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Abstract

The electrical properties ol thin film interdigital metal-
phthalocyanine - metal devices have been studied with regard to purity
and electrode material . Devices utilising phthalocyanines ( Hs Pe
NiPe and Cul¢) films with Au, Ag , Cu « In and Al electrades have

been prepared with Pe layers fabricated from both as - supplied Pc
powder and entrainer - subeimed material . The results indicate that
sublimed phthalocyanine with gold clectrodes offers the best material
combination with regard to linearity | reversibility and reproducibility.
Measurements  of currenl - temperature  characteristics  of
phthalocyanines indicate that the impurity of the film have a major

mfluence on conduction mechanism.

Introduction
The phthalocyanine molecule ( Pe § , shown in fig.] , both metal -
free HaPe and metal - substituted MPc |, have heen investigated in the

form of both single crystal and evaporated thin films ( | — 3).

In particular , the phthalocyanine class of organometalic compounds
has received a considerable attentaion and recently there has been a
renewed interest in their properties for device applications (4-8).

The physical and chemical properties of phthalocyanine (9) make
them good candidates for sensing elements in semiconductor gas
detectors as most of the reavirements of an ideal sensor ( scleclivity ,
sensitivity , reversibility , simplicity and portability ) are . or can be |
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attained with a phthalocyanine based device . In the present work , we
give a detailed consideration to the effects of phthalocyanine purity ,
different electrode materials in interdigital metal - Pc - metal planar
devices with aview, to optimizing thesc towards the fzhrication of an
ideal sensor . In this paper we consider HaPc , Ni Pe and Cu Pc with
Au, Cu, In and Al electrodes for pure and entrainer sublimed

material.

Experimental

The as — supplied Pes were in the form of impure § — phase
powder. Purification was by means of entrainer sublimation(10) we
note , however that the inferion purity of phthalocyanines ( impurity
concentration of about 1 in 10 ) compared 1o semiconductor grade
51 or Ge( impurity concentration < 1 in10'*) may not be too si anificant
or perditious that the reproducibility of clectrical characteristics can be
obtained .Substrates were boropolysilicate  glass precleaned
sequentially in a cetone vapour , altrasoneration in a degreasing agent,
dionised water . Both electrode metals and phthalocyanines were
deposited by thermal evaporation in vacuum at a pressure ~ 10 7
Torr. electrode thicknsses were about 100 nm and phthalocyanine
thickness were typically 150nm . Standard photolithographic
techniques were used to produce interdigital electrades , the Pe being
cvaporated over the electrode array . Electrical characteristics were
measured with devices mounted in a light — tight PTFE chamber
shielded with a stainless — steel vacuum vessel . Devices were heated
by mounting them on a platinum film heater.

Results

Electrode metal: Fig, (2) shows the de¢  dark current — voltage
characteristics for typical purified Ni Pe devices with Gold { A,
Indium a (In ) and silver { Ag ) electrode . The characteristics were al|
measured in dry air and in the dark . The charateristics for gold
electrodes is scen to be chmic and has a higher conductivily and more
linear , while that for nickle electrodes is clearly non linear over the
voltage range studied . The characteristics for indium is also ohmic
ulthough the measured current is significantly smaller than that for
gold at the same bais . The characteristic for Ag clectrodes is also
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curved and the device resistance is appreciably higher than with gold
electrodes .As silver oxidises relatively slowly at room temperature ,
the presence of an oxide layer blocking contact cannot be assumed to
explain the shape of the characteristic .

The IV characteristics of a typical device using copper as electrode
material is shown in fig. (3 a) .

The applied voltage was increased 0.1 10 1.0 V and then the device
allowed to stabilise for 24 hrs. Considerable curren: drift ( 113 %
change ) occuvred over this period .

The bias was then reduced back down to 0.1V a gain giving the
hysteresis effect shown . In the low - voltage region (0.1V ) one
would expect an ohmic contact to give linear characteristics and
therefore one can conclude that the Cu— Nipe contaet is non — chmic
over this voltage region . As a comparison , however . the
corresponding characteristics of Au - Ni Pe — Au device arc shown in
fig. (3b). The Ni Pe for the sample shown was deposiled during the
same run as that in fig. (2a), that is under identical conditions. Over
the same voltage range , the characteristic is seen to be lincar. There
is some hysteresis due to eurrent drifl during the stabilization period ,
but this is much smaller than for the copper electrodes and the
characteristic remain linear . In a real sensor this would probably
neeessitate alter each exposure

The current — voltage for Ni Pe deposited on aliminium elsctrodes is
shown in fig.(4). This organic film was also deposited at the same
time as in [ig. (3ab), and the characteristic measured at room
temperature . A rough caleulation of the resistance of this sample
about an order of magnituds higher than for gold electrode devices
and were nonlinear over the whole voltage range . This can be
understood in terms ol an oxide laver interposed between the
NiPe — Al Oy interface ( where Al, Oy is the oxide layer formed on
the Al prior to NiPe deposition ) . This is dominant a: low fields and
has been shown by several authors to form schottky barrior ( 11,12),
If this is the case, then the current - voltage relationship can be
described by Lthe equation

where Ip = dark current
A = conslant ( dependent on barrier height and absolute temperature ).
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£ = eleclronic charge .

B=(e/d4]le, e.)}"

£, = frec space permitivity

e = dielectric constant

E = contact field — applied voltage ' depletion width

K = Boltzmanns constant

T = absolute temperature.

Fig. (5) shows aplot of L, I p against V ,° for a device with Al
electrodes .One must be careful when treated data using either
Schottky emission theory (Field essisted thermoinic emission over
surface barricr) or Poole - I'rankel emission theory ( field essistad
thermal detraping of carriers ) as the parameter is ofien not constant .
value of &; — 3.2 have becn reported for cupe ( 13 ) and we will
assuime that they apply also to NiPe ( 14 ) . However , taking € ;= 3.2
and T = 290 K yields adeplation region width of 25 nm , while is
rcasonable on the basis of the work of vidadi etal (14 ) « and Fan and

Faulkner ( 15 ).

Phthalocyanine purity

Using gold as the electrode material the, device characteristics were
measured as a function of phthalocyanine purity . This involved using
material as obtained directly from the manufacturer ( impure B - form
powder) and comparing this with the entrainer sublimed material (
pure [i - form crystals ) . Metal free phthalocyanine ( H, Pc ), cupe
and Nipe were used in this study . Dark - cnrrent measurements in dry
air showed that the purilied materizl had a higher ¢onductirity and
more linear characterisrics for all phihalocvarine studied .

The results of a chemical analysis of the sample to determine the
percentage composition of carbon , nitrogen , hydrogen and copper
( where oppropriate ) are given in table (1) and tabls (2) for metal frce
and copper phthalocyanine , respectively .

The figures in the column lablled " calculated " were determined
using the atomic weights 1 - 0079 for hydrogen , 12.0]] for carbon |
14.0067 for nitrogen and 63.546 for copper . we conclude that the
entraincr sublimed material gives ratio much closer to that expected ,
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knowing the molecular weight of the compound studied { ,Pc -
514548 a.m un.and CuPe=576.078a.m.u.).

Addmng the percentage composition for each sample we find that
only about 85 % of the impure material is identifiable as Cu Pc or

H; P, ( from the C . N and H data )} . We can only assume that the
shortfall is due lo inorganic (i . e . not containing ¢, N or H)

impurities , subsequently removed by intrainer sublimation .

Temperature Dependence of the Conductivity

Fig. (6) shows aplot of 1, Ip against ( 10°/ T} at constant voltage.
The conduction obyes a relation of the form I = lo exp (-EWV2KT)
as normally cbserved for phthalocyanines . For the cupe , the slapes
yield appreciably dilferent conduction activation cnergies ( 0.41 eV
for pure Cu Pc and (.63 eV for the impure material } and for

H; Pe is 0.76 eV for pure HaPc and 0.8 eV for the impure

material .

Discussion

During our investigation it has been found that the electrical
conductivily of phthalocyanines are influenced by electrode material
and purity . The main ohjective is varying the nature of the metal for
the finished device. This metal has 10 or an ohmic contact with the
phthalocyanine thin films measured in terms of a lincar TV response .
As expected gold gave the most repeatable ohmic contact, this had
been well documented and pointed out by carlier workers on thin
films (16,17). Aluminium, nickle, and copper gave non-ohmic
contacts as deduced from the non-linearity of their TV characteristics .
Non-linearity may be introduced into the current-voltage characteristic
by the formation of an oxide contact barrier, by the existence of
contamination layer on the metal surface prior to deposition of the
phthalocyanine film or by impurities in the PC layer . All of these are
likely to introduce non-reproducibility as well as non-lincarity into the
device . As an electrode material indium was found to give good
ohmic behaviour. It appeared that semiconducting indium oxide layer
on exposure to air, does not effect the CVC of the device . This can be
atiributed to the thickness of n-type In, Oy layer causiug lunneling in
both directions 1o be uninnibited .Our experimental devices with Al
electrode are several order of magnitude less conductive than

26




IBN AL- HAITHAM I FOR PURE & APPL. SC1. VOL.19 (1) 20006

corresponding devices with gold. Morever, the results indicated that
Aluminium electrode or a blocking junction as a result of a blocking
Al O,-NiP, contact . The existence of Schottky barrier of width (25
nmj 15 deduced from slope fig.(5) and given =32 .Such a value
agrees fairly well with the reported thickness for grown insulating
layer of AlLLO, oceupies the AI-N;P, junction at room temperature (18).

We conclude that the optimum contact material for a sensor is gold
with indium as a possible candidate of low resistance is not
necessary. The method of preparation and hence, purity of the
phthalocyanine has been found to play a significant role in
determining device behaviour. It is clear from our results that the
presence of impurities effects the resistivity, linearity, hysteris and
dnft of the elecirical characteristics, and also the conduclion activation
encrgy and hence the specific conduction mechanism .In the case of
CuPc stienhach et. al. 1975 (19 ) have suggested that the observed
behaviour ( enhanced sorption for impure films), is due to an electron
density change associated with Cu atom in the Cu Pe molecule due to
strong m-electron interaction between the CuPe malecule and the in-
corporated impurities. Our studies with several phthalocyanines
showed similar results. Dark-current conductivity measurement on
devices prepared with as supplied Pe’s (impure) and entrainer
sublimed material (pure), in dry air, showed thai the purified material
had higher conductivity and more linear characieristics. Additionally.
conductivity-temperature measurements have yiclded conduction
aclivation energy values of typically higher for the impure than that
for purified material, There is an inconsisty between the activation
energies for the purified and impurified material If the carrier
excitation is occruing from impurity levels between the valence and
conduction bands then, assuming that these are the defect levels
removed on purification we would expect an increase in the activation
energy after purification this is not observed. The impuritics removed
arc probably volatile low-boiling point oreanics whereas it is likely
that inorganic impurities, for example other metals are influencing the
conduction mechanism.Most likely of all we are dealing with trapping
levels in the bulk of the thin film, this is verificd by the non-ohmic
behaviour of unpurified devices.
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Table (1) Chemical anayslis of Ha P,

B-H:P, i calculated determined
C(Wt%) | 74.70  [74.85% 64 .10%

 N(wt%) | 21.78 | 21.45 18.04
H (wt%) 3.5 | 3.5 3. 41

* Entrainer sublimed

** As obtained from manufacturer
Table( 2) Chemical analysis of Cu Pe

B-CuPc calculated | determined
C(Wi%) 6.7 [67.77a_ 36805
N(Wit%) |19.45 19.39 16.45
H (Wi%) [(2.80 |} 2.40 2.72
Cu (Wi%) (1103 | 9.7 8.3

a ) Entrainer sublimed o
b} AS obtainad from manufacturer .
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Fig, (1) The phthalocyanine molecule .
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Fig. (2) D.C dark current — voltage characteristics for NiPe
devices Ag, Au and In clectrodes .
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Fig. (3) Dark current — voltage characteristics for
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