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conduction processes observed is gixn. together with the relevant theoretical conductivity 
equations. Selected results on samples showing ohmic and space-charge-ljmitecl conductivity. 
the Poole -Frs!nkcl efTect. variable-range hopping, ttmnelling. the Schottky ef7cct and diode- 
type conductivity are compared. r+e present state of knowledge is summarized and suggesGons 
for further work are proposed. AC measuremenls on phthalocyanine films using lx& blocking 
and ohmic contacts at-e described. together with an account of equivalent circuit mode!s 
adopted to account for the dependences of capacitance and loss tangent on frequency at;d 
temperature. Several sets of measurements of ac condcctivity as a iunction of frequency, which 
usuailp show a power-law dependence, are compared and associated with hopping conduction 
m the lower temperature range. Free-band conductivity at higher temperatures is also reviewed. 

Finally. constrain6 placed on the making of electrica! measurements by the necessary use 
of mater& less pure than those of the inorganic materials customarily used in semiconductor 
technology and the tendency for phthalocyatrine fi!ms to absorb oxygen is emphasized. The 
use of improved materials deposition and characterization in future work is recommended. 

Kq~rds: Phthalocyanine: Thin films: Elecrrical conduction; Structure; Unit cell dimensions 

The early history of the synthesis and properties of the phthalocyanines has been 
fully described by Moser and Thomas [I]. Briefly, metal-free phthalocyanine (H,Pc) 
was first synthesized in 1907 by Braun and Tcherniac, and the metal-substituted 
copper phthalocyanine (CuPc) was originally manufactured in 1927 by de Diesbach 
and van der Weid. Following this, many other metal-substituted phthalocyanines 
were synthesized and a comprehensive study of their chemical properties was initiated 
by Linstead and coworkers in 1934 [Z]: Linstead also coined the term “phthalocya- 
nine” to rexr to this class of orgauic materials. 

The structure of the planar phthalocyanine molecule was first reported by Dent 
et al. [3], and consists of four isoindole unirs linked by aza nitrogen atoms and 
surrounding two hydrogen atoms. In the simple metal phthalocyanines, such as 
CuPc. the two central hydrog-n atoms are repiaced by a single metal atom. A major 
property related to tins structure is that generally the various phthalocyanine mole- 
cules are thermally stable and can thus be sublimed without decomposition. 
Therefore, in contrast with many other organic compounds, the preparatiort of 
phthalocyaaine thin films by vacuum evaporation is feasible. 

Semiconducting behaviour was originally observed in the bulk phthalocyanines 
in 1948 by Eley [4] and War?anyan Es]. In due course these measurements were 
foIlowed in 1963 by those of Heilmeier and Warfield [6] on smgle crjrstais of HZPc. 
which showed space-charge-limited conductivity (SCLC), a conduction mechanism 
previously described by Rose 171. in the same year Heilmeicr and Harrison [ij] 
reported initial electrical measureme& on CuPc single crystals. which were foliowed 
4 years later by the ciassic paper of Sussman [Y] which unequivocally identified 
SCLC in CilPc thin films: an accompanying paper [IO] described the sensitivity of 
CuPc films to ambient gases such as nitrogen. hydrogen and oxygen. and effectively 
laid the foundations for much of the subsequent work on phthafocyanine gas 
detectors. 



More rccemly. it has been established that phtha!ocyanine thin films do nut oni> 
exhibit SC’LC. as reported by Sussman [9] and Ilxnann [. 111. but may also dtspiay 
other high-field conduction processes such as the Schottky and Poole-!;renkel eflecects 
[ 12,131. Furthermore, since the strilcturc of lead phrhaioc plins ( PbPc) phases has 
been established for both the monocfitlic [ 14] and triclinic [ 151 forms. thin ti!ms of 
this material have been proposed for gas serising applications [ !6,17]. These &XC&~- 
men& have been instrumemai iii stimuiadng renewed interest in thz eleriricai proper- 
ties of a wide range of phthalocyanine thin films. a& a1so in their structural features. 
In this short review some selected aspects of the structure and eiectrica! properties 
of phthalocyanine thin films wil! U.I he described with pariic*~iar. hu; not exclssivc, 
emphasis on work pe&rmed in the last decade. There will be ;o attempt to de&b:: 
the purification, deposition or the particular g25 WilSiilg ptX3p~lTieS. ihe ia:ter of 
v:hich have been previously covered up to 1959 in the exceileni review by Wtighr 
[18]. Similarly, the chemistry involved in the addition of side-groups ;o various 
phtbalocyanine mofcculcs in order to provide soluble m2tcrials for Langmuir-- 
Blodgett deposition wiii not be covered. Instead the emphasis wiii be on the :&ysic-; 
of phthaiocyanine thin films and !he variotrs processes whid: give rice :c rlzctronic 
corductivity. The coverage is not intended to be exhznstive, ..L, r-c, c h II “‘j”l. If> i’!!os{r:a$e 
some of the more interesting and exciting aspects of phtidrz.janine thin %ms. 

The review will commence with a short summary ol tile struclurai feature5 of 
phthalocyanine thin films. usually obtained by X-ray diffraction. These fearures are 
discussed primarily from the point r?E view of their dependences o;a the ~&rate 
temperature during depositior? and of the film thickness. The impartaxxe of the 5im 
structure to the electrical properties has been evident since the work of Wihksne 
and Newkirk [19) on pressed pellsts of the metastable % and the sta.bie (3 forms of 
HzPc, which revealed that the electrical conductivity of the 3: phase xz;as cossiderabi) 
greater thau :hat of the B phase. by a factor af nearl:; 10’. fhis xiii be foilo:ied by 
a discussion of the dc electrical properties oiphthalocyanine thin fiims. with par&&r 
emphasis on the high-field e!ectricai conduciion procm5es observed. AC p~ofxrries. 
mainly the dependence of conductivity.. Eoss tangent and capacirance ofl fiequenq 
aild temperature, w*t 00 be ‘73 .I brlefty covered. 

2. structure 
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but distinguishable peaks for the 0 rcxm in ail the maleriais invesligated. while for 
the r~. fat-m this V<ilS Fe&iced by a siilgk iaUxlse pi-‘~k at a simijar angje. Shortjy after 
the appearance of this work. Karasek and Decius [22] performed more detailed 
X-ray dij%-action measurements on HZ PC for both polymorphic forms. ‘The rr. form 
was produced by sublimation onto a rock s;rf~ piale maintai!led at a temperature 
below 200 ‘C. Although the first peak in the a-form pattern was of significantly lower 
intensity than that observed previously [21]? this was related to preferential oricnta- 
tiou effects provided by the substrate. The growth of r-form. rather than @-form: 
sublimed films was attributed to the relatively low substrate temperature. which was 
below the x to p phase transition temperature. Robinson and Klein [23] made 
detailed X-ra)i diffraction measurements of B. CuPc and measured ihe intensities and 
in!erplanar spacings for 29 different diffraction lines. These values were consistenl 
with a tetragonal structure with unit cell dimensions a = I .7367 ntn and c = 1.279 inn. 
However, this designation was questioned bS v Assour [24] who suggested that his 
own X-ray dara on the c( polymorph of CuPc implied an orlhorhombic rather than 
a tetragonal structxe. Furthermore. he argued that in fact the previously proposed 
y phase of CuPc was essentially the same as :ite cx j’hase, apparently rfiffering only 
in the degree af resolution. Ashida et al. [ZS.%] made electron diLdcrrott measnre- 
men& on a-form films deposited onto muscovite. and associated the data with a 
morrocjinic structure for &PC, CoPc, H,Pc and NiPc. as well as iron and platinum 
phthalocyanines [FeFc and PtPc respectively). The following unit cell dimensions 
were derived for the fit% two of these: a = 2.592 nm, b = 0.379 nm, c = 2.392 nm and 
/3 = 90X for CuPc; TV = 2.588 nm. b = 0.375 nm, c = 2.408 nm and /I = 90.2” for CoPc. 
Tji= fact that the angle @ is very close to 9G’ is consistent with the previous 
orthorhombic designation b,; Assoar 1241. A schematic diagram of the molecular 
arrangement proposed for the CI and p forms of CuPc is shown in Fig. I. The major 
din‘erence bcilveen the two arrangements is in the tijting angle of the molecular piane 





Space Shuttle Qrbiter. Together with the prccei g and ~~~~luwiug papers by members 
of the same group. lhis work covered the e&cts of grl’ +! on th,: hcmogen~ity and 
microstructure of the films, as well as reporting a new microgravity thin-film polg- 
morph, designated M-CuPc. A very useful diicussian of the various other CuPc 
p~lymorphs reported previously was also gircn [I%]. 

Hassan and Gou’d LB] carried out a comprehensive structurat inves!i@ion of 
CuPc thin films preoared by therma! cuaporation, using X-ray diflraction and IR 
absorption mc, -*hods. The evdnorant powder was of the p form. and exhibited X-ray 
d&action features sin;ilnr to.pteviously published data for p-form CuPc [24,30,38] 
anC; ~-form H,Pc [22]. Additiona! peaks in the diffraction patterns that were also 
ohserced by Assoor [34j were identified with the existence of minor proportions of 
o&-r CuPc poiymorphs or remaining impurities. The material was evaporated onto 
glass substrates maintamcd at room temperature and therefore formed films of the 
ct phase. Fig. 2 shows X-ray ditfraclion tracts for three differertt films deposited at 
the same rate of 9.5 nm s r. but with di&rent tbickncsses of 0.1 pm. 0.8 pm 3nd 
1.5 pm. The thinner film shows oni!; a single peak. which is labcited as (001.) using 
an irtdexing scheme based on the origiaai structurai determination of Robinson and 
ISkein [23]. However. if the structure of M CuPc is of the more recently proposed 





However. in the case of CoPc films there was no apparent diminution iu the intensity 
of the first peak, as is very clearly evident in Fig. 2 for CuPc films, and the intensity 
of the peaks at the higher angles remained relatively low. Thus the transiiion from 
the strong preferred orientation is considerably less evident in CoPc than in CuPc 
films for thicknesses up to 1 ~.un. It was found necessary to subject the a-form films 
of thickness 0.1 pm to heat treatmcut at 300 ‘C bel’ore there ~vas an almost compiele 
phasl: transition to the fl form, as observed in CuPc films 12430.391. However. for 
CuPc films the resulting preferential orientation was in the [OOi] direction; ic 
contrast with that of the [2Oi] direction for CuPc films [39]. Although these two 
crystallographic directions are the most highly developed in p-form CuPc crysrals 
[20], the mechanism which determines the preferred orientation in p-form fihns 
remains unclear. However. it may bc related ic, the existing preferential orientation 
in the u-form films prior to the change of phase. The work referred to for CuPc 
films was concerned mainly with those of a thickness such that the preferential 
orientation in the [OOi ] or [200] dire&oi~; was not strong, particularly compared 
with that for CoPc films. In contrast, fo: ZoPc the preferred orientation was still 
strong, even for films of thickness 1 pm, and for the thinner films of the phase change 
studies there no peaks were reported other than that corresponding to the preferred 
orientation. Thus in the case of the CoPc films the phase change probably reflects 
a transition of highly oriented cc-phase films into highly oriented P-phase fims. In 
CuPc the energetics of the process are presumably such that the moderately oriented 
m-phase films transferred to p-phase films whose preferred orientation is weak, and 
reflect a randomization in orientation of the larger crystallites. Only a detailed X-ray 
study of the a to p phase transition in different metal-substituted phthaiocyanines 
as a function of thickness will deter-mine whether the resulting orientation in the 
p phase is primarily a thickness-dependent effect. or whether the species of the central 
metal atom in the phthalocyanine molecule is more important. 

A series of experiments was carried out on ihin CoPc films which retained their 
preferential orientation on transforming from the CI to the p phase [42]. The 
m;<:rocrystallite grain size i was obtained using the Debye-Scherrer method on the 
first Bragg peak before annealing. The films were then heated to a higher temperature 
T,,, in oxygen-free nitrogen for 2 h and the value of L. wds measured again. 
Measurements were repeated at even higher temperatures until the dependence of L 
on L over the entire iemperature range of the phase change was determined. It 
was clear that at temperatures up to 200°C there was an increase in the mean 
microcrystallite size from about 30 nm to over 40 nm, but no indication of a phase 
change. Ashida et al. [25] ascribed this efiect i:! CuPc to prcliminar:i crystallite 
growth at the early stages of the phase transformation process. Above annealing 
temperatures of about 200 “C there was a rapid increase in crystallite size to about 
100 nm at 3 15 “C; similar behaviour has also been observed in which r-form CaPc 
films were healed to 300°C when the difiraction patterns became sharper and the 
crystallites larger 1:2S]. The cc 13 0 phase change behaviour was also observed by 
carefully monitoring the values of rhe angle 20 (twice the Bragg angle) for the first 
significant Bragg peak and the corresponding values of interplanar spacing Ijl.k,. This 
behaviour is illustrated in Fig. 3. d,,,, increased slightly with annealing temperature 



Fig. i. Dependence o: ” angle 20 and mtrrpianar spaanp LI,,, hr the tirst :i-ray Bsagg peak on the 
anne-!ing temperature I:,,, for a CnPc Rim of thickness 0.1 sm. The values indicate a graduai E to fl 
pha:s transition in the temperature range 250 300°C. Reproduced with permission iiom Ref. 142;. 

up to 200°C. and then decreased significantly at 250-300°C. The vahre of 20 
decreased slightly with 7&, q? to 200 “C, again followed by a significant increase at 
approximately 250-300 “C. For 6,, up to 250°C. (ihki lay in the range 1.271-1.277 nm 
and 20 in the range 6.92”.-6.y5 . close to the values expected for cc-form CoPc; at 
higher annealing tempcraturci ,i,,,, was in the range 1241~1.246 nm and 20 was in 
the ii+nEc 7.0%7.12”, in better agreement with the values expected for P-form CoPc. 
A comparably decrease in & from 1.279 nm [23] to 1.242 nm [20] in going from 
the cc to the b phase is evident for CuPc, and was observed by Lucia and Verderame 
[45] for several phthalocyanines (in&ding CoPc) after heat treatment at 300 ‘C for 
several hours. Later work [42] confirmed that the films remain essentially of the *1 
form for T,,, up to approximately 25O”C, but that after annealiq at 300°C they 
transform primarily to the stable p form. Additional evidence for the change in 
structure with annea!ing was provide11 by observation of intensity proh!es of the first 
Bragg peak, where elements of both the a and F forms ~‘ere observed for an 
intermediate anneahng temperature of 245 “C. Further evidence far th- simultaneous 
co-existence of both phases was provided by Fryer [46], wno obse: jed eiectron 
microscopy images of both phases in HzPc films and also found evidence for a 
martensitic transformation. 

Collins et al. [47] used X-ray dithaction to identify the phases of PbPc thin films 
evaporated onto ;J, . bcrrates maintained at 323, 533 and 583 K (SO, 260 and 310 ‘C 
respectivelyj. In agreem: at with earlier work from the same group [48], the films 
deposited at 323 K were identified as having monochnic structure while those depos- 
ited at the higher temperatures had triclinic structure. Unlike the majority of the 
metal phthalocyanines, the PbPc molecule is non-planar. The central Pb atom; which 
is of relatively large atormc radias, is forced outside the plane containing the four 
isoindole rings and the four benzene rings of the mo!ecu(e. The molecule then assumes 
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the shape of a “shuttlecock” [ 141, and in the monoclinic structure the shuttlecock- 
shaped molecules stack linearly, forming a molecular column parallel to the c axis. 
Them are three posGhle arrangements of the molecular columns in the crystal, hut 
according to the systematic appearances and absences of sharp reflections it was 
determined that the actual stacking of the mo!ecules was such that the next-nearest- 
neighbour columns have the opposite sense (i.e. the Ph atom is above rather than 
hclow the molecular plane, and vice versa). This arrangement results in a monoclinic 
structure with o = 2.548 ~nrr, 17 = 2.548 nm. c = 0.373 nm and ;I = 90”. It was not until 
1982 that the triclinic structure was determined by Zyechika et al. [ 151. The lattice 
parameters for this structure were reported as (I= 1.3123 nm. b= 1.6131 nm, c= 
1.2889 run, cz = 94.22”, /j = 96.20’ and ;: = 114.19’, with the PbPc molecules stacking 
along the u axis orienting their convex and coucave sides alternately. For thin films 
deposited at 323 K, the X-ray diffraction patterns reported by Collins et al. 1471 
showed a weak peak corresponding to the (001) reflection with interplanar spacing 
0.128 nm, consistent with a dominant monoclinic PbPc structure. The films deposited 
at the higher temperature; showed an intense (001) peak with interplanar spacing 
0.124 nm. The weak reflection for the monoclinic structure Nfraction patterns was 
explained as the result of the existence of two substructures with oppostte orienta- 
tions. while the strong peak fo- the triciinic structure was consistent with a high 
degree of crystal!ization. Allhugh this recent work has not yet been confirmed,-it 
certainly appears that the ?t-PC molecular phase structure can he controlled by 
varying the substrate temperature during deposition. Single crystals of monoclinic 
PbPc were grown at approximately 523 K and triclinic crystals at about 593 K [lS], 
whereas for thin films the monoclinic structure was grawn at 323 K and the triclinic 
at 533 K and 583 K [47]. The diiference in the growth temperatures for the two 
phases when grown as single crystals and as thin films is an area which requires 
some additional investigation. 

Therefore there have been some advances in the structural characterization of 
various phthalocyanine thin films, particularly in the last 3 years. CuPc and CoPc 
show thicknebs-dependent orientation effects and transform from the c/. to p forms -. - on annealmg [39.42]. while the anomalous ~‘orc rno:ectt!e .-“_. ._ -oh in the growth of 
either the monoclinic or triclinic forms depending on the subsirate temperature 
during deposition [47]. ,rear , C’- ly further work is necessary to characterize fully the 
growth and phase transformation processes of these molecular thin film structures, 
building on these recent advances. Perhaps electrical monitoring of phase changes. 
of the type performed by Wihksne and Newkirk [ 191 for a-form H,Pc compressed 
powders, would be a suitable technique. This may be particularly sensitive in the 
case of PhPc films, since the reported room temperature conductivities of PhPc are 
10-2Sn-L in the monoclinic form Ct5.491 and only 10-‘OSn~-’ in the triclinic 
form [50]. 

3. Dc electrical properties 

Various examples of electronic conduction processes observed in phthalocyanine 
thin films will be described in this section. 0ne of the major considerations for 
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organic thin films is whether energy-band-type models of conductivity are applicable. 
This question has been addressed generally by Gutmann and Lyons [51] and more 
recently by Ahmad and Collins [52], the latter in the context of conductivity in 
lriclinic PbPc films. A common rule of thumb in this regard is the use of a mobility 
value of 10-j mr V-’ s -‘. above which band theory is considered applicable and 
below which hopping-type conductivity :s more appropriate. However. Ahmad and 
Collins have argued that very low mobility values; in their case of the order of 
lo-” m2 V-’ s-‘, give an electron mean-fret path orders of magnitude smaller than 
[be i termolecular distance, and that commonly quoted arguments related to the 
relative validity of band and hopping models are not directly r&ant. Several 
workers have observed values for various quantities which appear real%tic by the 
application of a band model, and in view of this Fact such models have not been 
ruled out in the context of low mobility values. 

It is evident that phthalocyanine films prepared in a sandwich configuration 
between metallic electrodes can experience a considerable electric field when even 
relatively low voltages are applied. For example, a film of thickness 1 .urn subjected 
to a voltage of only 10 V experiences an average electric field of 10’ V m i. Simmnns 
[53] has reviewed several high-field conduction mechanisms in the cot-&x: of thin 
dielectric films. Many of these processes have also been observed in phtbalo~y~~t~ne 
thin films and therefore they sill be briefly discussed below from this point of view. 

Simmons [53] has 21~0 made the important point that the type of electrode used 
can greatly influence the conduction processes observed, anti has divided the various 
conduction mechanisms into bulk-limited and electrode-limited c!asses. In bulk- 
limited conductivity the charge carriers are generated in the bulk of the material 
and the role of the electrodes is merely to apply a potential in order to generate a 
drift current. For electrode-limited conductivity the interface between the electrode 
and the insulator or semiconductor presents a potential barrier to charge tlon: which 
effectively limits the current. In general, contacts can be either ohmic or blocking; 
with the latter sometimes being known as a Schortky barrier. In ohmic contacts the 
energy band bending at the interface lvith the electrode is such that there is a 
reservoir of charge r-esiding in the region of the contact. which is termed an accumula- 
tion region. This charge reservoir is capable of supplying carriers to the material as 
required by the bias conditions. Conversely, for blocking contacts a depletion region 
is formed and carriers are required to overcome a potential barrier between tke 
Fermi level in the metal contact and the conduction or valence band edges in rhe 
insulator or semiconductor. The conditions for the formation of both types of contact 
are given by Simmons. although the reader sl~~~ld also be aware that simple considti- 
ations in terms of the relative values of the work function of the contact and of the 
insulator or semiconductor are rarely adequate for predicting the type of contact 
formed because of the frequent -yistence of surface states. These are usually due to 
the effects of unsatulated boi.ds and impurities at ttie interface [54]. and can 
seriously after the shape and height of the interfacial bartier. A discussion of these 
effects in outside the scope o i this re:;ip:i.. but the ga~ral type of contact should bz 
recognized when considering the various conduction mechanisms described below. 
This section will commence with a brief discussion of the conduction processes 



observed in phthalocyanine thin films, giv& 0 the relevant basic equations and the 
dependence of current density (or current) on voltage and/or temperature in each 
case, after which a summary of the results obtained for each type will be presented. 
The Sl system of units wil1 be used throughout, except for quantities which are 
aimost universally expressed in other units such as those which include the electron 
volt (eV) rather than the SI joule as a unit of energy. 

3.i. Basic coridftctiou processes 

Space-charge-limited conductivity (SCLC) is undoubtedly the most important 
conduction process in phthalocyanine thin films, having been observed in many 
different materials. SCLC occurs only when the injecting electrode is an ohmic 
contact. and therefore a reservoir of charge is available. At low voltages the thermally 
generated carrier concentration exceeds the injected concentration, and the current 
density J is given by a form of Ohm’s law 

where p0 is the thermaiiy generated carrier ccnccntration (holes in the case of most 
phthalocyanines which are generally p type). e is the electronic charge, p is the 
mobility (again normally for holes), P’ is the applied voltage and d is the film 
thickness. When ohmic contacts are applied majority carriers may be injected into 
the material, and when the injected carrier concentration exceeds that of the thermally 
generated concentration the SCLC current becomes dominant. However, the exis- 
tence of traps within imperfect extrinsic materials has the effect of immobilizing a 
large proportion of the injected carriers. If the traps are shallow and located at a 
discrere energy E, above the valence band edge, the SCLC is given by 

+E&~ 12) 

where F, is the relative permittivity of the material, c0 is the permittivity of free space 
and 8 is the ratio of free to trapped charge. In Eq. (2) we have not foXowed Lampert 
[SYJ in omitting the constant 918 on the right-hand side of the expression. The 
quantity 6 is described by [ 7j 

where P&. is the efkctive density of states at the vaience band edge, h:,,, is the trap 
concentration residing in the discrete energy ieve!. k is Bolt7mann’s constant and T 
is the absolute temperature. it is clear that there is a transition between the two 
conduction mechanisms described by Eqs. ( 1) and (2), which occurs at a transitional 
voltage V, when the injected carrier concentration first exceeds the thermally gener- 
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ated carrier concentration. This voltage has the form 

However. a single shallow trap level is frequently replaced by an exponential 
distribution of traps P(E) described by the relationship 

where P(E) is the trap concentration per unit energy range at an energy E above 
the valence band edge, P0 is the value of P(E) at the valence band edge and & > T 
is a temperature parameter characterizing t!~e distribution. ii can be shown that the 
total concentration N,,,, of traps comprising the distribution is [SS] 

A&, = PO k ?; 

and the current density is given by [55] 

16) 

This expression predicts a power-!sw dependence of J on Y wi?h ?he exponent II = 
It- 1, where I represems the ratio z/T. Analogously to Eq. (4) there is also a 
transition voltage between ohmic conduction and SCLC dominated by an exponen- 
tial trap distribution; in this case the transition voltage is given by- [57j 

On the basis of these expressions for SCLC domiinated by an exponential trap 
distribution, Gould [SS] showed that measurements ofJ as a function nftempera~~rz 
at constant applied voltage in the SCLC region could be used to determine t!ze 
mobility and trap conceniration. If the data are piotted in the form log,, J against 
1,‘T the curves should be linear. and when extrapolated to negative vahrcs of 1,‘T 
they should all intersect at a common point irrespective of applied v&age. The 
coordinates of this point are given by 

The slopes of the lines are 



This set of equations has been used to determine mobility and trap concentra;ion 
in various materials showing this form of SCLC. and in particular in thin films of 
phthalocyanines, for example CuPc [SV] and the triclinic form of PbPc [60]. AlI of 
the above discussion on SCLC has been concerned with single carrier injection; this 
is the situation when only one type of carrier is injected in appreciable numbers. 
The effect of double injection, when one electrode is ohmic for electrons and the 
other is ohmic for holes, has not to the author’s knowledge been identified in 
phthalocyanine thin films. However, a very detailed description of this phenomenon 
is given in the standard text by Lampert and Mark [61] on current injection in 
solids. while Lamb [54] also provides a useful description. 

A second bulk-limited conduction process is the Poole-Frenkel effect. The effect 
is oftell referred to as the bulk analogue of the Schottky effect, a well-known 
electrode-limited process, which is itself covered below. In essence the Poole-Frenkel 
effect is the field-assisied lowering of the coulombic potential barrier between carriers 
at impurity levels and the edge of the conduction or valence bands. When a carrier 
is trapped at a centre, it is unable to contribute to the conductivity until it overcomes 
a potential barrier 41 and is promoted into One of the free bands. In the prerence of 
a high electric field the potential is reduced by an amount rFx where e is the 
electronic charge, F is the applied field and x is the distance from the centre. This 
results in a lowering of the potential barrier by an amount A& which depends cm 
the electric field according to the relationship 

(12) 

(13) 

is the Poole-Frenkei field-lowering coefficient. (The SI unit for this quantity is 
J m1/2 V-*“, although it is customarily quoted in a unit of eV m1j2 V-‘,-). The 
current density then follows the relationship 

where JI, = o,F is the low-field current density. Although this is the form of the 
equation ncrmally used in thin-film work. owing to the almost t.miversaI presence 
of traps, if the low-field conductivity G,, shows an intrinsic dependence and is 
proportional to the factor exp(- E G/2kT) where E, is the energy gap, thee a factor 
of 2 would appear in the denominator of the exponential term of Eq. (14). Although 
J, in this equation depends on F, the variation is considerabiy less than that of the 



Thu a linear plot of log J against I ‘*” should be obtained. from which a value of 
the field-lowering coefficient can be obtained and compared with the theoretical 
value predicted by Eq. (12). If the variaiion of the pre-exponential Bctor is also to 
be taken into account, then a linear plot ofIcg(J/V) against I” 2 should be obtained. 

Several modified versions of Eq. f 14) have been suggested to account for the 
current density variation in the presence of various combinatrons of centres such as 
donors and traps: a particular example of one of these is given by Simmons [53]. 
More recently, Gould and Bowler [h2] have proposed the folloGng expression for 
the dependence of Poole-Frenkel conduction, in which tht electric field Is non- 
uniform and has a maximum value of x’f. where I-‘ is the mean field 

Interpretations of results in terms of this expression have been made for CuPc [OS] 
and PbPc [ 131 thin films. 

A third bulk-limited conduction process. 7shich has been claimed to have been 
observed in thin films of (FePc)K (iron phthalocganme cc-evaporated :;-ith poras- 
sium) [64]. and later in triclinic PbPc [52]. is known as hopping. This general 
process is well known in non-crystalline materiais. and is described in :arious 
standard texts covering this are:: [65.60]. In such materials the lack of long-range 
order gives rise to a phenomenon known as localization. in which the energy levels 
do not merge into one another. particularly jn the region of ihe edges of the energy 
bands (band tails). The effect of this is ihat in order for carriers to be trans~9orted 
through the material and to contribute to tb .e conductivity they have to proceed by 
a series of Jumps or “hops” f, tom one localized energy ievei irk anomer. Hopping 
occurs between the various localized energy leveis when energg (usuaily thermai) is 
available. IHowever, since the Incalized levels are norrnaliy very close in energy, Ihe 
thermal energy required is \;ery small and therefore the process can occur a: very- 
low temperatures when other conduction processes are precluded. Accordlnp to Moit 
and Davis [66], in this type ofmaterial the conductivity G exhibits different behaviour 
in different regions of its log G versus i/T characteristic. At Ggher temperatures 
thermal excitation of carriers to the band edges is possible and extended-state 
conductivity can take place. while 3’ r -‘ .ower temperatures, wiiere iess thermai energy 
is avaiiable. hopping may occur. There ai vasioils d8Xerent hopping regimes. Fur 
instance the seh-explanatory nearest-neiphboz;r hopping and variable-range hopping. 
In the latter process hopping takes place to 3 more distant ne.,.= ;~~bour. where the 
energy diffcrerece between the states is iower. For variab!e-range hopping the com!uc- 



Of the electrode-iimiied conduction processes, tunneiling is normally applicable 
only for very thin film< of thickness less than about 10 nm when subjected to a high 
electric field. Therefore. :t has not grnerally been observed in phthalocyanines. owing 
to the thicker films which are usually used. Tunnelling is a quantum-mechanical 
effect in which the wave Cmction of the carrier is attenuated only moderately by the 
thin barrier. so that the carrier has a finite probability of existence OD the opposite 
side of the barrier. Simmons j53] has reviewed the tunnelling process in some detail 
under a wide variety of conditions of applied voltage and work function values. In 
particular, it has been proposed [67] that a modified Fowler-Nordheim expression 
may be applicab!e for tunnelling through an interfacial region of thickness ri,. where 
the electric field at the barrier is sul?ici.:ntly high to reduce its width, measured at 
the Fermi level, to about 5 nm. Under these circumstances the current density is 
related to the voltage and barrier thickness by the expression 

where 17 is Planck’s constant. 4 and d, are the barrier height and effective thickness 
respectiveiy of the tunnelling barrier and 111 is the mass of the free electron. 

The Schottky effect is the field-assisted lowering of a potential barrier at the 
injecting electrode and, as mentianed above, is conceptually similar to the 
Poole-l+znkel elect. This typ- of conduction process occurs when the film is too 
thick for ;zmeHing 10 take place. The polentiat barrier at the metal/semiconductor 
interface is reduced by an amount A&, which is given by 

is the Schottky field-lowering coeficient. By comparison with Eq. : 13 ), it is clear 
that & = 2/j,. Richardson‘s basic thermionic emission equation 

(21) 

predicts the current density Bowing via emission of carriers over a potentia! barrier 
of height 4, at z temperature T. ;t is the Richardson constant, which has a theoretical 
value of 1.2 x lo6 A ,C2. Note that the current density depends only on the barrier 



or 

Tinus it: piii~cipie the Schoitky ar;d Poole-Frenkel e&~ts can be distinguished by 
the measured vaiue of the field-lowering coefbcient. which is i A...., 1 rim as jijg]l jr: the 
Poole-F’renkel case as in the Schottky case. 

Finally, diode-type conductivity may also be observed in phthalocyanines. The 
Schottky effect described above corresponds to the fiGW of Carfiisrs acro>s a metal-- 
semiconductor interface under reverse bias. when the dominant CRCC~ contro!ling the 
form of the current is field-lou;ering of the Schoriky barrier [6X]. However. if the 
voltage is applied in the opposite (or forward) di:eCiiCil. the curtenI density increases 

according to the diode equation 

where .I, is the revcrsc saturation curren; densit\ given b!. _ - 

where A”*’ is the e&c&e Richardsori constant. 4; b is the barrier height and tj is :he 
diode qualit: (or idcality) factor. which is introduced to allow for carrier rrcombi~a- 
tion effects [69]. Obviously. for a sample v;ith two metal electrodes contacting the 
two sides of a phthalocyanine film. there arc two merai--sfmicoi?duclor junctions. 
Generaiiy one of these effectively dominates th e conducti\iiy. and it is ~;htther this 
junction is forward- or reverse-biased that determines the form of the conductivity. 

This section has aitempred to cover most or the dc condrtction processes observed 
to date in phthalocyanine films. examples of all of whiclr are given in the follo~inp 
sections. it should be noted that. in many structures, significant diRerences can be 
observed depending c!? the poiarity. the magnitude of the applied voltage and :he 
temperature. Thus in the \vork described belo~v these Featu;-es have normall:i been 
taken into accotm~ It should also be noied that in man?y cases it is very difilc~!t IO 
distingtish bettyeen, for example. SfLC and & poole-Fp~px;<e! “j&f $Jjl the ‘;a& 
of current density--voltage characteristics aionr. and that disiingmshing bet!veen :he 
Poole-FretIke and Schottky &ects /S llo?orio:~s!~- di%~it. 



Delacote et al. [7O] made early electrical measurements on Au/CuPcjAu sandwich 
structures, and observed an ohmic region followed by an exponential and then a 
square-law dependence of current on voltage. They concluded that at low voltages 
condnctioli was by a thermally activated hole current, whereas in the exponential 
region SCLC took place, dominated by a uniform distribution of traps as described 
by Rose [7]. Following this, Sussman [9] made an extensive series of measurements 
on the same system, both in the dark snd under illumination, and from these 
measurements was able to prove conclusively that SCLC, dominated by an exponen- 
tial hole trap distribution, was responsible for the conduction behaviour. In Fig. 4 
Sussman’s results are shown for a sample with CuPc thickness approximately 0.2 pm, 
at various temperatures from 210 K to 430 K. AI1 samples showed ohmic conductivity 
at low voltages (slope 1) and this was followed by SCLC. The limiting slope values 
are indicated on the figure. Sussman pointed out that as the sample temperature T 
increases. the value of the slope should decrease, since it is gi:;en by (‘J + T),iT where 
& is the temperature parameter describing the trap distribution (see Eqs. (5) and 
(7);. sussman also observed an inverse power 1:~~ of current on thickness, as predicted 
by Eq. (7). Furthermore, he established that a set of double-logarithmic plots of 



R. D. Gririld~Cr~ord;~liilr~tii,ll Ci~mirrry R~vcw.s 1.h ! iW6) 237-273 235 

current virsus voltage for SCLC dominated by an exponential trap distribution 
should aI1 be linear and should intersect at a common point whose coordinates 
could be used in the ca!culation of parameters sac!> as mobility and trap concen- 
tration Since Sussman’s paper was first published, SCLC dominated by both discrete 
trap levels (Eqs. (2)-(4)) and exponential trap distributions (Eqs. { 5)-( 8)) has been 
identifisd in many phthaiocyanine thin-film mate*ials. /z summary of the results 
obtained from a selection of this work. usitig variou? difltrent electrodes is given in 
Table 1. 1: this table results for samples where oxygen or other gases have been 
deliberately introduced, thus varying the trap concentration. have getzrally been 
omitted; in particular a considerable quantity of data derived by Ahmad and Collins 
[S2] for PbPc under different oxygen storage and anneaiing conditions has net been 
included. When the data for fresh samples are not provided, vahtes for the shortest 
storage times are given. 

It is clear :!,at the values of thermally generated hole concentraticii pO are normally 
between 1O”‘and 10’” mm3 for films which have not been annealed, with the exception 
of CuPc fi!ms having iridium electrodes [72]. If extremely low mobiiity values am 
not adopted for this configuration. the low value suggests that carrier compeasation 
effects in the vicinity of the electrode arc probable. Tota! trap concentrations f~or 
exponential distributions span a wide range from 6 Y IO’” to 9.3 x lo’” n-?. 
However. this variation is believed to be dependent on the phtha!ocyanine p:riry~ 
preparation conditions. phase, thermal history and eiectrode materials. When discrete 
trap level SCTC is considered. the range of trap concentrations reported is from 
5 x 1Ci6 to 7.1 x 10” mm3. Nowever. the highest value is exceptional [ 13,7h], hav-jng 
been derived for PbPc assuming a high reported mobility of 3.7 x IO-’ m’ ii-l s-r 
[Xt ]. More recently, a mobility value of Oilly 6.05 x ln ” m’ V-t s- ’ has been 
reported [ho]. The assumption of a lower mobiiity value might mitigate this discrep- 
ancy. Otherwise the trap concentrations in ?he single-level mode vary in the narrower 
range of 5 x 10n’ to 3.5 x 1Or9 mm 3. Traps distributed exponentiaiiy in energy appear 
able to accommodate higher overall trap concentrations. Acttvation energies for 
discrete trap LeveIs have been reported as 0.62 eV [73] arid 0.77 eV 1743 in C’uPc” 
0.42 eV in PbPc [13,X], 0.58 eV in NiPc [7&,79]. and 0.45 cY (fresh) and Q69 eV 
(annealed) in CoPc [SO]. Therefore there appears to be some difierence in tbts value 
between the various phthalocyanines. which is probably a function of the centra! 
metal atom in the molecule and possibly the oxygen content. 

It has been well established that oxygen doping increases the conductivity o! 
phthalocyanine thin fhns and rhat annealing drives out the oxygen. thus iowering 
the conductivity. In CuPc films 1731 exposure to oxygen increased the vaiue of p. 
from 5 x 10” m-j after storage for 2 weeks to 10’” m -’ after storage for 20 weeks. 
Annealing reduced its value to 1.9 x iOr* m -3. A simiiar. but less drastic. e@eect has 
also been observed by khtnad and Coilins [52j in PbPc fihnis. wliich showed 2 pfj 
value of 2.2 x 1 O’s m -3 after storage for 2 *reeks. 4.5 x in” m .A after stora;e for 
25 weeks and 1.4 x lOiS mm3 after annealing Twaroaski j82.8J] mentioned that 
oxygen outgassing might occur in ZnPc. Furti&, i-more. it is known that the transition 
from the v. to the )?I phase takes place as the tG:mperature is increased. Twrarowrki 
suggested that the low conductivity of the fi phase may be due in part :o the deep-r 







lished that there was a systerlatic l<ar;aiion nf ovel two orders of magnitude for 

mobility and trap concentration, which i,ould be directly lelated to the deposition 
conditions. 

In view of the low mobility values, measurement of this quantity in phthalocyanine 
films is not a simple task as I-iall effect measurements require the detection of very 
10~1 voltages and the use of a relatively high magnetic field. The SCLC method 
described above. and various calculations from SCLC data. are the most frequently 
used techniques. although other methods such as time-of-flight measurements [S4] 
and calculations using measurements of the Secbcck coelficient 18 l] have also been 
used. 111 addition to the mobility measurements described above. other measurements 
involving SCLC hare yielded values of lo-* rn’ V-l 5-I [XI], 2 x lo-” Jt? V-’ S-J 
or 2 x IO-“m’ IJ-! 5’ (depending on the structure) Ll 1 J and 2 x IO-” mz V-’ SK’ 
[Y] for CuPc films. R4yciclski et :?I. [84] determmed a value of 10-s rn’ V-’ s-l using 
time-of-sight measuremenis for CuPc fihas. .qhi!e Laurs and Heiland [85] measured 
surface conductivity in SC ./~a1 phthaloc,-t ~~,~~~i~e; and derived values of drift mobility in 
CuPc fiims spanning the range IO-‘“- IO-” m2 V-’ s -‘. The extremely high mobiiity 
v&e of 3.7 x 10 -’ mz \;-I s-’ [S] determined for PbPc from measurements of 
conductivity and thermoelectric power is in complete contrast to the value of 
6.05 x IO-*’ JJ? Cm’ s-l [t;O] ob+.~rned using SCLC measurements. The major conclu- 
sions tha: ~8” >e drawn fr,ni these measurements are that (i) there is a great difference 
in mobility values depending on the deposition conditions, although the mobility is 
to some extent controllable. and (ii) mobil itxJ values are, with one exception, very low 
and possibly outside the range of applicab& of the band model j52]. Considerably 
more work requires t3 be performed OJI this aspect of phtha!ocyanine thin films, and 
the SCLC technique appears t6 offer a method which 1’ W‘ ieast gives self-consistent 
results for a given material deposited under different conditions. Detailed mobili!y 
measuremel;ts have previously been confined Jilkliuly to CuPc and PbPc filnx, and 
their extension to other phthalocyanines would be of considerable interest. 

Poole&Frenkel conductivity is an efiect which is uormai!y bulk limited, i.e. the 
electrodes do not have an hppreciablr influence in determining the observed current 
density. However, it is nor observed in ph!Wocyanine thin films when an ohmic 
contact is used, as SCLC is predominant. F-lowever, the 9fect has been reported in 
films where the injecting el+ctrode is not ohmi;, usllal’b :,i rl7.e bigher voltage range 
and accompanied by a different itiwer-voltage conduction ~r~ess such as Schottky 
emission. 

Poole-Frenkel conductivity in a strticture il;corporoli;:g !‘t+c wab first reported 
by Hassan and Gould [72]. However, in this case tiii;z Tl~~&- F~~tkd cw;duction 
in the phthdlocyanine layer was not observed. The st~uctt~c invr<tignted was 
InjCuPclSiO,/!n, where 1 <.x <: 2, and although the 117 &c:! :r&: appcarcd tc tct as 
an ohmic contact to the CuPc, the insulating sio, !i:yx r!k;lr:ivciy cimnitmted the 
condnctivity. The measured value of the field-i~-~;::~tnig co&ciem p was 
1.05 x lOa eV ni”’ V-J’2. Similar values have been ob! un~:c! in Sic, films by many 
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workers [72j, and were identified with a form of PooleFrenkel conductivity, rather 
than the Schottky eftect, mainly because the /I value did not depend on the electrode 
materiai [86]. However, these workers 1633 did observe Poole-Frenkel conductivity 
in oxygen-doped CuPc Xms q?f thickness 5 pm using one gold and one aluminium 
electrode. “Nik.:n biased with the aluminium electrode positive (injecting for holes), 
a !inear dependence of log J on V’:2 *,a> Gbserved. The theoretical value of /?,,r for 
CUR uias cn!c&ted as -j ,Y 10. ’ eV rn”’ V ii2 f rom Eq. (13). For voltages in excess 
of about I6 V the ;aeasured value of /3 wrrs 6.3 x 10m5 eY ml” V-“’ for an oaygen- 
doped sampie and 2 9 x 10.’ eVmr’Z Vrl’ for an annealed sample. The vniue 
obtained for the oxygen doped sample ~2s rather higher than the usual theoretical 
value, hut exp!icabie in tcrrn . * of a non-uniform internal electric field distribution via 
Eq. (16). For annealed samp!^s the measured /I value was reasonably close to the 
theoretical v&:e and thus conventional Poole-Frenkel conductivity with a uniform 
electric field dist,:tbuiion tva’i identified. Similarly, in AuiCuPcl f’b sali@es [744 
Poole-Frenkel conductivity with /I = 3.2 x IO-’ eV rnt” V-t” was observed for 
applied voltages above about 3 V when the Pb electrode was positively biased. 

In Au 1 PbPcl Al structures [ 13,761, with the aluminium electrode positively biased, 
a /j va]*le of S.34 ‘h: lij-’ eV m’f* V-~ W was obtained, compared with a theoreticai 
v&e for Pbpc of 3.83 x IO-’ -V m112 V- ii2 for the PooleeFrenkei effect. Again, this 
slightly higher value was identified with a possibly non-uniform electric field distribu- 
tion. At lower voltages a higher fi value was determined, which was identified as 
Schottky emission, but taking pt ‘XC over a limited rnnge of the fihn thickness. Very 
similar results have also been reported by Ahmad and Collins [87] for this system, 
again showing two ranges of linear 1ogJ versus Y ‘I2 behaviour. However, in this 
cas: hz:h WCiC inL., __., n-*:!, *.,d in terms of the SchGttky effect bn? with diKerent barrier 

, wtdtns, although the pcssrbthtp of mterprctatio:: ruvo~trrg t-t~o!<:~ FI I . . *, ~4ce! emissior 
was slso mentioiied. Addrtronaily, KaspXr et a!. [as] inter;3reted ihuir. mulli for 
PbPc tihns containing oxygen in terms of both the PooleeFrenkel and Schottky 
effects, although their films had twG gold electrodes. 

Thus there have been several reports of PooleeFrenke! conductivity is phthalocya- 
nine thm films. Interpretations of the data have been disposed towards the Poole- 
Frenkel rather than the Schottky effect where the /Y vaiues have been slightly higher 
than the theoretical Poole-Frenkel value but significantly in excess of the correspGnd- 
ing Schottky values. However, in some cases measured B values which greatly exceed 
both theoretical vaiues have been interoreted in terms of Schottky emission over a 
barrier of vvIdth less than the full fihn thickness. Definitive measurements are clearly 
required in a weil-defined phthalocyenine material using, for one contact, a wide 
range of electrode materials with different work functions. Similar elec:ricai tehavionr 
irrespective of electrode material under reverse bias would indicate Poole-Frenkef 
conductivity, witi!- Schottky behaviour should exhibit different values Gf current 
density owing to the diK:ring barrier heights. 

3.4. Vod?!e range Impprilg cmducrioil 

Hopping is a conduction mechanism normally associated with non-crystalline 
materials such as glasses. Nevertheless, it is known that p!,tha!ocyanine fi!ms occa- 
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sionally have an amorphous structure [33], and therefore the possibility of amor- 
phous regions existing in nominally X- or P-phase phthalocyanine films is not 
excluded. 

The Mott T-‘,‘” law for variable-range hoppin g was tentatively identified in 
(FePc)K by Le Moigne and Even 1641. Basic activation energy measurements 
revealed a change in slope or “kink”, which implied a significant ditference in 
activation energy of 0.04 _+ 0.01 eV. The existence of two ditTerent thermal!y activated 
processes in both the ohmic and SCLC conductivity ranges led to the assumption 
that a change in the transport mechanism occurred as a result of a change in mobility 
of the charge carriers. The data were plotted according to expression (17), and 
showed a linear dependence of log o on T-‘j4 for a T-“’ range of approximately 
0.26-0.29 K-t/’ (140~-220 K). The linearity was particularly good in the range 
156-175 K and variable-range hopping was proposed as the conduction mechanism, 
although it was pointed out that the range of the data was too limited for a full test 
of the T--‘/4 Law. 

More recently. work on trichnic PbPc films sandwiched between gold electrodes 
has also shown evidence of variable-range bopping at low temperatures [52]. In 
this work activation energies were measured at constant voltage (current density 
varied with temperature) and also by making a series of measurements at constant 
temperature (current density varied with voltage). Therefore in the latter series of 
measurements the devices were progressively annealed during the course of the 
measurements. A “kink’” similar to that observed by Le Moigne and Even 1641 was 
also observed in the activation energy plots and thus analysis in terms of Eq. (17) 
was attempted. Fig. 6 shows a plot of log,,[J(T) - .?(I60 KC against T I.” for an 
applied voltage of 1 V in the ohmic range. Thi:i ‘;ir:..;ii, h,;, I. i ;!riatian. 



indicating that Eq. ( 17) is obeyed over the relevant tcmperalure range. It should also 
be noted that a similar linear variation was also obfjerved in the SCLC region. with 
plots similar to that of Fig. 6 presented for applied voltages of 50 and 100 V; however, 
in the SCLC region there was a change in s!ope at a temperature corrrspondins to 
approxim8t:ly T-l“! = 0.25 K-l“‘. 

The work on both (FePc)K and PhPc has shown evidence of dc variable-range 
hopping at reduced temperatures. although both groups of authors c52.641 stated 
that a full test of the Y”” law requires the acquisition of data over a wider range 
of temperatures. Although this is true. there is some additional recent evidence from 
ac measurements in several evaporated phthalocyanine materials that supports :he 
evidence of hopping at low temperatures [S%si?]. 

In their electrical measurements on CuPc films using iridium electrodes, Hassan 

and Gould [72] observed that thcrc was a very sharp increase in current density at 
approximately 1 V when the bottom (substrate) electrode was biased posiiik~e, and 
that this was absent when the structure was biased in the opposite poiarity. 
Furthermore, under the opposite polarity the indium electrodes appeared to act as 
ohmic contacts and the usual ohmic conduction followed by SCLC was observed. 
Xt had previously been suggested [12] that oxidation of iridium cons:; during 
deposition may take place and that tunneii% g through this layer might occur. li was 
estimated [72] that the impingement rate of oxygen mole&es in rhe vacuum 
chamber under the conditions of deposition was of the order of 5.4 x 16” m-” s-‘~ 
allowing oxidation of the bottom electrode between the cessation of its deposition 
and the commencement of the deposilian of the CuPc film. Although the ofi& layer 
was considered unlikely to exceed a thickness of 1.5 nm. and thus nas un?ikeiy TV 
dominate the overall conductivity by itself. it was proposed that the presence of such 
a layer may serve to modify the electronic character of the fn/CuPc contact such 
that tunnelling into the valence band could eecur over a rather greaier thickness. 

Simmons [67] had proposed that a modified Fowler-Nordheim expression may 
be applicable for tunneiling through the interfacial barrier when the eiectric field at 
the barrier was suffziently high to reduce the barrier width to about 5 nm. Therefore 
the data in ibis region were replotted as a Fowler-Nordheim plot [iog(ls t”) versus 
l/V) foilowing Eq. (18) and yielded a straight line with negative slope. From E;I. i 1X). 
the slope of such a plot is -- 6.83 x lO”ci,@ 2 V -’ where the barrier thickness di is irz. 
mi-lres and the barrier height 4 is in elecfron~~oks. Assuming a typical value of the 
tunneiling thickness of ri, = 5 nm. barrier hei_nhts of036 eV and 0~27 eV were derived 
rebpectiveiy for an In ICuPc / In sampie and a simi!ar sample incorpolaling an insulai- 
ing “edge-+hickening” layer to avoid localized dielectric brc :kdosvn. Although this 
anaiysis cilnfirmed t:lat a conductivity relationship of the Fowler--Xordheim iype 
was fellowed. it was also pointed out that ihe vaiu- i - d ihe current dcosity predicted 
by this espression was considzrabiy higher than thai actually observed. This reduc- 
tion in ihe observed ciirrent density b&w the theoretical value was consistent with 
an eRecti:~e tunnelling area considerably Erss than the geometric area. According :o 



Chopra [93], a factor as low as 10-s may be apphcable. Another contributing factor 
to the current density reduction is undoubtedly the effect of traps in the CuPc film: 
Geppert [94] has shown that in the presence of traps current density may also be 
reduced below the Fowler-Nordheim value. Therefore it was proposed [72] that a 
modified tunneliing process took place at the bottom injecting Tlectrode, and that 
the current density was reduced by a combination of the two elfects &scribed above. 

A more rigorous test for tunnelling behaviour in phthalocyanine films would be 
to perform measuremenis on sandwich structures with a phthalosyanine film thick- 
ness of less than 10 nm. However, in view of the relatively large size of the phthaiocya- 
nine molecule compared with the film thickness, the growth of high-quality fihns of 
this material using conventional iechniques is unlikely. Measurements on Langmuir- 
Blodgett films, where the film thickness and quality can be more precisely controlled, 
offer a possibility, although the difficulties in the application of evaporated contacts 
to such Urns should not be underestimated. 

Field-assisted lowering of the potential barrier at a blocking contact in phthalocya- 
nine thin films has been observed in several materials, often in Schottky diode devices 
under reverse bias. Fuss&s-Wegner f95] investigated the elert:ical properties of 
a-form H,Pc films supplied with A.1 and Au electrodes, finding the familiar linear 
1ogJ versus @‘I” dependence wrhen both electrodes were AI. This was ascribed to 
either Schottky emission from the electrodes or Poole-Frenke! emission. Similarly, 
Barkhalov and Vidadi [96] observed this type of behaviour for the reverse-bias 
direction of AllCuPc] Ag structures. Hamann and Tantzscher [4t 3 studied CuPc 
films supplied either with iwo Al electrodes or with one Al and one Au electrode. It 
was proposed that an aluminium oxide layer grew at the interface with the Al 
electrode, probably by diffusion of oxygen from the organic material. The devices 
were envisaged as a series combination nf Schottky emission over the oxide layer 
and SCLC over the CuPc layer. The Schottky effect was negligible for CuPc film 
thicknesses greater than I.5 pm 4 similar explanation was also advanced by Fan 
and Faulkner [97] to explain their measurements on CuPc and ZnPc films. A barrier 
height of 1.27 eV was determined in ZnPc i%ns with Ai electrodes. The Schottky 
barrier width in such sampies was estimated to be approximately 6.5 nm, which is 
similar to the reported thickness of naturally grown Al@, films at room temperature. 

Tripathi et al. [98] observed the Schoitky effect in CuPc pe!lets using tin &&odes, 
and found a barrier height of 0.37 eV and a ps value consistent with a relative 
pcrmittivity of 3.2. as obtained from ac measurements. Wilson and Collins [ 121 
obtained a linear dependence of the logarithm of current on I”’ as predicted by 
Eq. (22) for planar films of CuPc with Al electrodes. By comparison of the measured 
slope of their plot with that expected for a material with relative permittivity i:, = 
3.8, a depletion region width of 96 nm was derived which was comparable to that 
derived by Vidadi et al. [99], However, a similar calculatio;r applied to their 
measurements with silver electrodes yielded an unreasonable depletion region width 
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of 240 nm, suggesting that in this case the simple Schottky &ecr was not solely 
responsible for the observed behaviour. 

Hassan and Gould [63] observed a linear dependence of log .J on Y1!2 in CuPc 
films with a positively biased Al electrode. The theoreticai value of bs = 
2 x lo-’ eV rnli2 V-ii2 from Eq. (20) was considerably lower than the ca!cuIated 
value of /J = 9.4 x lo-’ eV ml” V ‘I’ f or an oxygen-doped sample and )? = 
13.2 x 10m5 eV mliZ VI” for an annealed sample, both for voltages less than about 
16 V. (For higher voltages the measured fi values uLL -e lower, and consistenr with 
the Poole--Fret&e1 effect described in Section 3.3.) The fi values derived from the 
lower-voltage sections of the curves were thus a factor of 4.7 (oxygen-doped) or 6.6 
(annealed) times the theoretical Schottky values, sufrciently at variance to eliminate 
an interpretation based on ihe effect occurring across the entire CuPc thickness of 
5 urn. However, following the conclusions of Wilson and Collins [IL!] that most of 
the applied voltage is dropped across a depletion region of thickness d, and assuming 
the theoretical value of /js, the values of ci, and the Scbottky barrier height & were 
determined using Eq. (23). ?‘+e data yielded values of d, = 220 nm and do = 1 eV for 
the oxygen-doped sample, ano J.a = 120 nm and & = 11.88 eV for the annealed sample. 
These values of ds are reasonably consistent with those of W&on and Coilins. and 
therefore it apileared that annealing reduced both the depletion region rhickness and 
the barrier height. For AulCuPclPb samples [74] in the lower voltage range. yaiues 
of p 7.0 times and 4.4 times the theoretical /Js value were derived for the injecting 
Pb electrode on the substrate and on the non-substrate side respectively of the CuPc 
films. A similar analysis based on the existence of a Schottky barrier at the injecting 
electrode yielded ds = 40 nm and & = 1 eV for the Pb electrode on the substrate 
side. and ds = 100 nm and &, = i eV for the Pb electrode on the non substrate side. 
Thus on the non-substrate side of the CuPc the PO electrode formed a wider depletion 
region than on the substrate side. probably due to either surface inughne~s eRacts 
as observed in HzPc layers [IOO] or a transition from the 3 to the p phase oning 
to the elevated temperatures experienced during electrode deposition. 

In oxygen-doped trichnic PbPc films iyith an Al top electrode and a Au bottom 
electrode Ahmad and Cofiins [87] used a Schattky barrier znzlysis to interpret 
results for injection from the Al eiectrode~ Values of ds = 50 nm and & = 1.1 i eV for 
voltages up to about 2 V and ds = 488 nm and I#~ = 1.036 eV for higher voltages were 
obtained. Measurements by these workers on samples with a bottom AI eiectrode 
and a top Au electrode showed similar behaviour. but with a narrower depiction 
width in each voltage range. Shafai and Could [ 13.761 Found & = 50 nm a& 
4” = 1 -V for similar salnp!es with an Al top electrode at voltages up to about 4 V, 
in excel&t agreement with the resuits obtained by Ahmad and Cchins in a similar 
vo”3 * >M range. 

Therefore there appeais to be a genera1 body of evidence that a linear log .I versus 
V’,’ dependence is observed for hoie inje&on a& block.,,, i-e COlltaCtS inlo ~~erious 

phthaiocyanine thin h!ms. A discrete change in the p value has been observed in 
&PC films with an injecting A.1 etecirode [63], Ct t PC fhs with a Pb electrode [74] 
and PbPc films with an Al electrode [1X76.87]. Derived fi X&I~S are normaI?y in 
excess of the theoretical ps vaiue at low vohages, and thus there is general agreement 
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on interpretations based on Schottky emission over a narrower depletion region at 
the injecting electrode. At higher voltages both an increase in the Schottky barrier 
width and the establishment of Poole--Frenkel or modified Poole-Frenkel conductiv- 
ity have been proposed. 

The diode equation (24) is fohilowed under forward-bias conditions when a metal 
semiconductor junction controls the overal! conductivity. Fan and Faulkner [97] 
observed such behaviour in In/H,PclAs and InlZnPclAu structures. For the former 
structure the diode equation was followed below a voltage of about 0.3 V and the 
analysis yielded a barrier height o,, in Eq. (25) of 1.5 eV. This value accorded 
reasonably welt with an estimate based on the ionization potential of HzPc and the 
work function of In. For the latter structure. similar behaviour was observed with 
& = 1.35 eV and the diode quality factor t7 = 1.3’7. Loutfy et al. [loll investigated 
the barrier between In and H,Pc duriug their work on phthalocyanine organic solar 
cells. These workers also observed exponentially increasing values of J with V at 
applied voltages below 0.5 V, which were accounted for in terms of a moditied 
Shockley equation involving the device series and shunt resistances. Values of the 
diode quality factor ‘7 = 1% 2.6 were derived from th-c- \r3c results. Capacitance measure- 
ments yielded values of & = 0.63 eV and Schottky bar;& width 29 mn. Martin et al. 
[ 1021 measured the junction properties in Au /ZnPc]metal (where the merai was Au, 
Cu, Cr, Al, In, or Sm) both in a vacuum and after exposure to air. Similarly, they 
found diode-type behaviour with a rectification ratio RR (defined as the ratio of the 
currents under forward and reverse bias at a voltage of kO.5 V) having a particularly 
high value of 82 for an Al electrode after exposure to air. Therefore the strong 
rectification effect was correlated with rhe presence of oxygen. 

Hamann et al. [lO3] noticed diode behaviour in thin-film NijPbPc junctriins for 
voltages up to 0.2 V. provided that the deposi’.ion was performed at room temper- 
ature. This type of conduction was believed to result from weak oxidation of the Ni 
contact. Conversely, samples deposited at higher temperatures. where the crystallite 
size was larger and the barrier height lower, showed SCLC. Abdel-Malik et al. [104] 
reported diode-type characteristics in films of b-phase CoPc dispersed in a polymer 
binder, from which a value of II= 2.45 was determined. In this work a modified 
Shockley equation. identical with that previously used by Lo&y et al. [ LGl]. was 
adopted. Shimura and Togoda [ lO5] made measurements on flucroaiuminium 
phthalocyanine (AlFcF) films, studying their photovohaic properties. They used a 
Sn/AlPcF)Au structure which showed rectifying diode-type behaviour described by 
Eq. (24), with 17 = I.45 aud an RR vdue of about 33 measured at I1 V. 

Measurements on CuPc tilms with combinations of Au and Pb electrodes were 
reported by Gould and Hassan [74]. Roth PblCuPc/Aw and AulCuPcjPb samples 
(where the first metal is adjacent to the substrate) showed current densities lower 
than in Au/CuPc/Au samples. Moreover, reverse-bias current densities were consider- 
ably lower than those ior forward bias. In both these respects the characteristics 
resembled those of Au/CuPc/Al samples where a Schottkp barrier was shown to 
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exist at the Al contact [l&63]. For Pb/CuPc/Au samples under a forward bias of 
less than 1 V. a linear dependence of In J on 1,’ was obtained, showing simi!ar 
behaviour to that found by Loutfy et al. [ 1011 in H,Pc with Ir? electrodes. ‘There 
was good correlation with Eqs. (24) and (25). and values of ti = 1.6 and do = 1.05 eV 
were obtained. A high RR vaiue of 790 (measured at & 1 V) was found for this type 
of sample. Hoaever, typical diode behaviour following Eq. (24) was not observed in 
AulCuPcjPb samples. Furthermore, both the forward and the reverse current densi- 
ties foe; ,amplcs of this configuration were lower than for Pb/CnPc/Au sampics, with 
an RR va!ue of only 7 for a freshly prepared sa@e. Since in this type of sample 
the PblCuPc interface is on the non-substrate side of the CuPc f&n. a conrro!iing 
potential barrier or interface region might be expecled. one effect of which is to 
lower RR. After annealing at approximately 150 ‘6 and si&sequen: exposure to air 
for 5 h, an increase in the value of RR to 74 was observed. This effect had previousiy 
been reported by Martin et al. [1@2’J, in particular in AujZnPc/AI samples where 
RR increased from a value of 1 to 52. This v:as attributed to the deve!opmeni of az 
enhanced space-charge region within the ZnPc. a process which would also satisfacto- 
rily explain the later resul ts in CuPc ruing Pb electrodes. 

Ahmad and Collins [S7] observed diode-type conductivity in Au! PbFcl.41 devices 
They found a linear dependence of in .I on 1’ with values of q = i .9 and 41~ = 3 .I08 eV 
using the analysis of Eqs. (24) and (25). These attributes were also extracted from 
the data using the more sophisticated method of Cheung and fh~ung [106]. which 
also takes into account the diode series resistance K and ~hicb is appropriaie for 
non-ideal diodes (11 # 1). The results of this analysis were jr= 1.7. & = 1.126 eV ;uzd 
R = 530 MR, which are in good agreement with the ralues obtained by the simpier 
method. A value of RR of 40 at I1 V ITas also determined. For Ali PbPc/An devices 
(Al adjacent to the substrate) they found ,I = 2.09. G#O = 1.144 eV and an RR va?:re 
of 8. Therefore the latter parameter was higher when the AI contact was on :he non. 
subs&ale side of the films. 

Despite the apparent similarities between the results of work performed on fi1~~~~ 
of CuPc 1741 and FbPc [87], there are significant differences in both i.he methods 
of preparaticn and the detailrd resuhs. The CuPc film structures were prepared in 
a single deposition sequence without breaking vacuum so that ificorporation 3P 
oxygen into the films was minimized. In this work diode behaviour \vas only observed 
when the Pb electrode *was on the substrate side of the films and %b~ved a very high 
value of RR. Conversely, the PbPc films were deposited in a di!%rent vacuum system 
to that used for the bottom electrode. during which an Al@, layer could form if the 
bottom electrode were AI. Additionally. the samples were exposed to dry air for a 
period of several weeks before deposition of the top electrode. Diode behaviour 
occurred irrespective of the electrode positions, but in this cause the highest RR ~aJues 
occurred when the AI e&rode rt’as on the not, I ~~-~LIb:jt?ate side. although its \!a& 
was considerably lower than that for the CrrPc sampies. Howe~r. both sets of 
workers were in agreement that the development of an ?niWfa.cia: Iayer, fCsu!ting 
from the effect of oxygen exposure. was a controlling factor in device operation and 
thaw asymmetric conduction behaviosr was r&red to this. More :eceii!Iy. ?&par 
et al. [SS] have re-exar&ed potentia: barrier formation callscd by absorption of 
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negatively charged oxygen molecules 01: ?he PbPc surface, and stressed the impor- 
tance of a reported increase in barrier height and a decrease in barrier width due to 
annealing. It was suggested that a slow release of absorbed oxygen under vacuum. 
enhanced at higher temperatures. was resnonsible for these effects. Clearly, additional 
work on different types of phthalocyanine films, supplied with various combinations 
of electrode materials, is required before the diode-type conduction behaxiour is fully 
understood. 

4. AC de&cd properties 

The ac properties in phthaiocyanine thin films have been studied considerably less 
than the dc properties. Because of ihis general paucity of data it is worthwhile briefly 
reviewing soqe ac measurements on bulk samples. Bradley et al. [ 1073 studied the 
ac prope;ties of powdered P-form HZPc compressed at pressures above 10 kbar; for 
dc work, measurements made under these conditions were considered to yield true 
conductivity values. The intergranular capacitance for high frequency ac provided a 
low-impedance shunt across the contact iesistance, and an equivalent resistance and 
capacitance network was proposed to account for the conduction behaviour. In 
general, the resistance was found to decrease with increasing frequency, or the 
conductivity increased with increasing frequency. Fendley and Jonscher [ 1081 made 
similar measurements of conductivity and capacitance on compressed CuPc crystal- 
lites over a wide frequency range of 10’-lO’” Hz, using a wide variety of measuring 
techniques appropriate to the various frequency ra*::es. The major fact to emerge 
from this work was that the conductivity 0 followed a power-law dependence on the 
:.ngular frequency m. or D IX OJ” with II = 0.8. These workers pointed out the great 
similarity of this behaviour to that observed in a wide range of materials in which 
bopping was believed to occur. Thus, although the possibility of hopping in phthalo- 
cyanine materials was inferred from ac mea,surements by ISiL. identification of 
hopping in thin films using dc methods is a much more recent event fX?,l;?]. Sadaoka 
and Sakai [ 1091 also concluded that hopping was a major conduction process in 
&PC, observing (r x wil not only for compressed powders but also for thin films. 
Similarly Wacfawek et al. [ 1 lo] observed both hopping and thermally activated 
behaviour in CuPc, CoPc and PbPc compressed powders and films. Nalwa and 
Vasudevan measured dielectric properties of pellets of both CoPc [ Ill] and chloro- 
iron phthalocyanine [ 1121. CoPc showed an increase in E, with temperature up to 
approximately 150 “C, above which a sharp decrease took place. A similar dependence 
was displayed for the loss tangent tan 6. This behaviour was associated with nomadic 
polarization effects. In chloro-iron phthalocyanine the values of both 2, and tan 6 
increased with temperature in the range 20-260 “C (293-533 K), showing higher 
values at 1 kHz than a$ 10 ItHz. Nomadic polarization was also considered to be 
responsible ior this behaviour. Abdel-Malik et al. [ 113) measured ac properties in 
HZPc, NiPc and CuPc pellets, and also observed the D sr w” law. Measurements 
were made for 303-513 K and 10-l@ Hz. Measurements of conductivity as a function 
of reciprocal temperature showed very little variation except at high temperatures. 
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In the higher-temperature range the conductivity remained essentially constant over 
the whole frequency range. Identical conclusions were made 10 those drawn for 
CUPC and magnesium phthalocyanine (MgPc) films in the earlier work of Vidadi 
et al. [114] which is described below. Thus there is reasonable evidence that bulk. 
phthalocyanines exhibit hopping effects, particularly at low temperatures. with severai 
materials showing a GX~J” dependence [108-l l&113], dnd an equivalent circuit 
model has been proposed to account for variations in conductivity as a funciion of 
frequency [107]. These results are closely related to the ac measurements on thin 
films described below. 

Vidadi et al. cl141 pointed out that both hopping and band-type mechanisms 
may be operative in organic materials, with the predominance of either depending 
on the conditions of temperature and frequency. They fabricated sandwich structures 
of CuPc and MgPc using unspecified metallic electrodes. A genera! increase in 
conductivity with frequency was observed, consistent with the carriers possessing a 
wide r-ange of relaxation times. Conductivity was also strongfy temperature depen- 
dent, although th.e frequency dependence was less pronounced at higher temperamres. 
Thus it was concluded that the charge carrier transport was of the free-band type 
in the high-temperature low-frequency region, and was main!y by hopping in the 
low-temperature high-frequency region. A value of ?I = I.75 for the 0-0~ power-h 

exponent was quoted for CuPc films at frequencies of 10J--IO” EL Other early 
measurements on CuPc films were performed during work on bulk samples and 
similarly showed the usual ri ‘LOO dependence [ 109]. Values of n < 1 were de!ermined 
by Waclawek et a!. [llO] for CuPc, CoPc and PbPc films. 

A comprehensive series of measurements were made by Vidadi et a!. [I!:] on 
CuPc films supplied with two blocking eiectrodes of AI. Capacitance and loss tangent 
were measured as functions of temperature and frequency. Since the electrodes were 
blocking, they had a considerable inRuence on the ac conductivity of the structures, 
and it was proposed that t!le equivalent circuit model of Simmons et ai. i 1 In] was 
applicabie to these results. In this model the Schoitky barriers are rcpresentcd by 
the Schottky capacitance C, and the interior of the structure by a canacitc?ce C, 
shunted by a thermally activated resistance Rb = R, exp(&‘k?I where 4 rep!e~~Qs 
an activation energy. The various freqnency and temperature dependencec arc fu!iy 
explained in Ref. [ 1161. The equivalent circuit representation is shown ;n Fig. 7(a). 
Sever& importan. t features observed bv Vidadi et al. were (ii a st:ong mcrease in i 
capacitance with increasing temperature, (ii) a decrease in capacitance witn increasing 
frequency, with greater changes taking place at higher temperatures. and (iii) a 
maximum in the tan d-frequency characteristic i&ich shifted to higher frequencies 
witn increasing temperature. These were al! in accordance with the modei. The 
Schottky barrier width was determined as 0.1 ym and the total trap concentration 
in the CuPc t%i~ as 3 x I@’ m-3. 4 comparable dependence of capacitance on 
freyuemy as a function of temperature was exhibited by AI/CuPcj& samples [96]. 
The dependence of Schottky barrier ca.?aciitance in MgPc j117J and ZnPc [PSI as 
a function of frequency has been investigated. Again, there was a large increase in 
capacitance with increasing tetrperan~re and a decrease with increasing frequrncy. 



However, the frequencies used in this wcrk were very low: 0.1-100 Hz for MgPc 
and 1O-2-I Hz in ZnPc. 

Boudjema et al. [34] also made extensive measurements of conductance, capaci- 
tancc and loss tangect as functions of frequency in the range IO-‘-i@ Hz in NiPc 
and &PC films. The samples had one Au electrode and the other was of Al; 11; or 
Au, and the temperatures were not varied. For a Au/NiPc/AL sample conductance 
increased with increasing frequency, tan 6 decreased and capacitance decreased. 
Conversely, for a AulZnPc/In sample the conductance reached a platrao at high 
frequencies whose value was determined by the electrical properties of the bulk, and 
at lower frequencies a similar plateau was observed whose conductance value 
depended on a space-charge region at an electrode interface. The capacitance 
increased by nearly two orders of magnitude in the very luw-frequency region, and 
a broad maximum was observed in tan 8 at approximately IO2 Hz. Furthermore, 
measurements performed with various applied dc voltages showed a complex series 
of results. These workers concluded that samples with two Au electrodes behaved 
as expected for ohmic contacts, wherea: the other samples gen-rally behaved 1s if 
at least one Schottky barrier was prese;lt. The space-charge region in the iatter case 
extended into the phthalocyanine ant! was related to oxygen ah~orption. A three- 
layer equivalent circuit model, ccmsistin, m of circuit elements to model a surface 
charge layer, a space-charge layer and a bulk layer, was presented. The various 
measured parameters were found to be in general agreement witn the predictions of 
this model. However, the model is rather complex and, as h Leen shown above. 
the ac measurements of Vidadi et al. [ 1 lS] were saiisfactorily explained in terms of 
the model of Simmons et al. [ 1161, although the frequency range concerned was 
considerably less than that applied by Boudjema et al. 1341. In addition. measure- 
ments of similar type were a.lsu :.eported by Maitrot et al. [ 1 i S] for phthalocyanine 
films doped during deposition hy cosublimation. More rekeritly. Abdel-Malik [ 1191 
made simple measuremeilts of capacitance as a function of temperature in strucrures 
consisting of FePc dispersed in a polymer binder and having one Al and one Au 
electrode. i%easurements were performed at frequencies of 8 and 25 kHz. In actor.. 
dance with ac electrical measurements on other phthalocyanine films, capacitance 



increased with increasing temperature and decreased with increasing frequency, and 
was associated with the slow release of charge carriers from reiative!y deep traps. 

James et al. [89] measured the dielectric and optical properties ob molybdenum 
phthaiocyanine (MoPc) films in the frequency range IO k1-f~~ 1 MHz. The films were 
deposited on conducting indium tin oxide (IT01 glass substrates and the sandwich 
structures were completed using Cu electrodes. The conductance increased and th: 
capacitance decreased with increasing frequency, and there was a linear dependence 
of the logarithm of conductivity on the logarithm of frequency. implying the usual 
D r W” dependence, which was interpreted in terms of hopping conduction. A maxi- 
mum in tan 6, as predicied by the modei cf Simmons et al. [116], was obse~vcd at. 
190 kHz and was associated with a room ,emperature reiaxation time of 7% j~s. A 
Debye relaxation tim: of 878 ps was also estimated. togethe: with an average relax- 
ation time of 942 ps using the Cole--Cole model. Fo~!osving this. Gould and Hassan 
1901 measured ac conductivity g(o)). capacitance and tan 6 in CuPc Sims with ohmic 
Au electrodes for the frequency range 102-2 x iOJ Hz aad for temperatures from 173 
to 360 K. O(U) increaseui with temperature and with frequency. and the pu~ver-laa 
exponent also tended to increase with increasing frequency and decrease with incrcas- 
ing temperature. This type of behaviour was associated wirh a hopping process at 
low temperatures and high freauencizs. It was suggested that the conductivity might 
follow the expression dorivcd by Elliott [ I XI] 

where N represents ?!x densitv of localized stBtes. E,c<, is the petmi: 17% ;;y. e is the 
electronic charge and x0 is the effective relaxation time (approximatei; 10 -” 4). The 
power-law exponent s in this model is given by 1 -ii at low temperatures inhere 
B = MT/W, and W, is the optical energy gap. Reasonable zgreemenc pi& this 
expression for correlated barrier hoppil;, $0 was observed with f tending to uni!y at 
low temperatures and high frequencies. The question is ieft open as to whether other 
types of hopping conduction may eventualiy o&r T. more ap~ :oK>ktE dSXip!iOil Of 

ac conductivity in phthaloc!ianine thin Eims. Varieus &&rent varizlions of s with 
frequency and temperature are described in the iiteratiure [ 121.1221 which may in 
due course prove to offer a better fti to the data over a wider range of frequency. 
The dependence of G(W) on i;T showed a region of free-aand conduchviiy, with 

activation energy 0.3 eV. at higher tern, -eratures aird very h3w activation energies. 
associated with hopping. at lower temperatures. Capacitance decreased with increas- 
ing frequency and increased u;ith increasing temperature. Hoi+-ever. tan d decreased 
with increasing frequencj and was cansistent with t!ia appearance of a minimum at 
a higher frequency. This contrasts Gth the tan 6 behaviour in Ct#c filmy with 
blocking Af eIectrodes as described by Vidadi et al. [I 151 in v:s;h~ch a ~~~~i~~u~~~ 
occurred. The dif&rence betwrera the two sets of result appears 1.0 resuit from the 
application of ohmic contacts in th, - former case. far which the eqnicaient circn~t 
model of Simmons et al. [ 114] is inappropriate. Therefare in aiternati~;e equi4ent 
circuit model, suggested by Goswami and GoswanG [ 1231. was adopted: this model 



was originally proposed for ZnS films sandwiched between Al electrodes, which act 
as ohmic contacts for n-t!’ ?e materials. In this model the system is assumed to 
comprise a rrequency-in~cpendellt capacitive element C in parallel with a discrete 
temperature-depel~dent resistive element R, both in series with a low-value resistance 
I’ which represents the leads and contacts. The equivalent circuit for this model is 
shown in Fig. 7(b). R is assumed to be thermally activated and to follow the same 
law as in the mode1 of Simmons et al. F on’ever. the Schottky barrier capacitance is 
absent, and the differences between the predicttons OF the two models result from 
this. Equations for the dependences of capacitance and tan 6 derived from this model 
are consistent with the behaviour observed. Moreover, a decrease in both conduc- 
tance and capacitance after annealing is also compatible with an incrzr<e in the 
value of 12 owing to the desorption of oxygen which acts as an acceptor impurity. 

These results have subsequent!y b:en confirmed in both ZnPc films [91] ano 
CcPc films 1923 supplied with ohmic Au electrodes. In the former case there was a 
decrease in conductivtty above about 426 K vqhich was identified with the rl to p 
phase transition and the &sorption of oxygen, The free-band activation energy was 
0.29 eV in ZnPc and the rather higher value of 0.54 eV in Cope. A decrcase in both 
the conductance and the capacitance after annealing was found in both these 
malerials. 

Thus in general ac measuremt nts S~L~W d x W’ behaviour, indicative of hopping. 
At higher temperatures and lower frequencies free-band conduction is often observed. 
Capacitance and tan 5 variations in many films show behaviour which has been 
explained using equivalent circuit modeis fur ‘blocking contacts [ 1161 or ohmic 
contacts [ 1231, or require a more complex three-layer model [ 341. A more complete 
correiarion between experiment and theoretical predictions must await the develop- 
E’ mt of hopning and equivalent circuit models specifically for organic semiconductor 
films and their associated contacts. 

In this review the present state of knowledge of the structure and electrical 
conduction properties of evaporated phthalocyanine thin films has been examined. 
Structural consideratious are important in conductivity measurements in that the 
intrinsic conductivitj. of the various structural forms differ, and the I form appears 
to exhibit a higher propensity to absorb oxygen than the p form. It is fairly well 
established that the S form of most phthalocyanines has the monoclinic structure. 
while the % form has been variously reported as tetragonal, orthorhombic and, more 
recently, monoclinic. Films deposited ai room temperature are usually of the metasta- 
ble 0: phase, but they undergo a phase transformation to the stable p phase on 
annealing. Recent work on CuPc and CoPc has confirmed that the a-form films are 
preferentially orientated but become more randomly orientated with increasing 
thickness. The 3 to S phase transformation in CoPc ti!ms has been directly observed 
by X-rag diffraction methods. Because of the relatively large size of the central metal 
atom. the atypical PbPc molecule is shaped like a shuttlecock. This rest&s in the 
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existence of two major structures. the low-temperalure monoclinic phase and the 
high-temperature triclinic phase. These two phases have recentiy been observed in 
thin fihns deposited onto substrates maintained at 32” and 533 K respectively. 

Several dc conduction mechanisms have been identified in phthaiocyaninc t&n 
films depending on the type of electrodes provided. the voitdge range. the tcmperaturr 
and the thickness. Most phth.rlocyanine fiians. when deposited ii] the form of a 
sandwich structure and equipped with at )eacr one ohmic electrode (?tsually Au), 
exhibit space-charge-limited conductivity. fn many cases this is controlled by- an 
exponential distribution of traps. although discrete trap lcvcls have also been 
observed, usnally after exposure to oxyg~:n. There ae reports of Poo!e-Frenkeh 
emission above a voltage of approximately Z--4 V in CuPc and PbPc films, ;vherc 
the injecting electrode also shouv3 Schottky barrier field-ioweri~g at lower voltages. 
In some cases the measured Poole-Frenkei coefhcient is iarger than the tbeoreticdi 
value. indicative of enhanced electric heids within the phthalocyanine films Hopping 
conductivity under dc conditions, corresponding to the Motr T ” law, has been 
reported in (FePc)K and in PbPc films, a!though it is curious that dc boppmg has 
not been observed more frequently, particularly in view of its role in ac conductivity. 
Fowler-Nordheim tunneihng has been identified in CuPc fims with In eicctrodcs. 
for which it was proposed that an interfacial oxide layer was responstble for modifying 
the character of the In/CuPc contact, thus atfowing tunnelling to occur. In samptes 
with at least one blocking contact, field-lowering of a Schottky potenriaE barrier has 
been reported in the reverse-bias direction. In the fefi.tiL x 1. d direction conventional 
Schottky-diode-type behaviour has beep o bserved. Measured fi ~values are often in 
excess of the theoretical value for the Schottky ef?ect, and interpretations based on 
Schottky emission over a narrow depletion region thickness are common. Such 
behaviour has been reported mainly in CuPc with either an A! or a Pb electrode, 
and in PbPc with an Al electrode. Schottky barriers with ryp~cni widths and barrier 
heights of 200 nm and 1 eii respectively were observed in theft structures. Under 
forward bias, diode behaviour has been identified for several electrode-~phtha:ocya- 
mne combmatrons. yteldmg comparable values tar the uarrrer cerg;., to rncse dcr~ecr ^ _r .“.I 1 

under reverse-bias conditions. Diode yuoiitg &tots in fh e ?angc 1.3--1.45 were 
measured, and rectification ratios of up to 790 have been reported. 

AC measurements have genera@ shown a 6 X 0~” dependence for ion temperatures 
and high frequencies. corresponding to hoppmg con&&on. At higher temperatures 
and lower frequencies free-band conductivity with an acttration energy of a few 
tenths of an electronvc:it is fairly common. Capacitarace ahd iuss tangent vzriatioos 
with both frequency and temperature have been accounted for using *various egi;iva- 
lent circuit models appiiczble to ohmic and block& electrodes. Thermai activation 
of carriers in the interior of the pi~t~a!Qc~~an~~~e films is frequrndy assrrmed. 

In conclusion, i: should be stressed &at, a?though phtba!ocyanine &in films I?WY 
been extensively ir-icstigaied, as yet au overall consensus view of the reiatia-e impor- 
tance of their varw:~ kaiiIres Fyhs nnt been achieved. it is clear that phthaIocy.5nii3es 
are considerably less pure than inorganic semiconductors, even after entra.ine sitb!i- 
mation. and therefore that impm~ties and traps aie likely to be a dominant Eature 
in determining the conductivity. Furthermore. owing to the propensity of phrhaiocya- 
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