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The main-task of IEC technical committees is to prepare International Standards. In except
circumstances, a technical committee may propose the publication of a Technical Specific

INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 5-3: Thin-film organic/nano electronic devices —
Measurements of charge carrier concentration

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp

rising

all national electrotechnical committees (IEC National Committees). The object of IEC is to pfomote interndtional

cd-operation on all questions concerning standardization in the electrical and electronicfields. To this en|
infaddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Re
Pdblicly Available Specifications (PAS) and Guides (hereafter referred to as ZEC) Publication(s)”).
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dea
may participate in this preparatory work. International, governmental and non-governmental organizations li
with the IEC also participate in this preparation. IEC collaborates closely with’ the’ International Organizati
Standardization (ISO) in accordance with conditions determined by agreement ‘between the two organizati

THe formal decisions or agreements of IEC on technical matters express,/as nearly as possible, an interng
cdnsensus of opinion on the relevant subjects since each technigal\¢ommittee has representation frg
inferested IEC National Committees.

IEIC Publications have the form of recommendations for international use and are accepted by IEC N4
Committees in that sense. While all reasonable efforts are.made to ensure that the technical content d
Pyblications is accurate, IEC cannot be held responsible{for the way in which they are used or fo
misinterpretation by any end user.

In] order to promote international uniformity, IEC National Committees undertake to apply IEC Public
transparently to the maximum extent possible in theic‘dational and regional publications. Any divergence be
any IEC Publication and the corresponding nationalror regional publication shall be clearly indicated in the

IE[C itself does not provide any attestation of-conformity. Independent certification bodies provide conf
agsessment services and, in some areas,\access to |[EC marks of conformity. IEC is not responsible fq
sgrvices carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.
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members of its technical comnittees and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
expenses arising out of the'\publication, use of, or reliance upon, this IEC Publication or any other IEC Public

Attention is drawn to_the Normative references cited in this publication. Use of the referenced publicati
inflispensable 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
rights. IEC shall-not be held responsible for identifying any or all such patent rights.

liability shall attach to IEC of+its directors, employees, servants or agents including individual experjs and

ge or
) and
htions.
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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 62607-5-3, which is a Technical Specification, has been prepared by IEC technical
committee 113: Nanotechnology for electrotechnical products and systems.
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text of this Technical Specification is based on the following documents:
Draft TS Report on voting
113/477/DTS 113/523/RVDTS

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

A

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

st of all parts in the IEC TS 62607 series, published under the general

Nanomanufacturing — Key control characteristics, can be found on the IEC website.

title

The committee has decided that the contents of this publication will remain unchanged unt|l the

stability date indicated on the IEC website under "http://webstore.iec.ch” in the-data relatgd to

the gpecific publication. At this date, the publication will be

e tfansformed into an International Standard,

e reconfirmed,

e Withdrawn,

e replaced by a revised edition, or

e amended.
IMBRORTANT - The 'colour inside’ logo on’the cover page of this publication indi¢ates
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.
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INTRODUCTION

Organic/nano thin-film devices are attracting much attention as promising candidates for light,

low cost, flexible, and printable devices in large-area electronics applications. Recently, ch

arge

carrier doping techniques have been intensely studied and developed, in the same way as the
mature silicon technologies. In organic light-emitting diodes (OLEDs) and organic thin-film
transistors (OTFTs), which are typical organic/nano thin-film devices, carrier doping around
contact electrode regions with molecular donor/acceptor dopants are often utilized to make
ohmic-like contacts for the purpose of increasing electric current in the devices. While the great
importance of carrier doping in organic/nano layers is well recognized, the carrier doping
mechanisms have not been fully understood yet, and the evaluation method of charge carrier

concentration in these materials has not been established.

Conyentional representative methods for evaluating charge carrier concentrations [(6r dg
concentrations) and the type of charge carrier (electron or hole) in inorganic semicond
matdrials are Hall-effect measurements and capacitance-voltage measurements! For exar

pant
ictor
nple,

the Hall-effect measurement based on the van der Pauw configuration enables one to g€t the

abovie-mentioned physical parameters of the charge carrier in specimens(with arbitrary sh
including thin-film structures. However, this versatile method cannat, be utilized for h
resistance materials such as low-mobility organic semiconductors tbecause of lower cur
and sensitivities in the Hall effect. At the present time, the capacitance-voltage measure
based on metal/insulator/semiconductor structures is not applicable to highly-doped org
semiconductors that show some level of metallic behaviour.<Therefore, standard methodg
guidelines for measuring charge carrier concentration in organic semiconductor layers ne
be developed.

apes
gher
ents
ment
anic
and
ed to
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NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 5-3: Thin-film organic/nano electronic devices —
Measurements of charge carrier concentration

1 Scope

This|part of IEC TS 62607, which is a Technical Specification, specifies sample structuregs for
evalliating a wide range of charge carrier concentration in organic/nano materials. [This
specffication is provided for both capacitance-voltage (C-V) measurements in
metdl/insulator/semiconductor stacking structures and Hall-effect measuremenis with thg van
der |Pauw configuration. Criteria for choosing measurement methods~of charge carrier
concentration in organic semiconductor layers are also given in this documeént.

2 ormative references

Therg are no normative references in this document.

3 erms and definitions

For the purposes of this document, the following-ferms and definitions apply.

ISO pnd IEC maintain terminological databases for use in standardization at the following
addrgsses:

e |[EC Electropedia: available at hitp://www.electropedia.org/

e |$O Online browsing platformi-available at http://www.iso.org/obp

3.1

doping

addifion of impurities te’a semiconductor to control hole or electron concentrations

Note ] to entry: For'organic semiconductors, not only atomic, but also molecular impurities are utilized.

Note P to entryy~The added impurities are called "dopants".

3.2

bottpm<contact electrode
contaetelectredetocatedunderneath-the-semiconductertayertobe-tested

3.3

top-contact electrode

contact electrode located on top of the semiconductor layer to be tested

4 Sample structures

4.1 Metal/insulator/semiconductor (MIS) structure

Fabrication of a metal/insulator/semiconductor (MIS) structure as shown in Figure 1 is

necessary for measuring a capacitance-voltage (C-V) curve in organic/nano semiconductor
layers. This structure consists of a series capacitor of the insulator and a depletion region in

the semiconductor layer.


http://www.electropedia.org/
http://www.iso.org/obp
https://iecnorm.com/api/?name=076cef196b85a160554b577f8c708e84
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Top-contact electrode Top electrode
Semiconductor layer Insulator
Insulator Semiconductor layer
Bottom electrode Bottom-contact electrode
Substrate Substrate
IEC IEC
a) Top-contact configuration b) Bottom-contact configuration

Figure 1 — Typical metal/insulator/semiconductor (MIS) structures

bver, C-V measurements for MIS structures made of an identical semiconductor ma
de various values of carrier concentration according to the difference in the sa

strugtures (see Annex A, Clauses A.2, A.3 and A.4). Accordingly;"the measurement o

carri
from

br concentration with C-V measurements largely depends on the extrinsic effects de
structure and electronic properties of the semiconductor layer itself and

metgl/semiconductor interface region. Therefore, the following“issues shall be considere

prep

1) ¢

f

2) H

Fig

4.2

bring MIS structures for reliable C-V measurements (Figure 2).

brmed. For example, contact doping is one of.thé practical techniques for this purpos

IEC

ire’2 — An organic MIS structure favourable for capacitance-voltage measureme

erial
mple
f the
rived
the
d for

Duasi-ohmic contacts between the semiconductor_layer and the metal electrode shall be

a)

.

.

or suppressing hysteresis phenomena in the measured C-V curves, the insulator i the
MIS structure shall be as thin as possible,while maintaining good insulating propertie
Top-contact electrode ®$
A\
-«—— Contact-doped layer
xO
Organic sem‘ice#luctor layer
N
@
\’ «Insulator -e«——— Smaller thickness is
O\‘Bottom electrode better.
Substrate

nts

Thin-film specimens with the van der Pauw configuration

Thin-film specimens with the van der Pauw configuration as shown in Figure 3 can be

cons

idered for Hall-effect measurement in highly-crystalline organic/nano materials.

Figure 3a) shows the conventional van der Pauw configuration with four point contacts at the
corners of the square film specimens, where the distances between individual contacts are on
a centimetre or millimetre scale. However, this versatile method cannot be applicable to higher
resistance materials such as organic semiconductors because of lower currents and
sensitivities in Hall effect. Therefore, an electrode structure with a micro-scale gap between
diagonally opposite electrodes can be an alternative way for enabling Hall-effect measurement
in an organic semiconductor layer as shown in Figure 3b). In this case, quasi-ohmic contacts

betw

een the semiconductor layer and the metal electrode shall be formed.
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Critgria for choosing a method for measuring carrier concentration in organic semicond
layells are proposed as follows. Capagitance-voltage measurements are suitable for org

thin
mea
cons

1 cmP/Vs. The mobility of 1,cm?/Vs has been regarded as the boundary value between

like

10 cn?/Vs in highly-crystalline thin films of some high-mobility organic semicondug

How
semi
degr

6 Appropriate data formats

Exa

organic semiconductor layers
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Semiconductor layer

A|O O|B
D|O Ofc
Insulator
IEC IEC
a) Typical sample structure b) Example of a sample structure with top-conftact
electrodes

Figure 3 — Sample structures for Hall-effect measurement
with the van der Pauw configuration

Criteria for choosing a method for measuring carrier concentration in

films with carrier mobilities lower than approximately 1 cm?2/Vs, while both Hall-g
surements with van der Pauw.eonfiguration and capacitance-voltage measurements
idered to be available for organic thin films with carrier mobility higher than approxim

ransport region and hopping transport region [1]1. The mobility can reach 1 cm?/

bver, values in-the range of 1075 cm2/Vs to 101 cm?2/Vs in a large number of org
conductor thin“films are not unusual because the mobility really depends on both
e of order-jiemolecular solids and extrinsic factors such as carrier traps and impuritie

ictor
anic
ffect

are
ately
band
s to
tors.
anic

the
5 [2].

ples OT possIbDlie data 1ormats Tor measurements Or charge carrier concentratio

s in

organic thin-film samples are given in Table 1 and Table 2. Items regarding measurement and
sample conditions and results shall be included in these formats. Additionally, in the case of
the Hall-effect measurements, it is highly recommended to show data plots on time variations
of the measured Hall voltage against the polarity changes of the magnetic field.

1 Numbers in square brackets refer to the Bibliography
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Table 1 — Possible data format to be given together with

carrier concentrations obtained with capacitance-voltage measurements

Item

Data

Measurement and
sample conditions

Frequency of AC modulation voltage: [ ] Hz
Amplitude of AC modulation voltage: [ ]V
Sweep range of DC bias voltage: [ Jto[ 1V

Measurement atmosphere:

[ Jinavacuum [ ]in aninertgas

[T umderamprentTondition (retative fromidity T T
Measurement temperature: [ 1K

Active electrode area of the MIS structure: [ ] cm?
Thickness of the active semiconductor: [ ] nm
Dielectric constant of the active semiconductor: [ ]

Meapurands

Majority carrier type: [ ] P-type [ ] N-type

Carrier concentration: [ ][ ]cm™

Capacitance of insulator in the MIS structure: [ Y% [~ ] nF/cm?
Hysteresis with DC bias sweep:

[ ] No hysteresis

[ 1 With hysteresis (Hysteresis width: [ 1V)

Table 2 — Possible data format.to be given together with
carrier concentrations obtained with the Hall-effect measurements

Item Data
Meagurement and Kind of magnetic field: [ ] DC magnetic field [ ] AC magnetic field
sample conditions Amplitude of magnetic field: [ ] T
Frequency:ef magnetic field: [ ] Hz (in the case of AC magnetic field)
Amplitude of DC current: [ 1A
Measurement atmosphere:
[* linavacuum [ ]in aninertgas
[ ]1under ambient condition (relative humidity: [ 1 %)
Measurement temperature: [ 1K
Thickness of the active semiconductor: [ ] nm
Meapurands Majority carrier type: [ ] P-type [ ] N-type
Carrier concentration: [ ][ ]cm™
Carrier mobility: [ ][ ]cm?/Vs
Hall resistance: [ 1x[ ]Q

Electrical resistivity: [ 1+[ ]Qcm
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Annex A
(informative)

Case study of carrier concentration measurements of organic materials

A1

Procedure of capacitance-voltage (C-V) measurement

Capacitance-voltage (C-V) curves for the MIS structure can be obtained by using a conventional
impedance meter, which can apply a small AC voltage (V) superimposed onto a DC bias (Vg)

equiyalent circuit model of C-V measurements for the MIS structure. The total\s

cap
layer
strug
emp
semi
The

inter
strug
show

bet\:rleen the top and bottom electrodes of the MIS structure [3]. Figure A.T presents

citance (C;y;) comprised by the insulator and the depletion region in the semicond
is measured. A typical result of the C-V measurement is depicted in FigurerA.2. The
ture shows two states according to the Vg value. One state is a depletionstate whi

y of conducting electrons and holes in the semiconductor layer. The dep
conductor layer including ionized dopants (donors or acceptors) behaves like a capa

the
Bries
Lictor
MIS
ch is
eted
Citor.

bther state is an accumulation state, in which conducting carriers-are accumulated at the

Cdep Vac
of S 7

IEC

Figure A.1 — Equivalent circuit model for capacitance-voltage
measurement with MIS structure

exhi
posi
depi
dete

In thf case of p-type)semiconductors, at lower frequency and negative DC bias, the de

it the capacitance of the insulator layer C, due to the accumulation of holes. Sweepi
ive bias;~Ci,; drops monotonically as the semiconductor layer becomes depleted

mined according to the standard theory on the MIS structure. In short,

MIS

ace between the insulator and the semiconductor. The total _capacitance of the
ture is increased due to the transition from the depletion t6. the accumulation stafe as
nin Figure A.2.

ices
hg to
, as

cted in-Eigure A.2a). From that region, the majority carrier (hole) concentration N cgn be

2

2
0Ciot

Vg

is the active area of the MIS device;
is the dielectric constant of the organic semiconductor materials;

is the elementary charge;
is the dielectric permittivity of vacuum;
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Ciot s the total series capacitance comprised by the insulator and the depletion region in the
semiconductor layer.

The value of ‘6Ctot_2/8Vg‘ is the slope of a least squares regression line obtained in the plot of

1/C2 - Vg curve at the transient region from the depletion to the accumulation state. This

procedure can also be applied to n-type semiconductor materials for evaluating electron
concentration from C-V characteristics as shown in Figure A.2b).

4>
tot
4>

Cl----

Capacitance C, ,
Capacitance C,
0

- -
DC bias Vg DC bias|
IEC

IEC

a) For p-type semiconductor materials b) For n-type semiconductor materials

Figure A.2 — Typical capacitance-voltage curves observed
for MIS structures\with organic semiconductor films

A.2| Capacitance-voltage‘measurement for unoptimized pentacene MIS
structures

Claupe A.2 describes'some examples of C-V measurements for unoptimized pentacene| MIS
strugtures. Pentacene is one of the typical p-type organic semiconductor materials and is
commercially available. Pentacene films usually show relatively small mobilities in the range
from| 0,01 cm2//s to 0,1 cm2/Vs (in the hopping transport region). There, Hall-gffect
measuremenis’ can not be used for evaluating carrier concentration of the pentacene thin fjilms.

A MISSstructure prepared for the C-V measurement is shown in Figure A.3a). Heavily dpped
silicomsubstrates ( 0,02 lel, size: 1,5 cm 1,5 Lalll) which—havea—180=-rm=thick thb‘lllla”y
grown SiO, layer were employed as substrate. After cleaning them by sonication and vapour
degreasing with ethanol, the wafers were treated with a UV ozone cleaner for 30 minutes,
followed by surface passivation with octadecyltrimethoxysilane in gas phase. After removal of
residues on Si substrates by sonication with organic solvents, the deposition of an active
pentacene layer (thickness: 70 nm) onto the Si substrate was performed. Then, a 25-nm-thick
gold top electrode was deposited by physical vapour deposition using a shadow mask pattern
for circular electrode. The diameter of the Au top electrode was 1,0 mm.

The capacitance-voltage of the metal/insulator/semiconductor (MIS) structure was measured
by an LCR meter with an internal DC voltage source. The modulation frequency and voltage for
the measurements were 100 Hz and 100 mVrms, respectively. The C-V measurements were
performed in a vacuum (1,0 x 1072 Pa).
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The capacitance-voltage curves obtained in this specimen are plotted in Figure A.3c), where
the graphs show features of p-type semiconductors. This means that the total capacitance was
increased with negative biasing, suggesting hole accumulation behaviours in the p-type
pentacene thin film. The arrows in Figure A.3c) and d) indicate the bias-sweep direction. Typical
injection-type hysteresis curves appear probably due to the carrier trapping in the pentacene
layer and at the pentacene/SiO, interface.

Thickness
Au 25 nm
Pentacene 70 nm

1
]
o, | o 900%¢

IEC IEC
a) Top-contact configuration b) Bottom-contact configuration
s A % ['y
8 T T T T T 9_23
% . 1,7 T T T y" T
-— % !
‘5300 - : ~ 16 /
o s hor T
© o
O] i 1 = L ]

L
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S~ o

280 \

o

]
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L]

- y 13+ 1
]
260 | \S—"“' ] 12} ]
| | 11+ /,,"' J
! 1 1 3 ! - -1 L ! ,’ ," L !
00 15 10 5 b 5 10 -20 -15 -10° =5 0 5 10
S\ "sM
IEC IEC
c) Capacitance(C, ,)-voltage (Vg) curve d) CM'Z-Vg plot calculated from
obtained for this sample the data shown in c)

Figure A.3 — Capacitance-voltage curves obtained
for the MIS structure with 70-nm-thick-pentacene film

The hole concentration of the pentacene thin film was evaluated by using Formula (A.1) with
the following parameters: 4 = 0,95 mm?2, ¢ = 1,602 x 10719 C, ¢5 = 8,854 x 10712 Fm~1, ¢, = 3,0
according to the literature [4]. The dashed lines in Figure A.3d) showed the results of least-

square fitting to the plots of 1/C2 - Vg4 curves. The value of ‘6Ctot_2/6Vg‘, which was the mean

value of the results measured with the forward and backward bias-sweep, was
9,5 x 1017 F~2v~1, Finally, the hole concentration was calculated to be 8,0 x 107 cm™3. In a
previous work on the C-V characteristics of pentacene-based Schottky diodes, 3,1 x 1017 cm™3
was reported for undoped pentacene thin films [5]. However, the value obtained here is thought
to be too large for undoped pentacene films, although unintentional hole doping with oxygen
gases due to short-time air exposure can occur after the sample preparation.
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A3

Influences of semiconductor layer thickness and electrode contact
conditions on C-V measurements

Clause A.3 reports the influences of semiconductor layer thickness and electrode contact
conditions on C-V measurements for pentacene MIS structures.

Thus far, Au top electrodes fabricated by vacuum deposition were used in many previous
studies. However, during the Au deposition process, Au atoms with high thermal energy could
result in damage of the organic semiconductor layers [6], [7]. For suppressing the degradation
of the pentacene layer during the top electrode deposition, the top-electrode metal type was
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A.4 Capacitance-voltage measurement for a pentacene MIS structure with an

ultrathin insulator

Clause A.4 reports experimental results of C-V measurements for pentacene MIS structure with

an ultrathin insulator.

Hysteresis phenomena in C-V curves are caused by the trapping behaviours of charge carriers
injected from the contact electrode into the semiconductor layer in the MIS structure, and tend
to become more prominent in the larger voltage sweep range. Therefore, in order to make the
C-V measurement feasible in the lower voltage sweep range, an ultrathin insulator made of
aluminium oxide (AlOx) and alkylphosponic acid self-assembled monolayer (SAM) was
employed for fabricating a pentacene MIS structure.
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The preparation of the pentacene MIS structure with an AlOx layer is as follows. A 50-nm-thick
aluminium film was deposited onto a Si substrate by sputtering method. Then, the Al surface
was treated with oxygen plasma, resulting in the formation of an 8-nm-thick AlOx film on the
aluminium bottom electrode. Then, tetradecylphosphonic acid (TDPA) SAM was fabricated on
AIOx film surface. After that, the deposition of an active pentacene layer (thickness: 300 nm)
was deposited onto the SAM-modified AlOx film surface. Successively, an FATCNQ layer with
a thickness of 2 nm was deposited on top of the pentacene layer. Finally, a 40-nm-thick silver
top electrode was deposited by physical vapour deposition using a shadow mask pattern for
circular electrode. A schematic drawing of the sample structure is shown in Figure A.5.

The capacitance-voltage measurements for the prepared structure were performed according
to the same procedures as described in Clause A.3, except that the modulation frequencyl and
voltajge for the measurements were 10 Hz and 50 mVrms, respectively.

The measured capacitance-voltage curves are plotted in Figure A.5. The arrows in‘Figurg¢ A.5
indicpte the bias-sweep direction. The accumulation and depletion of the majofity carrier (hole)
werel clearly observed in the lower voltage range from -1 V to 2 V, accompanied py a
consfderable reduction of hysteresis in the C-V curves. The hole concentration of the pentarene
thin | film was evaluated by using Formula (A.1) with the ~folowing paramdters:
A4=0,785mm2, e = 1,602 x 10719C, ¢, = 8,854 x 10"12Fm~1, ¢, = 3,@.according to the literature
[3]. The dashed lines in Figure A.5¢c) showed the results of least-square fitting to the plgts of

1/C2|- Vg4 curves. The value of ‘actot‘z/an‘ , Which was the mean-value of the results meagured

with [the forward and backward bias-sweep, was 6,25% 1019 F~2v-1._ Finally, the |hole
concentration was calculated to be 1,2 x 1016 cm~3,

The hole concentration of 1,2 x 1016 cm~3 for pentacene is a plausible value since the carrier
concentrations in the order of 10'® cm™3 to 10"¢m~3 have been reported for many undpped
orgahic semiconductor thin films [9], [10], [1H<This result confirms that the appropriate dgsign
and |fabrication of the organic MIS structure are indispensable for evaluating carrier
concentrations by using C-V measuremgnts with higher reliability.

The modulation frequency dependénces of the C-V curves measured for the pentacene| MIS
strugture are shown in Figure A:5. As the frequency increases, the accumulated holes af the
semiconductor/insulator interface cannot follow the modulation signal. The transition [from
depletion to accumulation could not be distinguished any longer at modulation frequencies
higher than 1 kHz, probably due to the relatively low mobility of the pentacene thin film. Tgking
into account these frequency responses in the C-V curves, the modulation frequency lower|than
1 kHg may be favourable for evaluating the carrier density over a wide range.
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Figure A.5 — Capacitance-voltage curves obtained for a pentacene
MIS structure with an ultrathin SAM-modified AlIOx insulator


https://iecnorm.com/api/?name=076cef196b85a160554b577f8c708e84

IEC TS 62607-5-3:2020 © IEC 2020 -17 -

A.5

Procedure of Hall-effect measurement

The electrical resistivity of a film specimen obtained with the van der Pauw method is given as
follows [10], [11], [12]:

_ nd Rpgcp+RBCpA f[RAB,CDJ

- In2 2 RBC,DA

(A.2)

wher
mag

funcfion which follows the relation,

The
perp
mag
In ag
A po
CcA)

field
of 7|
the
unddg
the n

wher

e Rag.cp» Rec, pa are defined as resistances between individual contact points withou
netic field, and d is the thickness of the organic semiconductor film tocbe measured.

Rag.co ~Hc oA = Larccosh[lexp (EB (A
Rpgcp tRecpa In2 2 f

Hall-effect measurement becomes feasible by applying an external magnetic
endicular to the film surface [11], [12], [13].. Here, the positive direction of the ap
netic field is defined as the direction from .the top to the bottom side of the speci
cordance with Figure 2, V-5 and Igp are defined as the potential difference between (
nts, and the electric current flowing from. B to D points, respectively. The Hall voltage
an be obtained as the difference intthe V', values with and without external mag
5, and the type of majority carrier.inthe film (p-type or n-type) can be judged from the
.ca- In reality, the measurement of Voo Was repeated for the two opposite directio

magnetic field and the curtent flow in order to remove extrinsic components dJ
sirable thermoelectric andumagnetoresistance effects from the observed potentials. T
nean value of the Hall veltage between contacts C and 4 was calculated as

Vhea (Bis 1) =Vica (B- 1) +Vhca (B 1-) =Vi—ca (B, 1_) (!
4 2

M-ca =

e B, and [, indicate the different polarities of the magnetic field and the current flo
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\.4)

. In

flow

iof); the mean Hall voltage between contacts B and D (I7H_BD) under the DC current

ly, the net Hall resistance (AR ) was obtained by

yove.

AR, = /-ca *ThigD (A5)

21,

Here, if we assume that the effective mass transport model based on long-range orders is held
for the specimens, the carrier concentration and mobility can be estimated by the following
formulas:

N: s, U=— s (A6)
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