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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS —

Part 5-1: Thin-film organic/nano electronic devices —
Carrier transport measurements

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. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements 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.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC 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
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is 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 its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees 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 Publication or any other IEC
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 some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. In
exceptional circumstances, a technical committee may propose the publication of a technical
specification when

the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62607-5-1, which is a technical specification, has been prepared by IEC technical
committee 113: Nanotechnology standardization for electrical and electronic products and
systems.
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The text of this technical specification is based on the following documents:

Enquiry draft Report on voting
113/212/DTS 113/221/RVC

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

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 62607 series, published under the general title
Nanomanufacturing key control characteristics, can be found on the IEC website.

The committee has 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

e transformed into an International standard,

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside’ logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.

A bilingual version of this publication may be issued at a later date.
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INTRODUCTION

Organic/nano thin-film devices have many attractive features such as being light-weight and
flexible, and having a low-cost, low-temperature fabrication process. Organic/nano electronic
devices have been widely researched by academic institutions, research institutes, and
materials and device industries. One of their possible applications is therefore expected to be
in flexible and rollable devices. Many thin-film transistors based on organic semiconductor
materials, called organic thin-film transistors (OTFTs), are expected to be mounted on organic
electroluminescence display to drive each organic light-emitting diode pixel circuit. These
OTFTs are also promising candidates for molecular nanoelectronics.

OTFTs show a relatively smaller carrier mobility (thin-film mobility: at most 10 cm?2/Vs, but
usually less than 1 cm?2/Vs) compared with other thin-film transistors based on inorganic
semiconductors (silicon, IlI-V compounds, metal oxides). Carrier transport properties such as
thin-film mobility and thin-film carrier concentration in OTFTs are usually measured by simply
applying the device physics of silicon metal-oxide-semiconductor transistors to OTFTs. Both
the intrinsic bulk mobility of organic semiconductors and extrinsic effects such as contact
resistance, carrier trap, interface, and surface state can limit thin-film mobility in OTFTs.
Therefore, reliable methods of evaluating carrier transport properties for nanometer-scale
thin-film materials have not yet been established and urgently need to be developed.
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NANOMANUFACTURING —
KEY CONTROL CHARACTERISTICS —

Part 5-1: Thin-film organic/nano electronic devices —
Carrier transport measurements

1 Scope

This part of IEC 62607, which is a Technical Specification, provides a standardized sample
structure for characterizing charge transport properties in thin-film organic/nano electronic
devices and a format to report details of the structure which shall be provided with the
measurement results. The standardized OTFT testing structure with a contact-area-limited
doping can mitigate contact resistance and enable reliable measurement of the charge carrier
mobility. The purpose of this Technical Specification is to provide test sample structures for
determining the intrinsic charge transport properties of organic thin-film devices. The intention
is to provide reliable materials information for OTFTs and to set guidelines for making test
sample structures so that materials information is clear and consistent throughout the
research community and industry.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC 60050 (all parts), International Electrotechnical Vocabulary (available at
http://www.electropedia.org/)

IEC 62860, Test methods for the characterization of organic transistors and materials

3 Terms, definitions and abbreviations

For the purposes of this document, the terms and definitions given in IEC 60050-521 as well
as the following apply.

3.1 Terms and definitions

3.1.1

organic thin-film transistor

OTFT

field-effect transistor that has a conduction channel made of thin films consisting of organic
compounds

3.1.2
thin-film mobility
charge carrier mobility of the conduction channel (the semiconductor layer) in an OTFT

3.1.3

contact-area-limited doping

doping at around interface regions between the source and drain electrodes and the
conduction channel in an OTFT
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3.1.4

channel resistance

electrical resistance which comes from the conduction channel induced by applying gate
voltages in a field-effect transistor

3.1.5

contact resistance

electrical resistance obtained by subtracting the channel resistance from the total electrical
resistance between the source and drain electrodes in a field-effect transistor

Note 1 to entry: Main components of the contact resistance are electrical leads and carrier injection barriers at
the interface between the source electrode and the semiconductor layer.

3.1.6

bottom-gate, bottom-contact device

field-effect transistor with the following structures:

— the gate electrode is located between the gate dielectric and the substrate;

— the source and drain electrodes are located directly on top of the substrate, and adjacent
to the conduction channel-gate dielectric interface

3.1.7

bottom-gate, top-contact device

field-effect transistor with the following structures:

— the gate electrode is located between the gate dielectric and the substrate;

— the source and drain electrodes are located on top of the semiconductor layer

3.1.8

top-gate, bottom-contact device

field-effect transistor with the following structures:

— the gate electrode is located farthest away from the substrate;

— the gate dielectric is located between the gate electrode and the semiconductor layer;

— the source and drain electrodes are located directly on top of the substrate, and adjacent
to the conduction channel-gate dielectric interface

3.1.9

top-gate, top-contact device

field-effect transistor with the following structures:

— the gate electrode is located farthest away from the substrate;

— the gate dielectric is located between the gate electrode and the semiconductor layer;
— the source and drain electrodes are located on top of the semiconductor layer

3.2 Symbols and abbreviated terms

OTFT organic thin-film transistor
BGBC bottom-gate, bottom-contact
BGTC bottom-gate, top-contact
TGBC top-gate, bottom-contact
TGTC top-gate, top-contact

FATCNQ 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
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4 Sample structures of OTFTs

4.1 Typical device structures of OTFTs

Several different device structures on OTFTs are possible, depending on the position of the
source-drain and gate electrodes. Figure 1 illustrates two typical device structures: a bottom-
gate, top-contact (BGTC) structure and a bottom-gate, bottom-contact (BGBC) structure.
BGTC devices usually show better performance in comparison with BGBC devices. In
comparison, the BGBC structure is more suitable for high-density device integration. However,
high contact resistance is a common and serious problem in OTFTs regardless of the device
structure, because the high contact resistance leads to the underestimation of the intrinsic
field-effect channel mobility in OTFTs [1],[2]1.

Source

Source
Insulator
Gate Gate
Substrate Substrate
Better performance in Ease of device fabrication with
comparison with the BGBC higher densities
device EC
IEC
a) Bottom-gate, top-contact (BGTC) b) Bottom-gate, bottom-contact (BGBC)

Figure 1 — Typical device structures of OTFTs

4.2  Contact-area-limited doping in OTFTs

Contact-area-limited doping is effective for increasing the drain current in OTFTs [2], [3], [4],
[5], [6], [7]. In this type of doping, as shown in Figure 2, acceptor (or donor) doped layers are
formed at the interface regions between the active semiconductor layer and the contact
electrode. These doped layers cause a decrease in the contact resistance, resulting in an
increase in the drain current.

1 Figures in square brackets refer to the Bibliography.
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Doped layer

Source

Semiconductor

Doped layer

Drain

Source

Gate insulator

Gate insulator

Gate

Substrate

Substrate

a) BGTC transistor

IEC IEC

b) BGBC transistor

Figure 2 — Contact-area-limited doping in OTFTs

Contact-area-limited doping is

a versatile method for improving the device performance of

OTFTs. In other words, the effective thin-film mobility in the channel regions of OTFTs greatly
depends on extrinsic effects such as structure and the electronic properties of the contact
electrode area. Therefore, materials information on organic semiconductor films is not
consistent throughout the research community and industry at present. This fact has led to
this technical specification proposal for standard test sample structures. Namely, highly doped

layers around contact electrode
concentration in organic semico

Contact-area-limited

s are indispensable for reliably evaluating carrier mobility and
nductor devices (see Figure 3).

doping is a versatile method for improving

the device performance of OTFTs.

4

(Standard test sample structures)

Highly-doped layers around contact electrodes are
indispensable for realizing the reliable evaluation for carrier
mobility and concentration in organic semiconductor devices

Doped layer

Source

Gate insulator

Substrate

Doped layer

Electrode

Redraw with the Gate insulator
exact dimension

—_—

Substrate

IEC

Figure 3 — Summary of this Technical Specification

5 Appropriate data format

A blank detail specification for

OTFT test samples is an appropriate form for this Technical

Specification (see Table 1). Items such as contact structure and contact electrode materials
should be included in this Technical Specification.
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Table 1 — Possible data format to be given together with
carrier transport properties of OTFTs

Item Specification

Contact structure [ ] Bottom-gate, bottom-contact (BGBC) [ ] Bottom-gate, bottom-contact (BGTC)
[ ] Top-gate, bottom-contact (TGBC) [ ] Top-gate, top-contact (TGTC)

Conditions of contact Materials:

electrode .
[ ] Noble metals [ ] Transition metals

Materials . . .
[ ] Transparent conducting oxides [ ] Nano-carbon materials
[ ] Conducting polymers [ ] Others

Thickness of electrode: [ ] nm

Surface treatment of [ ] Doping with donor or acceptor materials
contact electrode . . 3
(Carrier concentration of doped layers: [ ] cm~
Thickness of doped layers: [ ] nm)

[ ] Self-assembled monolayers (e.g. thiol, etc.)

[ 1 No surface treatment

Device parameters Thin-film mobility: [ ]cm?/Vs ([ ] Saturation regime [ ] Linear regime)
Gate threshold voltage: [ ]V

Subthreshold-swing: [ ] V/decade

Contact resistance at gate voltages (Vg): [ 1~ 1Q([1V< Vg <[1V)
Channel resistance at gate voltages (Vg): [ 1T~-[ 1Q([]V< Vg <[1V)
Employed measurement method for contact and channel resistances:

[ 14 probe measurement [ ] Transmission line method [ ] Others

Gate capacitance: [ ] nF/cm?

Channel length and width (Length) /(Width): [ Jum/[ ]1mm

Thickness of active semiconductor layer: [ ] nm

Carrier concentration of active semiconductor layer: [ ] cm™3
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Annex A
(informative)

Experimental studies on contact-area-limited doping in OTFTs

A.1 Contact-area-limited doping in bottom-gate, top-contact OTFTs

Clause A.1 describes an example of contact-area-limited p-type doping in bottom-gate, top-
contact (BGTC) OTFTs in which pentacene was used as the p-type semiconductor material
and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ) as the acceptor dopant.
Both materials are common and commercially available. The acceptor-doped layer was
prepared by co-evaporation of pentacene and FATCNQ. The evaporation rates of pentacene
and FATCNQ were 0,45 nm/min and 0,15 nm/min, respectively. The parameters of the device
structure are shown in Figure A.1. In addition, BGTC devices without doped layers were also
fabricated.

Firstly, deposition of the active pentacene layer (thickness: 50 nm) onto SiO, insulator was
performed at the same time for these two samples. After that, for the device with the
acceptor-doped layers, a 5-nm-thick doped layer was prepared by co-evaporation of
pentacene and FATCNQ using a shadow mask pattern for source-drain electrode fabrication,
followed by the physical vapor deposition of a 25-nm-thick gold contact electrodes.

Transistor characteristics of the prepared devices were evaluated according to an appropriate
IEC standard procedure (IEC 62860). The measurements were carried out under a vacuum of
1,0 x 10~2 Pa. The effective field-effect mobility (#efs) and threshold voltage (Vy,) were
obtained from transfer characteristics (drain current (I4) vs. gate voltage (Vg)) in the
saturation regime according to the following equation;

lg = WCiuert (Vg —Vin)? /(2L) @)
where

C.

i is the gate capacitance per unit area;

L is the channel length (50 um);

W is the channel width (1 mm), respectively.

Here, the dielectric constant for SiO, was regarded to be 3,9.
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Pentacene + F,TCNQ

Source | Au Jk Au |Drain
X 5nm

Source

50 nm
50 nm
t300 nm 1 300 nm
Gate Heavily-doped Si Gate Heavily-doped Si
IEC IEC
a) Device structure of pentacence BGTC OTFT b) Device structure of pentacence BGTC OTFT
without carrier-doped layers with carrier-doped layers
Channel length (L) 50 um F F
IO e =
Channel width (W) 1 mm \/ { /
— /,_\
IEC
Pentacene NC ) \ =
F F
F,TCNQ
IEC
C) Channel length and width in pentacence d) Molecular structures of pentacence
BGTC OTFTs and FATCNQ molecules

Figure A.1 — Sample preparation of bottom-gate, top-contact (BGTC)
pentacene OTFTs using contact-area-limited doping

_5’0 . . . _5’0_ K : 2’5 - - s
Without doping With doping — Without doping
-4.0| 4,0} Vg=—25V | & 2,0 — With doping
= =
— -3,0| — -3,0| & 15 Va=-25V |
3 3 20V 5
= 20/ Vg=-25V | = 2,0 . ! x 1,0
N
-1,0f 20V -1,0 -15V 4 = 05
0 0""/— 0 -
0 -5 -10 -15 -20 -25 0 -5 -10 -15 -20 -25 -25 -20-15-10 -5 0 5
Va V] Va V] Vg V]
IEC IEC IEC
a) Drain current-drain voltage b) Drain current-drain voltage c) Drain current-gate voltage
curves for pentacence BGTC curves for pentacence BGTC curves for both devices
OTFT without carrier-doped OTFT with carrier-doped shown in Figures A.2a and
layers layers A.2b
. I Threshold voltage [V]
(Vg =-25V) Eﬁectlk;{(l?thole tzr}'\r/]'mm obtained from plots
mobility [em=/Vs] in Figure A.2c
Without doping 0,12 -13,8
With doping 0,24 -11,9

Figure A.2 — Contact-area-limited doping effect in bottom-gate,
top-contact (BGTC) pentacene OTFTs

The drain current-drain voltage curves and drain current-gate voltage curves are plotted in
Figure A.2. The graphs show that the drain current for the device with the doped layer was
larger than that for the undoped device. The effective field-effect mobility for hole doubled
from 0,12 cm?/Vs to 0,24 cm2/Vs with contact-area-limited doping. This result confirms that
the drain current was enhanced due to contact-area-limited doping in top-contact OTFTs.
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A.2 Contact-area-limited doping in bottom-gate, bottom-contact OTFTs

Figure A.3 shows the sample preparation for a p-channel BGBC OTFT with doped layers.
Pentacene and oligothiophene (a-sexithiophene) were used as p-type semiconductor
materials and FATCNQ as the acceptor dopant. All materials used here are common and
commercially available. The acceptor-doped layer was prepared by co-evaporation of
pentacene (or oligothiophene) and FATCNQ. The parameters of the device structure are also
shown in Figure A.3. The evaporation rates of pentacene, oligothiophene, and FATCNQ were
0,45 nm/min, 0,59 nm/min, and 0,15 nm/min, respectively. The distance between the doped
layer and the contact electrode was set to be 10 nm. In addition, BGBC devices without doped
layers were also fabricated.

Firstly, a 25-nm-thick gold layer was vacuum deposited onto SiO, insulator through a shadow
mask to form source-drain electrodes. The channel length (L) and width (W) were 50 um and
1 mm, respectively. For devices with doped layers, a 10-nm-thick semiconductor layer was
deposited onto the contact electrodes using the same shadow mask for electrode fabrication,
followed by the deposition of a 5-nm-thick doped layer by co-evaporation of semiconductor
and FATCNQ molecules. Successively, after the removal of the shadow mask in air,
deposition of the active semiconductor layer (thickness: 50 nm) was performed at the same
time for undoped and doped BGBC devices.

Transistor characteristics of the prepared devices were evaluated according to an appropriate
IEC standard procedure (see IEC 62860). The measurement procedure was similar to that
described in Clause A.1.

e — 99999
P+ (doped) layer (5 nm) [N I

P layer (10 nm) Pentacene
Gold (25 nm) Source Drain TN s TN _s_ MY s

i ST s } ]
Si0, (300 nm) orothionmene

Ne, S eN
(Au electrodes) \7/—\\7/
Physical vapor deposition (Subst. temp. 300 K, 3,0 x 10-5 Pa) / K> / <\\
Channel length: 50 pm, Channel width: 1 mm Ne’ y \r N
(Pentacene and oligothiophene films)

Purified with sublimation in vacuo F4TCNQ
Physical vapor deposition (Subst. temp. 300 K, 3,0 x 10-5 Pa)

(Doping)

Coevaporation of pentacene (or oligothiophene) and F,TCNQ (ratio 3:1)

Physical vapor deposition (Subst. temp. 300 K, 3,0 x 10-5 Pa)

IEC

Figure A.3 — Sample preparation of bottom-gate, bottom-contact (BGBC)
p-channel OTFTs using contact-area-limited doping

In bottom-gate, bottom-contact pentacene OTFTs, the drain current for the device with doped
layers was larger than that for the undoped device, as shown in Figure A.4. The effective
field-effect mobility for hole was raised from 0,003 cm?2/Vs to 0,024 cm2/Vs with contact-area-
limited doping. This result was also qualitatively confirmed with the device simulation [7].

In bottom-gate, bottom-contact oligothiophene OTFTs, the p-type doped layer increased the
drain current, and the effective field-effect mobility for hole was raised from 1,4 x 10~4 to
1,3 x 10~3 cm?2/Vs with contact-area-limited doping, as shown in Figure A.5. This result
suggests that the device structure with p-type doped layers is useful for improving the
performance of bottom-contact p-channel OTFTs with an oligothiophene active layer as well
as pentacene. The versatility of this contact-area-limited doping in bottom-contact OTFTs was
experimentally confirmed.
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Figure A.4 — Contact-area-limited doping effect in bottom-gate,
bottom-contact (BGBC) pentacene OTFTs
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Figure A.5 — Contact-area-limited doping effect in bottom-gate,
bottom-contact (BGBC) oligothiophene OTFTs
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