XKypuan ¢i3uku ta imkeHepii nosepxni, 2017, Tom 2, Ne 4, cc. 198-202; XKypuan dpusukn u nmkenepun nosepxuoctu, 2017, Tom 2, Ne 4, cc. 198-202;
Journal of Surface Physics and Engineering, 2017, vol. 2, No. 4, pp. 198-202

UDC 539.234

OHMIC AND SPACE-SHARGE LIMITED CONDUCTIVITY
IN DIHYDRODIBENZOTETRAAZA[14]ANNULENE THIN FILMS

V. G. Udovitskiy', N. 1. Slipchenko?, B. N. Chichkov?, E. V. Slipchenko*
IScientific Center of Physical Technologies MES and NAS of Ukraine,
Kharkiv, Ukraine,
2Kharkiv National University of Radio Electronics,

Kharkiv, Ukraine,
3Institut fur Quantenoptik, Leibniz Universitat Hannover,
Hannover, Germany,

*V. N. Karazin Kharkiv National University,

Kharkiv, Ukraine
Received 15.12.2017.

The electrophysical properties of thermally deposited thin films of dihydrodibenzotetraaza[14]-
annulene were investigated applying ohmic gold electrodes to them. The volt-ampere characteristic
of planar thin films symmetric structure Au — dihydrodibenzotetraaza[ 14]annulene — Au under dark
condition was measured. The direct current conductivity in this structure at room temperature and at
a small applied voltage was ohmic, carried out by thermally generated carriers, and the conductivity,
limited by space charges carried out by the injected carriers, was observed at a higher applied voltage.
The transition from ohmic conductivity to conductivity limited by space charges occurred at an
electric field strength in a thin film of £ ~ 4 x 10* V/m.
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OMUNYECKAS U O'PAHUYEHHASA ITPOCTPAHCTBEHHBIM 3APAOM
NPOBOANUMOCTDb B TOHKUX IIVIEHKAX
JAUTUAPOIUBEH30TETPAA3A[14| AHHYJIEHA
B. I. Ynouukmuii, H. U. Ciiunmuenko, b. H. UYnukos, E. B. Cainnuyenko
HccnenoBanu 21ekTpoU3nIecKre CBOWCTBA TEPMUICCKH HAHECCHHBIX TOHKUX TICHOK TUTUIPOJIHU-
OeH3oreTpaasal14]aHHyieHa ¢ HCIOIB30BAaHUEM 30JI0THIX OMUYECKHUX KOHTAKTOB K HUM. M3Mepsiu
TEMHOBYIO BOJIBT-aMIICPHYIO XapaKTEePUCTUKY IIAHAPHOW TOHKOTUICHOYHOU CTPYKTYPhI AU — JTUTH-
npoanbenzoreTpaasal 14 |arayinen — Au. [IpoBOTUMOCTE B 3TOM CTPYKType Ha ITOCTOSTHHOM TOKE TIPH
KOMHATHOM TemIieparype W MpH HeOOJIbIIOM MPUIIOKEHHOM HAIPsDKEHHH ObLIa OMHYECKOU, OCY-
HICCTBHHCMOﬁ TEPMUYCCKU I'CHEPUPOBAHHBIMH HOCUTECIAMU, a IIPU 0o0Jj1€€ BEICOKOM IIPUIIOKCHHOM
Halps>KCHUU Ha6j110;[anacs IMPOBOAMMOCTDL, OIr'paHUYCHHAA MPOCTPAaHCTBCHHBIMU 3apsAgaMH, OCy-
ECTBIIEMAaA UHKXCKTUPOBAHHBIMHU HOCHUTCIISIMU. Hepexo,u OT OMHYECKOM IMPOBOAMMOCTH K IPOBO-
JUMOCTH, OFpaHH‘-ICHHOfI IMPOCTPAHCTBCHHBIMHU 3apsaaaMu, IIPOUCXOANTT TP HANIPAKEHHOCTHU 3JICK-

TPUYECKOTO T0JIsl B TOHKOH 1ieHke £ ~ 4 x 10* B/m.

KaroueBble cjioBa: opraHnYecKue MOJYMPOBOIHUKY, TUTUAPOIMOeH30TeTpaa3al 14 |aHHyeH, TOH-
KHE TUICHKH, YIEKTPOIIPOBOIHOCTh, OMUYECKAsl TPOBOJMMOCTD, IPOBOIMMOCTb, OTpAaHUYCHHAS MIPO-
CTPaHCTBEHHBIMU 3apsIaMHU.

OMIYHA TA OBMEXEHA IMTPOCTOPOBUM 3APAJOM IPOBIJIHICTb
B TOHKUX IVIIBKAX JUT'TAPOAUBEH30OTETPAA3A[14]AHYJIEHY
B. I. YnoBuubkmuii, M. I. Crinuenko, b. M. Unukos, O. B. Ciainyenko
JocnimkyBanu enekTpodi3uuHi BIACTUBOCTI HAHECEHUX TEPMIYHMM METOJIOM TOHKHX IUTIBOK
qurigpoanOensoreTpaasal 14]anyiaeHy 3 BHKOPHUCTaHHSIM 30J0THX OMIYHMX KOHTAKTiB /0 HHX.
BumMiproBany TEeMHOBY BOJIBT-aMIIEPHY XapaKTEPUCTUKY INIAHAPHOT TOHKOIUTIBKOBOT CTPYKTYpH Au —
nurigpoanbensorerpaasal 14]anynen — Au. IIpoBigHicTh B Iii CTPYKTYypi Ha MOCTIHHOMY CTpyMi
MpH KiIMHATHIN Temreparypi i HeBeJIHKiil NpUKIaJIeHid Hampy3i Oyiga OMi4HOO, 110 3a0e3redyBa-
J1ach TEPMIYHO TEHEPOBAaHUMH HOCISIMH, a TIPH OLIIBbIII BUCOKIN MPHUKITAEHIN HAMpy3i CriocTepiranm
MIPOBIHICTh, 0OMEXEHY TIPOCTOPOBUMHU 3apsiiaMu, 1110 3a0e31edyBajach iH)KEKTOBaHUMH HOCISIMH.
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[epexin Bij OMiYHOT IPOBIHOCTI 10 MMPOBiTHOCTI1, 00MEXKEHOI ITPOCTOPOBUMH 3apsiAaMu, BigOyBaBCs
MPU HAMPYXKEHOCTI IEKTPUIHOrO TOJIs B IWIBI E ~ 4 x 10* B/Mm.

KuarouoBi csioBa: opraHivHi HamiBIPOBITHUKH, AUTiApoarOeH30TeTpaasa[ 14|aHyneH, TOHKI IUTiBKH,
€JIEKTPOIIPOBIIHICTh, OMIYHA MPOBIIHICTH, MPOBIIHICTH, 0OMEXEHA TPOCTOPOBUMH 3apsiIaMHu.

INTRODUCTION

At the present time there is a great interest in
development of organic (molecular) electronics
(OE or ME), based on using of various organic
molecular materials (organic dielectrics,
organic semiconductors or organic «metalsy)
for creating electronic devices. OE is now often
referred to as the next-generation electronics that
will enable to implement a number of significant
advantages over the traditional electronics based
on using inorganic semiconductors, Si being the
main of them. The unique properties of organic
materials create possibilities for many new
applications simply impossible with standard
inorganic materials. The main advantages of
organic materials and, consequently, electronic
devices based on it, are as follows: solubility in
many solvents, the possibility for a relatively
simple and inexpensive manufacturing of
flexible elements on a large area at a low
temperature, a light weight, opportunities for
obtaining materials with desired electronic
properties by purposeful chemical synthesis
or physicochemical modification of already
synthesized materials, a low cost of
manufacturing, environmental friendliness etc.
[1].

At present, macro-, micro- and nanoelectronic
devices, such as various displays (big panel
displays, computer displays, mobile phones,
iPads, iPhones, TV sets), thin-film transistors,
light-emitting diodes, photovoltaic solar cells,
electronic memory devices, chemo-, bio-
and physical sensors, etc. have already been
created on the basis of organic semiconductors
[2, 3]. Therefore, over the past years, many
aspects of organic electronics research,
production and market have progressed, and
the pace of progress has continued to accelerate.
According to IDTechEx the global market for
printed and potentially printed electronics,
including organics, inorganics and composites,
is forecast to rise from $1.92 billion in 2009 to
$57.16 billion in 2019 (see Fig. 1) [4], while
the Organic Electronics Association (OE-A)
predicts market growth to 200 billion over a
decade [5].
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Fig. 1. Global market for organic and printed electronics
(US $ billions)

There are two basic classes of organic
semiconductors (OS): low molecular weight
compounds and polymers [6]. The first of them is
the OS class with a low molecular weight, based
on the individual molecules (often called «small
molecule organic semiconductorsy), and it can
contain from tens to hundreds of atoms. The second
of them is the OS class with a high molecular weight
(polymer, 1. e., forming a long chain polymer). The
common feature of both groups is the presence of a
conjugated system of  bonds formed of p-orbitals
of carbon atoms. The ¢ bonds, which form the
backbone of the molecule, are more stable than
the t bonds (fig. 2). As a result, conductivity in the
OS is provided mainly by the n-electron system
under ordinary conditions.
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Fig. 2. Schematic image of 6 and © bonds in molecules of
organic semiconductors
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The molecules with different atomic
composition and molecular structure are
synthesized and used when creating OS-based
electronic devices. The low-molecular organic
semiconductors, based on the molecules with
macrocyclic structure, for instance such as
phthalocyanine (Pc, Fig. 3) and dihydrodiben-
zotetraaza[14]annulene (TAA, Fig. 4), provoke
special interest of researchers. These OS have a
high thermal and chemical stability, n-conjugated
electronic system as well as good sensitivity of
electrical properties for various parameters of
chemical and physical nature due to the nature
of their molecular structure and the presence of
the so-called macrocyclic effect in the closed
macrocyclic structures. This provides wide
opportunities of their application for creation
of various micro- and nanoelectronic devices,
where they are used usually as thin films that
can be deposited by thermal evaporation.
Phthalocyanines are now the most commonly
used in organic electronics based on small
molecule of OS and the mechanism of electrical
conductivity in its thin films has already been
well studied [7-9].
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Fig. 3. Phthalocyanine
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Fig. 4. Dihydrodibenzotetraaza[ 14]annulene
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Until recently, the TAA and materials
based on it have been studied and used mainly
in chemistry, medicine and pharmacology,

however, in the last few years the study
of this OS use in engineering and electronics
is proceeding vigorously. Chemical gas
sensors, thin film transistors, compact discs
etc. based on TAA have already been created.
Questions, concerning the properties and use
of substances and materials based on TAA, were
highlighted in our review [10], but now there
are new interesting publications related to the
study of magnetic properties and applications
of such materials for spin filters creation
[11, 12]. They open new perspectives for
using this OS in actively evolving now spin
electronics and in other fields of electronics.
The TAA are generally p- type semiconductors;
they can be sublimed easily, as well as Pc,
resulting in high purity thin films without
decomposition.

The charge transport characteristics in thin
films of OS represent a key foundation for the
field of molecular electronics and development
of novel organic-based electronic devices.
Therefore, it is a fundamentally and practically
important subject for investigation. In the
present investigation the current — voltage
measurements (on direct current) were carried
on a planar symmetrical structure of the type:
metal (Au) — thin film TAA — metal (Au),
further — Au — TAA — Au — structure, to study
conduction mechanism in thin films of TAA at
various electric fields in the sample.

EXPERIMENTAL PART

The TAA powder, used in this work, was
synthesized and purified in the chemical
laboratory of the V. Karazin Kharkiv National
University (Department of Organic Chemistry,
thanks to Prof. V. Orlov and Prof. N. Kolos). The
TAA thin films were prepared through thermal
sublimation and condensation of the substance
of the TAA in vacuum (at pressure ~10~ Torr)
with a VUP-5M setup. The TAA thin films were
deposited on a polished ceramic substrate with an
interdigital Au-electrode and this way the planar
structure of M-TAA-M was obtained (Fig.5).
The distance between the metal electrodes was
10° nm. The thickness of the TAA films was
about 100 nm and it was regulated by the weight
of the sublimed substance or duration of the
period of the open shutter position. Monitoring
of the thin films thickness was carried out by a
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quartz resonator and additionally determined by
their optical transparency.

2

Fig. 5. Planar symmetrical thin films structure Au — TAA —
Au: 1 — substrate, 2 — thin film of TAA, 3 — Au electrodes

RESULT AND DISCUSSION

Fig. 6 demonstrates the volt-ampere
characteristic of planar thin films Au — TAA —
Au — structure under dark conditions, obtained
by us.

I/, nNA

Fig. 6. Volt-ampere characteristic of planar Au — TAA —
Au — structure

It can be seen that this volt-ampere
characteristic is symmetric with respect to the
center of coordinates and has two sections with
different slopes. Charge transport in organic
semiconductor thin films with ohmic contacts,
as is known, depends on the electrical field
strength. Charge transport by thermal carrier
dominates at the low electrical field. The
injected carriers are compensated by dielectric
relaxation process and no net charges build up
in the film. At the high electrical field, however,
the injected carrier density exceeds the thermal
carrier density. The injected carriers form space
charges to limit the current flow. Therefore, the
conduction mechanism is called space-charge-
limited conduction (SCLC). The volt-ampere
characteristics, obtained by us, as can be seen

from the Fig. 6, have two regions. In region I
(at a lower voltage) conduction follows Ohm’s
law and I-V characteristic in this region can be
described by equation [13]:

v
J:qpoup;:qpoupEa (1)

where J is the current density, g is the elementary
charge, p, is the thermal carrier density, i, is the
hole mobility and d is the electrode spacing. E
is electrical field strength.

In region II (at a higher voltage) conduction
is SCLC and can be described by the Geurst
equation [14], which is valid for metal-organic
semiconductor-metal structures of the planar

type:

2u,e 7?2

J —_—
T d*

2)

where ¢ is dielectric permittivity of an organic
thin film.

The transition from ohmic to SCLC
conductivity in this investigation takes place at
a voltage of 4 V i. e. at an electric field strength
E ~ 4 x 10* V/m. Our results obtained for
the TAA films agree well with the results
obtained in [15] for nickel phthalocyanine thin
films, in which the authors also observed the
ohmic conduction at lower voltages followed
by space-charge-limited current at higher
voltages.

CONCLUSION

In the present work the volt-ampere characteristic
of planar thin films symmetric structure Au —
dihydrodibenzotetraaza[ 14]annulene — Au is
investigated. Conductivity on direct current in
this structure at room temperature reveal an
ohmic conduction due to thermally generated
carriers in the lower voltage range, followed
by SCLC conductivity due to injected carrier in
the higher range. The transition from ohmic to
SCLC conductivity takes place at electric field
strength £ ~ 4 x 10* V/m.

This work was partially funded by the
scientific research, funding by Ministry of
Education and Science of Ukraine, the State
registration number 0117U004875.
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