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Intrinsic dielectric properties and charge transport in oligomers
of organic semiconductor copper phthalocyanine
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Various contributions are distinguished in the experimentally detected dielectric response of organic semi-
conductor copper phthalocyanine. While a giant dielectric constant of virgin samples is shown to be due to
extrinsic effects, the temperature dependence of the intrinsic dielectric constant, being of the order of 10,
indicates two structural phase transitions, as well as a dielectric relaxation reflecting the charge carriers’
response. Ac-conductivity data reveal not only the universal dielectric response arising from the polaron
tunneling process, but also that another mechanism, which results in the superlinear power law increase in a
frequency dependent conductivity, governs the charge transport at lower temperatures.

DOI: 10.1103/PhysRevB.71.041202 PACS nun®er71.38-k, 77.22.Gm, 77.84.Jd

Ever since semiconductivity in metal phthalocyaninesexist in a variety of complex inorganic systefisin addi-
(MePcs has been discoverédhese compounds are among tion, results on ac conductivity reveal that tunneling of po-
the most interesting organic semiconductors, mainly due t¢arons is one of the dominating charge transport mechanisms
their high chemical stability and various possible syntheticin CuPc.
modifications. Not only that ferroelectriclike properties in  Multiring CuPc oligomer samples were synthesized by
thin films of copper phthalocyanin€€uP9 deposited on the the solution method as*described in Ref. 6. The complex
metal surfacgand in Langmuir-Blodgett CuPc fillhidhave linear dielectric constant (v,T)=¢'~ie” was measured be-
been reported, but MePcs have also been presented as a vétgen 10 and 450 K in the frequency range of 0.1-3 MHz
promising material for a thin-film transistoand light emit-  using a Novocontrol alpha high-resolution dielectric ana-
ting diode® Furthermore, CuPc oligomers have recently beerlyzer. The amplitude of the probing ac electric signal, applied
used as a filler to a polymer matrix in developing an all-to samples having thicknesses of 285 and being covered
organic composite actuator material with a high dielectricwith sputtered gold or silver paste electrodes, was 1 V. Tem-
constanf perature was stabilized within £0.1 K using an Oxford In-

As charge transport properties in organic semiconductor§truments continuous flow cryostét0—300 K or lock-in
are quite different from those in inorganic materialthis  bridge technique with a Pt100 resistor as a thermometer
issue has attracted a great interest also in M&P€dn ad-  (100—450 K. The real part of the complex ac conductivity
dition, the influence of different metal contadt? and o (v,T)=0'+io” was calculated viar' =2mveqe”, with g
oxygert® on the electrical and junction properties of MePcsbeing the permittivity of vacuum.
has been studied. However, despite facts that metal elec- Figure 1 shows the frequency dependence’pfmeasured
trodes alter electric properties and that dielectric propertieat room temperature. Giant values, detected at lower frequen-
are dependent on the sample treatmiénihere is still a lack cies in the virgin sample, strongly decrease in low pressure
of experimental data which would enable the separation otonditions and are further suppressed after annealing the
extrinsic and intrinsic contributions to the dielectric responsesample under vacuum at 400 K, however, they are restored if
and conductivity of MePcs. It has namely been shown thathe sample is exposed to air. These values are therefore in-
extrinsic effects can induce giant values of dielectric constantiuced by the formation of thin surface oxide layers. It is
in inorganic semiconductors. namely known that @acts as a dopant of the MeP@Refs.

We have therefore conducted high-resolution dielectricll and 13 and that thin surface layers of different conduc-
measurements in CuPc oligomers and separated various cativity than that of the bulk strongly increase the measured
tributions to the detected response. Results clearly demomtielectric constant of a semiconductérFurthermore, a
strate that extrinsic effects induce a giant dielectric constansimilar mechanism most probably governs the low-frequency
in samples exposed to air. The intrinsic dielectric data revealflielectric response in porous silicates, where a strong de-
the existence of two phase transitions, as well as a dielectricrease of the dielectric constant under vacuum and its resto-
relaxation reflecting the charge carriers’ response. Furtheration in the air has also been obser¥églowever, while in
more, besides the universal dielectric respdHeR), which ~ CuPc oxygen is the source of the thin surface layers which
has already been observed in C§Pt,also a superlinear induce a giant dielectric constant, in porous silicates air hu-
power-law increase in a frequency dependent conductivitynidity governs the response—water molecules namely form
has been detected. This effect has recently been reported tioin conductive layers over the surface of the grains. It

1098-0121/2005/7%)/0412024)/$23.00 041202-1 ©2005 The American Physical Society



RAPID COMMUNICATIONS

BOBNAR et al. PHYSICAL REVIEW B 71, 041202R) (2009
, CuPc “ s .
10 _ oligomer ".‘E 1071 (pace . 10°F  CuPc oligomer L /-
e, — charge O,
%00 a level = % 7 % 20Hz ;/ 1
s | surface layer %oy :; 6 ‘Glec® * 100Hz ]
10°r contribution 0009 10 o . ] - O 1kHz
- ) 10 10 10 w m 10kHz
w | ) % vz 1O >
. 3 Ve 10°F  © 100kHz ;
o b 0@@ @ In air ® 1M /:
10° “o space chafge g, @ under vacuum | 2z ]
e ke il bt annealed / ]
.............. . o
101 T e — - S OOCGGAAP e e T 1
10" 10' 10° 10° ]
v(Hz)

FIG. 1. The frequency dependence of the real part of the com-
plex dielectric constants’, measured at room temperature after
three different treatment procedures of the CuPc sample. The inset
shows the frequency dependence of the real part of the complex .
ac-conductivity,¢’, after annealing. Various contributions to the i
dielectric response are distinguished.

N\

should also be stressed that giantvalues in CuPc oligo-
mers are correlated with the work function of the electrode. r

On the other hand, larger values at lower frequencies in the 1 g™/ dielectric

annealed sample are not dependent on the electrode type and 10713 . relaxation . |
are therefore the result of the space charge, i.e., interface 100 200 300 400
polarization, which usually alters the response in polycrys- T (K)

talline samples at lower frequencies. The inset to Fig. 1
shows the frequency dependencestfin the annealed CuPc ~ FIG. 2. The temperature dependences’oands", measured at

clearly be distinguishedr,, is also indicated, while at higher transitions are indicated by vertical dotted lines, while the observed
frequenciesa’ follows UCDR o' =0y (S<,l). Concomi- dielectric relaxation is marked by arrows in th&T) dependence
tantly, & follows 277808’=tar(377/2)o-0v5'1 18 55 indicated and in the inset, which shows the temperature dependengé aif

by the dot-dashed line in the main frame. UDR has aIread)t"gher frequencies.
been observed in MeP&3? and it should be noted that there
are several theoretical approaches which deduce such a pgearly altered by the space-charge effdarge ¢” and &”
havior from the microscopic transport properties, includingv@lues, o’(T) is in the inset to Fig. 2 shown only at frequen-
tunneling of the charge carriers between different localizecies above 10 kHz. Arrows mark a dielectric relaxation,
statedl? which appears in the same temperature and frequency range
In order to obtain information on intrinsic CuPc propertiesas in the CuPc—®/DF-TrFE-CFB-terpolymer composité)
it is therefore essential to measure the response of the akthere it was ascribed to the nomadic polarization
nealed sample in a low-pressure condition. Figure 2 thuphenomenoft—completely delocalizedr electrons act very
shows temperature dependences of the complex dielectrfduch like dipoles. This effect is here, in comparison to a
constant and ac conductivity, measured in the annealed CufiguPc molecule, strongly enhanced, as delocalized electrons
sample. Two distinctive features, a change of slope agan move over the relatively large distance of several mol-
~340 K and a step a=410 K, can be resolved. The latter €cules forming the oligomer.
has already been reported and has been, via pyroelectric cur- The frequency dependence of, measured at several
rent measurements, associated with the appearance of tfmperatures in the annealed CuPc sample, is shown in Fig.
spontaneous polarizatidh.However, the pyroelectric cur- 3. While at higher temperatures the space-charge efiggt,
rent has not reversed in polarity on heating/codifngs is and UDR contributions can be identifi¢cf. the inset to Fig.
typical for the ferroelectric transition. We have therefore ad-1), at lower temperatures data at higher frequencies tend to-
ditionally checked the nature of this transition by performingwards the superlinear power law’ = 1"(n>1). Unfortu-
the hysteresis loop and switching current measurements, bogtely, due to extremely high values of a typical sample’s
we have not found any confirmation for the existence of thgesistance, which at lower temperatures almost exceed the
spontaneous polarization. Furthermore, the dielectric dat@xperimental range limit, as can be seen in the inset to Fig. 3,
around 410 K in Fig. 2 are not typical for a ferroelectric ac conductivity at lower frequencies cannot be determined
transition, therefore we assume that both dielectric anomaaccurately. Howeverg’(v) data, detected at 10 K, clearly
lies, at=340 K and at=410 K, are due to structural changes indicate the superlinear power-law dependence. Such a be-
in CuPc. As the dielectric response at lower frequencies ifavior (UDR followed by a superlinear power lavias re-
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FIG. 3. The frequency dependence ©f, measured at several
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FIG. 4. The temperature dependence of the UDR paranseter

temperatures in the annealed CuPc sample. The solid line demoete/mined in the annealed CuPc sample in the frequency interval

strates that at lower temperaturesfollows the superlinear power

shown in the upper inset, compared to data obtained in the

law. Due to extremely high values of a typical sample’s reSiStanceCuPc—F(’VDF-TrFE-CFE)-terponmer compositéRef. 19. Solid
which at lower temperatures almost exceed the experimental range s denote the fitCuPc-terpolymer and the calculatiofCuPc

limit (the inset, ac conductivity at low frequencies cannot be de-

termined accurately.

transport in CuPc oligomers.

parameter s, compared to data obtained
CuPc—RVDF-TrFE—-CFB composité® Data obtained in

oligomen using the model for polaron tunnelifgqg. (1)].

However, it can be assumed that the rather wedk)lde-
cently been reported to exist in a variety of complex inor-pendence of the reduced tunneling distdfideads to only
ganic systen’$ and indicates that, besides a process whichsmall deviations ins in these relatively narrow frequency
results in UDR, another mechanism governs the chargganges. Thus, differences W., 7, andr,, determined in
CuPc oligomer and in the CuPc-terpolymer composite, are in
A detailed analysis of UDR is shown in Fig. 4. The fact due to different tunneling properties in both systems. It
frequency interval, where UDR in CuPc can clearly beshould also be stressed that in the composite the distinctive
distinguished, is shown in the upper inset, while the mairgielectric relaxation disabled the determinatiorsaft lower
frame presents the temperature dependence of the UDRmperature&’ while in the CuPc oligomes cannot be ac-
the curately determined at lower temperatures due to the high

sample’s resistance valuésf. inset to Fig. 3, which prevent

the composite were fitté8ito the model for polaron tunnel- accurate ac-conductivity measurements. Nevertheless, data
in Fig. 4 demonstrate that tunneling of polarons is one of the
dominating charge transport mechanisms in CuPc oligomers.

ing which yields the temperature dependencs af®

4+ BW,.r y KTR A(WL,,r g, 70)

s=1

W, and ry denote the energy barrier and reduced polaron,
radius, respectively, whil®’ is the reduced tunneling dis-
tance, also being a function ¥¥,. andr; and additionally, of

- @
R’ (W.., 1§, ) [ 1 + W, r JKTR 2(W,,, 1§, 70) 12 @)

In summary, by separating various contributions to the

dielectric response of CuPc oligomers we have shown that
the giant dielectric constant in samples exposed to air is due

0 extrinsic effects. The intrinsic
existence of two, most probably

the inverse attempt frequeney.* The solid line through the o response. The temperature

CuPc data in Fig. 4 is calculated from the HG) using
values ofW,,.=0.79 eV, 7,=10*3s, andr,=1.6. These val-
ues slightly differ from those determined
CuPc-terpolymer composite W,,.=0.59 eV, 7,=103s, r

can clearly be resolved in CuPc oligomer differs from that in
the CuPc-terpolymer compositeompare insets to Fig.)4

th

!

€ superlinear power-law increase

dielectric data revealed the
structural phase transitions,

as well as a dielectric relaxation reflecting the charge carri-

dependence of the UDR pa-

rameters demonstrates that tunneling of polarons is one of
the dominating charge transport mechanisms. In addition, a

detected in a frequency de-

) 0  pendent conductivity indicates another process driving the
=2.43. We are aware that the model _predlcts a frequenqéharge transport in CuPc at lower temperatures.
dependence of and that the frequency interval where UDR
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