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TEST METHODS FOR THE CHARACTERIZATION OF ORGANIC
TRANSISTORS AND MATERIALS

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization
comprising all national electrotechnical committees (IEC National Committees). The object of IEC is to
promote international co-operation on all questions concerning standardization in the electrical and
electronic fields. To this end and in addition to other activities, IEC publishes International Standards,
Technical Specifications, Technical Reports, Publicly Available Specifications (PAS) and Guides
(hereafter referred to as “IEC Publication(s)”). Their preparation is entrusted to technical committees; any
IEC National Committee interested in the subject dealt with may participate in this preparatory work.
International, governmental and non-governmental organizations liaising with the IEC also participate in
this preparation.

IEEE Standards documents are developed within IEEE Societies and Standards Coordinating Committees
of the IEEE Standards Association (IEEE-SA) Standards Board. IEEE develops its standards through a
consensus development process, which brings together volunteers representing varied viewpoints and
interests to achieve the final product. Volunteers are not necessarily members of IEEE and serve without
compensation. While IEEE administers the process and establishes rules to promote fairness in the
consensus development process, IEEE does not independently evaluate, test, or verify the accuracy of
any of the information contained in its standards. Use of IEEE Standards documents is wholly voluntary.
IEEE documents are made available for use subject to important notices and legal disclaimers (see
http://standards.ieee.org/IPR/disclaimers.html for more information).

IEC collaborates closely with IEEE in accordance with conditions determined by agreement between the
two organizations.

The formal decisions of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees. The formal decisions of IEEE on technical matters, once consensus
within IEEE Societies and Standards Coordinating Committees has been reached, is determined by a
balanced ballot of materially interested parties who indicate interest in reviewing the proposed standard.
Final approval of the IEEE standards document is given by the IEEE Standards Association (IEEE-SA)
Standards Board.

IEC/IEEE Publications have the form of recommendations for international use and are accepted by IEC
National Committees/IEEE Societies in that sense. While all reasonable efforts are made to ensure that
the technical content of IEC/IEEE Publications is accurate, IEC or IEEE cannot be held responsible for the
way in which they are used or for any misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
(including IEC/IEEE Publications) transparently to the maximum extent possible in their national and
regional publications. Any divergence between any IEC/IEEE Publication and the corresponding national
or regional publication shall be clearly indicated in the latter.

IEC and IEEE do not provide any attestation of conformity. Independent certification bodies provide
conformity assessment services and, in some areas, access to IEC marks of conformity. IEC and IEEE
are not responsible for any services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or IEEE or their directors, employees, servants or agents including
individual experts and members of technical committees and IEC National Committees, or volunteers of
IEEE Societies and the Standards Coordinating Committees of the IEEE Standards Association (IEEE-SA)
Standards Board, for any personal injury, property damage or other damage of any nature whatsoever,
whether direct or indirect, or for costs (including legal fees) and expenses arising out of the publication,
use of, or reliance upon, this IEC/IEEE Publication or any other IEC or IEEE Publications.

Attention is drawn to the normative references cited in this publication. Use of the referenced publications
is indispensable for the correct application of this publication.

Attention is drawn to the possibility that implementation of this IEC/IEEE Publication may require use of
material covered by patent rights. By publication of this standard, no position is taken with respect to the
existence or validity of any patent rights in connection therewith. IEC or IEEE shall not be held
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patent Claims or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that
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determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely
their own responsibility.

International Standard IEC 62860/IEEE Std 1620™-2008 has been processed through
IEC technical committee 113: Nanotechnology standardization for electrical and
electronic products and systems, under the IEC/IEEE Dual Logo Agreement.

The text of this standard is based on the following documents:

IEEE Std FDIS Report on voting
1620™-2008 113/184/FDIS 113/194/RVD

Full information on the voting for the approval of this standard can be found in the report
on voting indicated in the above table.

The IEC Technical Committee and IEEE Technical Committee have decided that the
contents of this publication will remain unchanged until the stability date indicated on the
IEC web site under "http://webstore.iec.ch" in the data related to the specific publication.
At this date, the publication will be

* reconfirmed,

* withdrawn,

« replaced by a revised edition, or
*+ amended.

A bilingual version of this standard may be issued at a later date.
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Abstract: Recommended methods and standardized reporting practices for electrical
characterization of printed and organic transistors are covered. Due to the nature of printed and
organic electronics, significant measurement errors can be introduced if the electrical
characterization design-of-experiment is not properly addressed. This standard describes the
most common sources of measurement error, particularly for high-impedance electrical
measurements commonly required for printed and organic transistors. This standard also gives
recommended practices in order to minimize and/or characterize the effect of measurement
artifacts and other sources of error encountered while measuring printed and organic transistors.

Keywords: electrical characterization, FET, flexible electronics, high impedance, nanocomposite,
nanotechnology, OFET, organic electronics, organic transistor, printed electronics, printing,
transistor
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IEEE Introduction

This introduction is not part of IEEE Std 1620-2008, IEEE Standard for Test Methods for the Characterization of
Organic Transistors and Materials.

This standard covers recommended methods and standardized reporting practices for electrical
characterization of organic transistors. Due to the nature of organic transistors, significant measurement
errors can be introduced if not properly addressed. This standard describes the most common sources of
measurement error and gives recommended practices in order to minimize and/or characterize the effect of
each.

Standard reporting practices are included in order to minimize confusion in analyzing reported data.
Disclosure of environmental conditions and sample size are included so that results can be appropriately
assessed by the research community. These reporting practices also support repeatability of results so that
new discoveries may be confirmed more efficiently.

The practices in this standard were compiled from research and industry organizations developing organic
transistor devices, materials, and manufacturing techniques. These practices were based on standard
operating procedures utilized in laboratories worldwide.

This standard was initiated in 2002 to facilitate the evolution of organic transistors from the laboratory into
a sustainable industry. Standardized characterization methods and reporting practices create a means of
effective comparison of information and a foundation for manufacturing readiness.

Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this standard does not imply compliance to any applicable regulatory requirements.
Implementers of the standard are responsible for observing or referring to the applicable regulatory
requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

Copyrights

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standardization, and the promotion of engineering practices and methods. By making this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE documents

Users of IEEE standards should be aware that these documents may be superseded at any time by the
issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
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document together with any amendments, corrigenda, or errata then in effect. In order to determine whether
a given document is the current edition and whether it has been amended through the issuance of
amendments, corrigenda, or errata, visit the IEEE Standards Association web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

For more information about the IEEE Standards Association or the IEEE standards development process,
visit the IEEE-SA web site at http://standards.ieee.org.

Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL
for errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/
index.html.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken with respect to the existence
or validity of any patent rights in connection therewith. The IEEE is not responsible for identifying
Essential Patent Claims for which a license may be required, for conducting inquiries into the legal validity
or scope of Patents Claims or determining whether any licensing terms or conditions provided in
connection with submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable
or non-discriminatory. Users of this standard are expressly advised that determination of the validity of any
patent rights, and the risk of infringement of such rights, is entirely their own responsibility. Further
information may be obtained from the IEEE Standards Association.
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Test Methods for the Characterization
of Organic Transistors and Materials

IMPORTANT NOTICE: This standard is not intended to assure safety, security, health, or
environmental protection in all circumstances. Implementers of the standard are responsible for
determining appropriate safety, security, environmental, and health practices or regulatory
requirements.

This IEEE document is made available for use subject to important notices and legal disclaimers. These
notices and disclaimers appear in all publications containing this document and may be found under the
heading “Important Notice” or “Important Notices and Disclaimers Concerning IEEE Documents.”
They can also be obtained on request from IEEE or viewed at http://standards.iece.org/IPR/
disclaimers.html.

1. Overview

1.1 Scope

This standard describes a method for characterizing organic electronic devices, including measurement
techniques, methods of reporting data, and the testing conditions during characterization.

1.2 Purpose

The purpose of this standard is to provide a method for systematically characterizing organic transistors.
These standards are intended to maximize reproducibility of published results by providing a framework
for testing organic devices, whose unique properties cause measurement issues not typically encountered
with inorganic devices. This standard stresses disclosure of the procedures used to measure data and extract
parameters so that data quality may be easily assessed. This standard also sets guidelines for reporting data,
so that information is clear and consistent throughout the research community and industry.
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1.3 Electrical characterization overview

1.3.1 Testing apparatus

Testing is performed using an electronic device test system with measurement sensitivity sufficient to give
an accuracy of at least +0.1% (minimum sensitivity at or better than three orders of magnitude below
expected signal level). For example, the smallest current through an organic transistor is often the gate
leakage current. If gate leakage is approximately 1 pA (10™'> A), the instrument shall have a resolution of
1 fA (107" A) or smaller. Additionally, due to the large (>1 GQ) impedances encountered in organic
devices, the input impedance of all elements of the test system shall be at least three orders of magnitude
greater than the highest impedance in the device. Commercial semiconductor systems with the capability to
characterize organic devices typically have input impedance values of 10'® Q, which is a recommended
minimum value.

This test method requires that the instrumentation be calibrated against a known and appropriate set of
standards (e.g., National Institute of Standards and Technology, NIST). These calibrations may be
performed by the equipment user or as a service by the equipment vendor. Calibration is not performed
against a known organic field-effect transistor (OFET) or other FET-type device; the basic instrument
operations (e.g., voltage, current, and resistance) are calibrated against some method traceable to a NIST
(or similar internationally recognized standards organization) physical standard. Re-calibration is required
according to the instrument manufacturer’s recommendations or when the instrument is moved or when the
testing conditions change significantly (e.g., temperature change greater than 10 °C, relative humidity
change greater than 30%).

1.3.2 Measurement techniques

1.3.2.1 Required measurements

Characterization of the organic transistor requires at minimum the following two primary sets of
measurements:

— The transfer (Ips vs. Vgs) curves, which allow for preliminary determination of field-effect
mobility, p, and threshold voltage, V7.

— The I versus V output (Ips vs. Vpg) curves that provide saturation and general electrical performance
information. This curve is used to determine whether the device exhibits FET-like behavior.

— The gate leakage (Igs vs. Vgs) curves that characterize the gate dielectric quality and quantify
leakage current from the gate to the channel. Leakage measurements are carried out prior to
transfer or / versus J measurements to ensure gate dielectric integrity before subsequent
measurements are performed. Gate leakage characterization is necessary to ensure that its
magnitude is negligible to the magnitude of the drain current, so that reliable and useful device
characteristics may be measured and key parameters extracted.

1.3.2.2 Recommended measurements

The following additional measurement is strongly recommended:

— The stray capacitance values Cgp and Cgg. Stray capacitance values have a negative effect on
device switching speed and may affect device electrical characterization.
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1.3.3 Repeatability and reporting sample size

Sample performance between different devices may vary due to variations in the fabrication process.
Additionally, it is critical to determine how repeatable the reported results are. Therefore, sample size is to
be reported thus:

— If no sample size is reported, it is assumed that the data represents a sample size of a single device
(i.e., may not represent repeatable results).

— For sample sizes larger than one, the sample size is reported with the method of sampling (whether
all devices were characterized, a randomly-chosen fraction of the total sample set, etc.).

A description of what the reported data demonstrates (average values, worst-case, etc.) is also required.

1.3.4 Application of low-noise techniques

Generally, lower absolute gate bias voltages cause smaller stress effects, such as shifts in the threshold
voltage, than higher absolute gate biases. Depending on the device structure, this shifting may be reduced
by ensuring that the device under test is properly grounded. This issue may be further improved if this
grounding is through a low-impedance path to system ground.

In order for comparability between different device structures and eventual compatibility to
nanoelectronics, voltages should be referenced to the corresponding film thickness (Vs) and channel length
(Vps)- Sufficient information is to be given so that electrical fields (V/cm) may be determined. Preferably,
electrical field values are specified.

Due to optical sensitivity of some organic semiconducting materials, all measurements should be conducted
inside a light-insulating enclosure that is preferably earth (safety) grounded. Optical isolation is
recommended if exposure to ambient light causes a change of more than 1% from values obtained in the
dark.

Due to the high impedances and extremely low current values being measured, proximity of personnel,
heavy machinery, or other potential electromagnetic/radiofrequency interference (EMI/RFI) sources should
be maintained as far away from the measurement system while in operation. This is of particular concern
when measured voltages are below 1 mV or when current values are less than 1 pA.
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