Input waveform Output waveform

Fig. 4 Transmission characteristics

A leakage current is also a problem when the output (contact) of the photorelay is turned
off. When a steep rising voltage is applied to the contact when the photorelay is turned off, a
leakage current is generated (Fig. 5). Approximately, I =CorrxdV/dt; flows. An impedance,
the total opposition to alternating current by an electrical circuit, which corresponds to the
resistance in a DC circuit. This impedance at Corr decreases as the frequency increases, then
the leakage current increases. In such cases, it is recommended to use a product with smaller
Corr.
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Equivalent  Operation Example

Circuit

4.
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1
! i wave

e
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Fig. 5 Leakage current when the contact is turned off

S-parameters (Scattering Parameters)

S-parameters are one of circuit parameters used to represent the characteristics of high
frequency electronic circuits and components. The S-parameters are expressed in a matrix

(S-matrix), which represents the electrical power characteristics of the network's transmission
(signal is transmitted through the network) and reflection (signal is returned from the

network).

<Definition of two-port network>

S-parameters are often used in a network with two pairs of terminals (two-port circuit, or
four-terminal network), and is defined as follows when the input terminal pair is a terminal
pair and the output terminal pair is a terminal pair 2 (Fig. 6). The definitions of the symbols
are as follows.

ai: Square root of the incoming power wave from the port 1 (Note)
bi: Square root of the outgoing power wave to the port 1
a2: Square root of the incoming power wave from the port 2 (Note)
b,: Square root of the outgoing power wave to the port 2

Si1:

Soq:

S12:

Soo:

(Note) 0 dBm = 1 mW is used for our measurement

Signal reflection ratio at the port 1. This ratio can be measured in decibels

and it means the return loss at the port 1.

Signal transmission ratio from the port 1 to the port 2. This ratio can be measured
in decibels and it means the intertion loss (isolation).

Signal transmission ratio from the port 2 to the port 1. This ratio can be measured
in decibels and it means the intertion loss (isolation).

Signal reflection ratio at the port 2. This ratio can be measured in decibels

and it means the return loss at the port 2.
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] [511 512] [511‘11 + 512‘12]
S21 522 Sy10; + Spz0a,

Port = o & < Port

Fig. 6 S-parameters and signal flow graph

4.1 S-parameters for photorelays

When the signal frequency increases, signal loss at the photorelay contact become large,

which may cause of inaccurate signal transmission or heat generation.

Therefore, controlling a high frequency, it is necessary to select a photorelay having low
signal loss (low insertion loss) when the contact is closed (photorelay; on) and low signal
leakage (high isolation) when the contact is open (photorelay; off). When selecting
photorelays, the insertion loss and the isolation are typically required from S-parameters
measuerment results.

1. Signal loss when the photorelay is on (insertion loss)
2. Signal loss when the photorelay is off (isolation)

From the above, a photorelay with low Ron or low Coff is required to control high frequency.
Product examples) Low Ron type: TLP3475 / TLP3475S  Low Cofr type: TLP3440 / TLP3440S

4.2 Insertion loss (LED: on)

The insertion loss corresponds to the resistance between the photorelay output terminals
when it is on. Signal loss occurs between the terminals at high frequencies when the
photorelay is on. The magnitude of the loss is called insertion loss, which is expressed in dB
(decibels) as the ratio of the input power Pij; and the output power Pgyt.

The insertion loss is calculated by the formula below. Large negative value means high
magnitude loss. As the frequency increases, the negative value of the insertion loss increases
due to the influence of the inductance components (Fig. 7). This means that the transmission
efficiency is poor.
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. _ Pout
Insertion loss (dB) = 10log;, P
i

Examples) -0.1 dB: Approx. 2 % signal loss -1.0 dB: Approx. 20 % signal loss
-3.0 dB: Approx. 50 % signal loss -6.0 dB: Approx. 75 % signal loss

0
-2
-4 —— =
P Pin - Pout
-8
0 .
S, 10
=12
-14 At high frequencies, impedance from the
-16 frame and wires become significant, making
;E it more difficult for the signal to pass through.
0.1 1 10

f[GHz]

Fig. 7 Insertion characteristics

4.3 Isolation (LED: off)

The insertion corresponds to the resistance between the photorelay output terminals when
it is off. At high frequencies, signal passes (leakage) the Corr even in the off-state. The
magnitude of the leakage is called isolation, which is expressed in dB (decibels) as the ratio
of the input power Pj, and the output power Pgyt.

The isolation is calculated by the formula below. The large negative value means less
leakage. As the frequency increases, the leakage increases, so the isolation value increases

(Fig. 8).

P
Isolation (dB) = 10log, (I;;ut)

mn

Examples) -10 dB: 1/10 (10 %) signal leakage -20 dB: 1/102 (1 %) signal leakage
-30 dB: 1/103 (0.1 %) signal leakage -60 dB: 1/106 (0.0001 %) signal leakage

0
-2
-4
-G
- Pin Pout
& 10 oo
o
= 12
14 At high frequencies, impedance due to the
-16 off capacitance is lowered. The signal can be
-18 passed easily even in the off-state. Also, LC
-20
01 1 1o esonance occurs.
f[GHz]
Fig. 8 Isolation characteristics
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4.4 Return loss

Impedance mismatches cause signal reflections.

This situation can be imagined as water flow in a pipe (Fig. 9). If the diameter or cross-
section shape of the water pipe (impedance) changes at a point as shown in Fig. 9(b), the
water (signals) will not flow smoothly and will be reflected partially. In addition, this is
equivalent to a noise sourse because of the water flow turbulence.

The magnitude of the signal reflection is called return loss, which is expressed in dB
(decibels) as the ratio of the input power Pj; and the reflected power Prer. The return loss is
calculated by the formula below. The large negative value means low reflection. As the
frequency increases, a large signal reflection occurs due to the impedance mismatch influence,
thus the insertion loss increases.

Pref
Return loss (dB) = 10log;o (——
Pin

Examples) -10 dB: 1/10 (10 %) signal reflection -20 dB: 1/102 (1 %) signal reflection
-30 dB: 1/103 (0.1 %) signal reflection -60 dB: 1/106 (0.0001 %) signal reflection

(a)
p
Water flow ——0 0O
I::'ref
(b)

Reflection

(@) When the diameter or cross-section area of the water pipe is constant
= The signals flow smoothly when the impedance matches

(b) The diameter or cross-section area of the water pipe changes
= The reflection occurs at the impedance mismatched point

Fig. 9 Return loss (analogy from water flow in a pipe)

©2020 9 Rev. 1.0 2020-09-30

Toshiba Electronic Devices & Storage Corporation



TOSHIBA

Photocoupler Application Notes

4.5 Phase

As the frequency increases, the parasitic reactance of the transmission line causes a phase
difference between the voltage and current at the load as shown in Fig. 10. In the low
frequency range, the phase difference is small because the value of the parasitic reactance is
small. However, under high frequencies, the phase difference becomes large due to the
influence of the parasitic reactance. The active power P describes as P = VIcos6, where voltage
is V, current is I, and the phase difference between the current and voltage is 8. When the
phase difference is 90°, cos90° = 0, which means that the supplied power to the load is zero.

When selecting a component (photorelay) adopting to a high-frequency circuit, the insertion
loss and the isolation performance of the photorelay itself should be important rather than
the phase difference. Toshiba can offer phase data of photorelays. However, in actual circuit
design, it is necessary to match the entire circuit phase including other external components
from the perspective of the impedance matching for entire tranmission line.

Connector Loads (R,L,C) Photorelay Connector v

VAVA
N

I
I
_
I

Impedance matching is performed for the entire circuit U U t
Phase shift: 90°

t

Current Ip

based on the power loss of the single photorelay

Fig. 10 Phase difference and impedance matching

5. S-prameter example

<S-parameter file format (s2p file)>

The s2p file is a data format used to load the measured S-parameter data into the circuit
simulator. Table 2 shows an measured S-parameter numeric example after converting tablar
format from the s2p file. S11 and Sz> represent the return loss, and S12 and S represent th
e insertion loss.

Table 2 S-parameter numeric example

frequency (Hz) | S11 (dB) |S11 phase (°)| S21 (dB) |521 phase (°)| S12 (dB) |S12 phase (°)| S22 (dB) |522 phase ()

10000000 -38.81 2.11 -0.09 -0.19 -0.09 -0.20 -40.34 -11.38

34993750 -39.38 -16.31 -0.10 -0.64 -0.09 -0.64 -39.50 -9.87

59987500 -38.97 -22.27 -0.10 -1.08 -0.10 -1.08 -39.30 -22.62

84981250 -38.24 -30.25 -0.10 -1.52 -0.10 -1.51 -39.02 -27.91

109975000 -38.12 -37.51 -0.10 -1.96 -0.10 -1.95 -37.89 -35.18

134968750 -37.50 -42.12 -0.11 -2.42 -0.10 -2.41 -37.34 -43.70

159962500 -36.97 -51.15 -0.12 -2.85 -0.11 -2.85 -36.94 -48.80

184956250 -37.10 -57.27 -0.13 -3.28 -0.12 -3.28 -36.77 -57.37

209950000 -36.16 -55.13 -0.12 -3.64 -0.12 -3.63 -36.82 -57.21

234943750 -34.73 -62.05 -0.12 -4.11 -0.12 -4.10 -35.66 -61.88

259937500 -34.36 -64.47 -0.13 -4.57 -0.12 -4.56 -34.80 -66.71

284931250 -33.55 -69.62 -0.14 -5.04 -0.13 -5.04 -33.80 -70.15

309925000 -33.58 -77.99 -0.16 -5.46 -0.16 -5.45 -33.41 -77.13

6. Photorelay selection
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The TLP3475S / TLP3440S is one of our products with good S»1 (insertion loss and isolation
performance).
(1) The TLP3475S has a small Ron (1.1 Q (typ.)) and has reduced inductance components
with an innovative packaging structure. It has excellent insertion loss characteristics.
(2) The TLP3440S has a small Corr (0.45 pF (typ.)) and excellent isolation performances.
However, when handring signals of GHz order, if possible, it is recommended that a
component with high impedance is connected to the photorelay output in series.
Fig. 11 shows insertion loss (isolation) characteristics (No de-embedding (*)).

*De-embedding: a post-measurement process to minimize errors from measurement system
such as jig and substrate, and reveal data about the device under test

0 0
A
.% _1
:;;; -2
6 3
:g -4
Fg _{? * TLP3475S _“CJJ 5 g = TLP3440S
g Through 6 ? Through
i 7 K ]
k- s §
-18 -9 4
-19 é
-20 -10
0 1E+10 2E+10 0 SE+09 1E+10
f(Hz) f(Hz)

(@) TLP3475S insertion loss (LED: on) (b) TLP3440S isolation (LED: off)
Fig. 11 Insertion loss and isolation characteristics

7 Photorelays suitable for high frequency signal control

In the end of the document, we introduce our photorelays suitable for high-frequency signal
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control. Selecting a low Ron, low Corr, a low CxR photorelay (product of Ron and Corf), and
the small package are also advantageous in terms of lower impedances, making the product
selection for high-frequency circuits. Generally, Ron of about 1 Q (typ.) and Corr of about
1 pF (typ.) are preferred for testers and measuring instrument applications.
Select from VSON4, S-VSON4, S-VSON4T package, which is the industry’s smallest (Note)
as a photorelay (Table 3).
(NOTE) As of September 2020, our survey

Table 3 Recommended products (as of September 2020)

Tvpe Contact Packaqe VOFF IOM IFT RON RON COFF I0OFF TtON TtOFF BVs(min)
P d (min) | (max) | (max) | (typ.) | (max) | (yp.) | (max) | (max) | (max.) '
TLP3431 VSON4 20V 450mA  [3mA 0.8Q2 1.2Q SpF 1nA 0.5ms 0.5ms 500Vrms
TLP3475 VSON4 50V 300mA | 3mA 10 1.50Q 12pF 1nA 0.5ms 0.4ms 500Vrms
TLP3450 VSON4 20V 200mA  [3mA 3Q 5Q 0.8pF 1nA 0.2ms 0.2ms 500Vrms
TLP3442 VSON4 40V 100mA | 3mA 15Q 200 0.3pF 1nA 0.2ms 0.2ms 500Vrms
TLP3440 VSON4 40V 120mA  [3mA 120 140 0.45pF |1nA 0.2ms 0.3ms 500Vrms
TLP3441 1-Form-A [VSON4 40V 140mA |3mA 5Q 100 0.7pF 1nA 0.2ms 0.2ms 500Vrms
TLP3451 VSON4 60V 120mA  [3mA 10 159 0.7pF 1nA 0.2ms 0.2ms 500Vrms
TLP34065 S-VSON4 30V 1500mA [3mA 0.19 0.29 120pF 1nA 2ms 1ims 500Vrms
TLP3475S S-VSON4 a0V 400mA | 3mA 1.1Q 1.50Q 12pF 1nA 0.5ms 0.4ms 500Vrms
TLP3440S S-VSONAT |40V 120mA  [3mA 120 140 0.45pF |1nA 0.2ms 0.3ms 500Vrms
mm
Fig. 12 S-VSONA4T package
8 Conclusion

This document introduces considerations when using a photorelay to control high-frequency
signals. We will continue to improve the performance and miniaturize photorelays and expand
our lineup of our photorelays can handle signals in the higher frequency range. Please consider
our photorelays for semiconductor testers and various measuring instruments.

When designing a new product, please check the latest product information on our website.
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RESTRICTIONS ON PRODUCT USE

Toshiba Corporation and its subsidiaries and affiliates are collectively referred to as "TOSHIBA".
Hardware, software and systems described in this document are collectively referred to as "Product".

e TOSHIBA reserves the right to make changes to the information in this document and related Product without
notice.

e This document and any information herein may not be reproduced without prior written permission from TOSHIBA.
Even with TOSHIBA's written permission, reproduction is permissible only if reproduction is without
alteration/omission.

e Though TOSHIBA works continually to improve Product's quality and reliability, Product can malfunction or fail.
Customers are responsible for complying with safety standards and for providing adequate designs and safeguards
for their hardware, software and systems which minimize risk and avoid situations in which a malfunction or failure
of Product could cause loss of human life, bodily injury or damage to property, including data loss or corruption.
Before customers use the Product, create designs including the Product, or incorporate the Product into their own
applications, customers must also refer to and comply with (a) the latest versions of all relevant TOSHIBA
information, including without limitation, this document, the specifications, the data sheets and application notes for
Product and the precautions and conditions set forth in the "TOSHIBA Semiconductor Reliability Handbook" and (b)
the instructions for the application with which the Product will be used with or for. Customers are solely responsible
for all aspects of their own product design or applications, including but not limited to (a) determining the
appropriateness of the use of this Product in such design or applications; (b) evaluating and determining the
applicability of any information contained in this document, or in charts, diagrams, programs, algorithms, sample
application circuits, or any other referenced documents; and (c) validating all operating parameters for such designs
and applications. TOSHIBA ASSUMES NO LIABILITY FOR CUSTOMERS' PRODUCT DESIGN OR APPLICATIONS.

e PRODUCT IS NEITHER INTENDED NOR WARRANTED FOR USE IN EQUIPMENTS OR SYSTEMS THAT REQUIRE
EXTRAORDINARILY HIGH LEVELS OF QUALITY AND/OR RELIABILITY, AND/OR A MALFUNCTION OR FAILURE OF
WHICH MAY CAUSE LOSS OF HUMAN LIFE, BODILY INJURY, SERIOUS PROPERTY DAMAGE AND/OR SERIOUS
PUBLIC IMPACT ("UNINTENDED USE"). Except for specific applications as expressly stated in this document,
Unintended Use includes, without limitation, equipment used in nuclear facilities, equipment used in the aerospace
industry, lifesaving and/or life supporting medical equipment, equipment used for automobiles, trains, ships and
other transportation, traffic signaling equipment, equipment used to control combustions or explosions, safety
devices, elevators and escalators, and devices related to power plant. IF YOU USE PRODUCT FOR UNINTENDED
USE, TOSHIBA ASSUMES NO LIABILITY FOR PRODUCT. For details, please contact your TOSHIBA sales
representative or contact us via our website.

e Do not disassemble, analyze, reverse-engineer, alter, modify, translate or copy Product, whether in whole or in part.

e Product shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is
prohibited under any applicable laws or regulations.

e The information contained herein is presented only as guidance for Product use. No responsibility is assumed by
TOSHIBA for any infringement of patents or any other intellectual property rights of third parties that may result
from the use of Product. No license to any intellectual property right is granted by this document, whether express
or implied, by estoppel or otherwise.

e ABSENT A WRITTEN SIGNED AGREEMENT, EXCEPT AS PROVIDED IN THE RELEVANT TERMS AND
CONDITIONS OF SALE FOR PRODUCT, AND TO THE MAXIMUM EXTENT ALLOWABLE BY LAW, TOSHIBA (1)
ASSUMES NO LIABILITY WHATSOEVER, INCLUDING WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL,
SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING WITHOUT LIMITATION, LOSS OF PROFITS,
LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF DATA, AND (2) DISCLAIMS ANY AND
ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO SALE, USE OF PRODUCT, OR
INFORMATION, INCLUDING WARRANTIES OR CONDITIONS OF MERCHANTABILITY, FITNESS FOR A
PARTICULAR PURPOSE, ACCURACY OF INFORMATION, OR NONINFRINGEMENT.

e GaAs (Gallium Arsenide) is used in Product. GaAs is harmful to humans if consumed or absorbed, whether in the
form of dust or vapor. Handle with care and do not break, cut, crush, grind, dissolve chemically or otherwise expose
GaAs in Product.

e Do not use or otherwise make available Product or related software or technology for any military purposes,
including without limitation, for the design, development, use, stockpiling or manufacturing of nuclear, chemical, or
biological weapons or missile technology products (mass destruction weapons). Product and related software and
technology may be controlled under the applicable export laws and regulations including, without limitation, the
Japanese Foreign Exchange and Foreign Trade Law and the U.S. Export Administration Regulations. Export and re-
export of Product or related software or technology are strictly prohibited except in compliance with all applicable
export laws and regulations.

e Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS
compatibility of Product. Please use Product in compliance with all applicable laws and regulations that regulate the
inclusion or use of controlled substances, including without limitation, the EU RoHS Directive. TOSHIBA ASSUMES
NO LIABILITY FOR DAMAGES OR LOSSES OCCURRING AS A RESULT OF NONCOMPLIANCE WITH
APPLICABLE LAWS AND REGULATIONS.

TOSHIBA ELECTRONIC DEVICES & STORAGE CORPORATION

https://toshiba.semicon-storage.com/
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