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Abstract
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wing thin 4ims are critically reviewed.
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conduction processes observed 15 given, ogether with the relevant theoretical condactivity
sguations. Selecled results on samples showing ekmic and space-chavpe-limited conductivity.
the Poole Frenkel effect. variablestangs hopping. tunnciling, the Schottky efvct and diede-
type condugtivily are comparad, te present stale af knowledge is summarized and sugpesions
for [urtner work are proposed. Ac mensurements on phthatocyapine s using Lotk blocking
and ohmic contacts are deseribed, together with an account of equivalent circuil models
adopied to sccount for the dependences of capacitance and loss tangent on frequenicy and
temperature. Several sels of measurements of ac conductivily as a function of frequency, which
usually show a power-law depeadence, are compared and associpted with hepping conduction
tn the lower temperature range. Free-band conductivity at higher iemperatures is also reviewed.
Finally. constraints placed on the making of electrical measurements by the pecessary use
of materials kess pure than those of the inoroanic materials customaniy vsed in semiconductor
iechnology and the tendeacy for phthalecyanine films 1o absorb oxvgen is emphasized, The
use of improved materials deposition and charactesization in futurs work is recommended.

Keywerds: Phthalocvanine: Thin films: Elecirical conduction; Strecture; Lind cell dimensiotis

b Introduction

The carly history of the synthesis and properties of the phihalocyanines hus been
fully described by Moser and Thomas [11. Briefly, metal-free phtbalocyanine { H.Pc)
was first synthesized in 1907 by Braun and Tenerniac, and the metal-substituted
copper phthalacyanine {CuPc) was originally manufactured in 1927 by de Diesbach
and von der Weid. Following this, many other metal-substitvted phthalocyanines
were synthesized ana a comprehensive sindy of their chemical propertiss was initiated
by Linstcad and coworkers in 1934 [ 2] Linstcad atlso coined the term “phthalocya-
nine™ to reier to this class of erganic materials.

The structure of the planar phibalocyanine molecule was first reported by Dent
ct al. [3], and consists of four isoindole umis linked by azz nitrogen atoms and
surrounding two hydrogen atoms. In the simple metai phthalocyanines, such as
CuPc. the two central hvdrogen atoms are repiaced by a single metal atom. A major
proparty related to this sirocture is that generally the vanous phlhalocyanine mole-
coles are thermally stable and can thus be sublimed without decompaosition.
Therefore. in contrast with many other organic compeunds, the preparation of
phihalacyanine thin filims by vacuum evaporation 1s feasible.

Samiconducting behaviour was originaliv observed in the hulk phihaiocvanines
in 1948 by Eley {47 and Vertanvan [5]. In due course ihese moasuroments were
followed in 1963 by those of Heilmeier and Warfield [ 6] on single crysials of H,Pc.
which showed space-charge-limited conductivity (SCLC), 2 conduction mechanism
previously described by Rosc [7]. in the same vear Heilmeier and Hurrison 181
reported initial clectrical measurements on CuPc single crystals. which were followed
4 vears Iater by the classic paper of Sussman [ 9] which unequivocally identified
SCLC irn CuPc thin films: an accompanying paper { 18] described the sensiiivity of
CuPe films to ambient gases such as nitrogen. hydrogen and oxvgen, and effectively
latd the foundations for rauch of the subsequeni work on phibalocyanine gas
detectors.
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More recently. it has been estabbished that phihalocyanine thin filims do not uniy
uxhibit SCLE. as reported by Sussman [97 and Hamann [ but may also Ssplay
other high-field conduction processes such as the Schottky and Ponte-Frenket efiecty
[12.131. Furthermore, since the siructure of lead phtialocyunine { PoPe) phasss has
been established for both the moncciinic {147 and triciinic [15] forms. thin films of
this material have been proposed for gas sensing appiications [ 16,1 7], These develop-
ments have been instrurnenial in stimulating repewed interest in the electrical proper-
ties of 4 wide range of phthaiocvantne thin films. and also i thelr structional features.
In this short review some selected aspects of the structure ead electricai properties
of phthelocyanine thin films will ke described with particuler. bl noy exclusive.
emphasis on work perfurmed in the Tast decade. There wili e no attemp! 10 describs
the purification. deposition or the panicelar gas sensing properties. the fatter of
vhich have been previousiy coversd vp 10 1989 in the excellent review by Wright
[18]. Similardy, the chomistry involved in the addilion of side-groups to wuricus
phthalocyanine molecnles in order 1o provide solubie maserials lor Lengmuir-
Blodeet! deposition will not be covered, Instead the emphasis wili be on the rhysics
of phthalocyanine thin films and the various nrogesses which pive rise o < ecironic
conrduciivity. The coverage is not inended fo e exhauvstive, bui rather o Bustrie
seae of the more interesting and exciting aspects of phthale 2sanine thin films,

The review will commence with a shorl summary of the sirus T fzatnres of
phthalocyanine thin films. usually oblained by X-ray difiraction. These {eatores are
discussed primarily from the point nl view of thsir dﬂpcnc..“ccs on the suhsirate
temperature during deposition and of the flm thickness. The imponunes of the film
structyre to the electrical propertics has besn evident since the work of Wihksns
and Newkirk [19] on pressed pellets of the mewasiable v and the stabie § {orms of
H, Pc. which revealed thut the electrical conductivity of the ¥ phase was considerabiy
greater than that of the B phase. by a factor of pzarly 16° This wili be {oliowed by
a discussion of the de electrical pmcer:;cs of phithalozyarine thin fims with particular
emphasis on the high-fteld efecirical conduciion p chseried. Ac properties.
maindy the dependence of conchﬁv’tv foss tengent on ik
and temperature. will wlse be briclly coversd.
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2. Strucrare

X-ray diffraction studies were origingliy mu{i
free, nickel. copper and platinum compon:z
o crvstals of the P-fuorm material. Roberison er
of H.Pc and many of the me'a]ilc darivarines
vory similar. The struziurs 1s monochine w I:I: v
unit <ell dimensions and biorplacer augies @
0472 ny. o= Ld8nm and f=12235 for H.Pa
146 mm and £ = {246 {or CuPe Eherl and Grtl!iﬂwﬂl I T
inihe phthnlocyamnes. and publisherd Noray difffaction wraces for ferms
of CuPe H,Pe and the cobail. miciel 7 : IC‘Jt"C. ?‘n}'"“ and
ZnPo respactivelyl. The most sigaificant docs was the o intense
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but distingsishable peaks for the §§ [orm 18 ail e malenals investigated. while far
the o form this was replaced by a single intense pesk ot a stmilar angie. Sharily after
the appearance of this work, Karasek and Decius [22] porformed mare detailed
X-ray diffraction measurements on H; Pe for bath polvmorphic forms. The o form
wus produced by sublinuition onto a rock salt plale maintamed ar a temperature
helow 200 °C, Aithough the first peak in the 2-form pastern was of significantly lower
intensity than that observed previously 121§, this was relaied 10 preferential orienta-
tioa effects provided by the subsirate, The growth of x-form. rather than j-form,
sublimed fibos was attriboted to the relatively low substirste temperature. which was
below the « to § phase transition temperature. Robinson and Kiein [23] made
detailed X-ray diffraction measwrements of » CuPe and measured the intensitics and
interplanar spacings for 29 different Jiffraction lines. These vaiucs were consistent
with a tetragonal structure with unit cell dimensions ¢ = 1.7367 nmand ¢ = [.279 nm.
However, this designation was gucstioned by Assour {24} who suggested that his
own X-ray daia on the 2 polvmorph of CuPe implicd an orthothombic rather than
a tetragonal structure, Furtherrore, he argued that in fact the previously proposed
v phase of CuPe was essentially the same as the o phase, apparenily differing only
in the degree of resalution. Ashida e al. {25.20] made clactron dittaction measure-
meits on o-form ms deposited onto muscovite. and associated the data with »
racnoclinic structure for CuPe. CoPe, H; Pe and NiPc. as well as iron and platinum
phthalocyanines (EePe and PiPe respectively). The following umt cell dimensions
were derived for the first two of these: g= 2592 nm, A= 0379 nm. ¢ = 2392 nim and
B=904 for CuPc o= 2588 o b= 0.375 nin. ¢ = 2408 am and § =90.2° [or CoPc.
The fact that the angle f§ is very close tn 907 45 consistent with the previous
orthorhombic designation by Assour [ 247, A schematie diggram of the molecular
arrange:ment proposed for the » and B forms of CuPe is shown In Fig I, The major
difference beiween the two arrangements is lo the tilting angte of the molecalar plane
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to the siacking axis, The molecular planes incline ot
1267 and 465 in the ) form $27] Hlosever beg
rensonable size cannot normally be prenored By s Ll
anatysis of the type peslormed for the £ phise by Hob !
confirmed by Brown [ 27] has net been performed, Perhaps e e ,i Ccomprs
measuremenis on the ¥ polymorph are alse those of Brown [28] an ™
work the caloulated snd o i
able number of redicct These measuruments were performed o4 meros
crystals with a cross-sectron of less than D01 mm. which sverg reonvs
Linsteads Jaboratory. The struciure was reporied to be
dimensions similar 1o those repovicd by Achids gt el |
was reposted 1o be 940 | siwsewhat exessding the previobs v
unpetus for this work vas 1o ostermine the sirocture of e 2 torm
the well-known similaritics Teivweon the strucitpes of the 1w ‘w.eri:-,‘!‘;. There
SOIME Uneeriaimty remains coneeriing whedher the ¥ ponse is I“Iagon 1. orthorhiom-
bic or monechine. aithongh miors receny work on NiPgand (_::P{, e
derived unit cell dimensions ondy with those of the propo !
{297, Additionaliy, 1t bas uiso been argued that even the §-7orm us
of PtPc originally derived by Rebertson ere incoirect, and thata di
unil cell exisis {257 . Nevertheless. it is sHH relativery siraightorward i
between the « and b phases on the basts of X-ray difiraction, ae

tion can be confirmed vsing other techrnigues such as IR
{21.307 or. for the case of paramapaetic metallic derivaiive-,
studies [31]

More recently a substantial body of work has baen perforr
froni ihe « to the B phase. and on aspecis of the growth of vanm 1
films. Iwatsu et al {327 studied ZaPo in particuiar the 2w b 's!‘us-’
F-lorm ZnPe was prepared by the acid paate meihod end G p[,--_.vc i
was observed by monitoring Xeray diffracrion behaviour during ¢
sure to various alcohoi vapeurs. Measurements of microcrvatal
by the Debye- Scherrer methed. which ivolved
ling profile of the (200} reflecction and yizlded a -
Brodie {3371 observed phase changes in H-Pe
progression from an amorphous s'-.ruc’.ure dhyou
observed on annealing [rom room lemper:
microscopy Boudjems et al [ =~ﬂ FOL. nd mc
films of NiPc aind ZnPc were in the ra:
vitiathin CuPe fims by molecular f‘m'r’ o]
tterns exhibited an intense single
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Space Shuttle Orbiter. Togelher with the preves” g and [ellowhig papers by members
of the same group. this work caversd the eBiects of gre v on ke hemogenady and
microstructure of the itlms as weil as reporting a new microgravity thin-Alm poly-
morph, designuted M-CuPe. A very uselul disenssion of the various other CuPe
nolymorplis reported previvusly was also given {387

Hassan and Gou'd | 397 carried out a comprebensive structiual investigaiion of
Cule thin Blms prenared by thermal evaporstion. using X-ray difitaction and 1R
absorption methads. The eveporunt powder wes of the B form, and exhibited Xeray
diffraciion festures sinilar (o previousty published data for B-form CuPe [24.30.28]
anc f-form H,Pe [22]. Additional peaks in the diffraction patterps that were also
ohserved by Assour [ 24 were identified with the existence of miner propartions of
ather CuPe polymorphs or remaining inpuritios, 7he material was evaporated onto
glass substrutes maintumed at room temperatere and therefore formed films of the
% phase. Fig 2 shows Xorav diffraction waces Jor three different films deposited ai
ihe same rate of 2.5 nm s L but with different thicknesses of 91 pm. 0.8 win and
ES pm, The thinner Ahm shows only a single peak. which is labclled as (00]) using
an indexing scheme based on the onginal structural aeiermination of Robson and
Kiein [ 23], However. if the struewre of o CuPe is of the more vecently proposed

b o
N i et e
S L e e
Y = KA i
woo-

Fig 2. Xerav difftaction traces oblyined fror prnwarty w-form CuPe ihin films with Lhicknesses of
fak .0 pon (B 08w 26d (€] 15w, Dntensiey rebates o @ step size of DB samaied For Bo e poaks
are tabeiled uecording to the wetragonal scheme end are iadexed differently if ihe sizacture 3 onthorhorbie
o7 moaoeling, as explained in the wxt Reprodiuced with permissian rom Ref 139,
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orihorhombic or monockinic structures § 22328 [0 thien the pesk corresponds o ihe
{200} reflection. The paliern s very similar to that described for films of thickness
3% nm [ 35]. showing a comparabic highly oricnted morpheiogy, As the filin thickness
incrcased. additional reflections were obsersed for 22 < 2028 Thase peaka
indexed as (4110, (3000 (510) and (5205, or as (1375 1530 11135 and (313} for 1!
arthorhombic or monoclinic svstems, have been ideptified with reflections from
lattice planes within a siach along the b ans {387 Therelore the phtialocyenine
film striscture deparied lrom ihat of 2 strong preferertial orientation {u the (001
direction tletragonal] or the | 107 direction forthorliombic or mo‘i..dm’ca as ihe
fiim growli progressed. A wimilar depariure from o prefureniial orient
observed in CuPe flms at a thickness of approgimetely H0nm [40411
growth had the ofect of randomiring the oriemialk

hies, Measurements of the peak width at Rail maximom intensity
of the typical microcrystallite size to be derived asing the Scherrer expr
value of 28.8 nm obiained was reasonably consistent v ajues of 14,
for ZnFc and 50- 100 am [34] for ZnPc end WNiPo A i3 pic b enicroerystai
10-30 am was alse determined by iransmission efe
of thickness 40 nm: although less than estimates
for films of thickness 100 nm, this is consistert with
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in CoPe &lms [-1_?1 Ahez anneaiing ni ¥- fnrm C‘n. o fidme
240740 X-ray diffraction mzasurements reveaied 2 piﬂm
fortr s observed previvusly [ 34300, A strong preferent
direction was evident lor fiims of tiucknazs 5.8 um. which in t!r ¥ fornn were t;gm
to depart from their preferred orentation; 1bis direction heen weil
the time of Rebertson's {20 work to correspond Lo one of
faces in B-CuPe crysials. Mohammied and Cotlins [437 hinve sim
¥ o § phase transitton in CvPe filns using didlersatial scan
iransiiion was shown e ba 2 two-stage process with the frst
associated with growth of s-phase crystals e ﬁfc 1ann of
migrocrystailites, and the sscond aise exothermic by i
into the [ phass and ihe formation of needie
designations of » form for alms deposi
evgporant and annealed
speuira wiih those of previous work [24.3067
sion of the films to the stable & foom had ne
of H.Pe films by ‘Jﬂal P cmf. \iiller [447.

Shinub and Gould | Tnzade a simitar ‘(-m, struciural
particular einphasis pzac-_a om preferred onenta
flepenr:'cncc i

sed

(oS-

af {“0}-‘“

was wmdessd usiag i

g M2 UGN diﬁ"ra;..

miz ahd b \'\.151,‘ alms et
1391 for 2 thickness of
aetregonal or e :
{or thicker films

iffraciion peaks @



244 R B Gundd ¢ oordimesion: Chonrixter Rewiews 150 ¢ J9Ua 237 274

However. in the case of CoPc films there was no apparent diminution i the intensity
of the first peak, as is very clearly evident in Fig. 2 for CuPe films. and the intensity
of the peaks at the higher angles remained relatively low, Thus Lhe ransiiion {rom
the strong preferred oricntation is considerably less evident in CoPc than in CuPc
films for thicknesses up to 1w i was found necessary to subjeet ihe a-form hns
of thickness 0.F pm to heal treatment at 300°C betore there was an almost complete
phase ransition 10 the B form, as observed tn CuPe lms [24.30.397. However, Tor
CuPc {ims the resulting preferential oriemation was in the {0017 dircction, in
contrast with that of the [ 2017 direction for CuPc films {397 Although these two
crystallographic directions are the mosi highly developed in P-form CulPe crysials
[207, the mechanism which deiermines the prefereed orientation in §-form flins
remains unclear, However, if may be related to the existing peeferential orientation
in the g-form films prior o the chanpge of phase. The work referred to for Cufe
films wus concerned mainly with those of a thickness such that the preferential
oriemation in the [0017 or [200] direciion. was not strong. particularly compared
with thal for CoPc flms. [ contrasi, for ToPe the preferred ortentation was still
strong, even for films of thicknaess | pm. and for the thinner films of the phase change
studies there no peaks weic reported other than that corresponding to the preferred
orientation. Thus in ihe case of the CoPc filmy the phase change probably reflects
a {ransition of highly oriented a-phase films into highly oriented f-phase films. [n
CuPc the energetics of the process dre presumably such that the moderately oriented
s-phise filins transfereed to B-phase films whose preferred orientation is weak. and
reflect a randomization in orfentation of the larger ervstallites. Only a detailed X-ray
study of the » 1o §f phase transition i different metai-substituted phthaiocyanines
as a function of thickness will detenmine whether the resulling orientation i the
B phase is primarily a thickness-dependent effect. or whether the species of the central
metal aiom in the phihalocyanine mokecule is more wppurtant.

A series of experiments was carried aunt on thin CoPc films which retained their
nreferential orieniation on transforming from the = 1o the [ phase [42]. The
mesroerystallite grain size I was obiained using the Debye--Scherrer mcthod on the
Hirst Bragg peak before annealing. The films were then heated 10 4 higher temperatare
Tonn I 0xyzen-ftee nitropen for 2h and the value of L was measured again,
Measuremenis were repeaied at even higher lemperatures until the dependence of L
on T, over the cnure temperatore range of the phase change was determined. 1L
was clear that at temperaturcs up (o 2000°C thete was an increase In the mean
microcrystallite size fromt abeut 30 nm to over 40 nm. but no indication of a phase
vhange. Ashida et al [237] ascribed this effect 1.+ CuPc to preliminary crystallite
growth al the early stages of the phase transformation process. Above annealing
temperatures of about 200°C there was a rapid increase in crystallite size to aboul
100 nm at 315°C; similar behaviour has alzo been observed in which «-form CaPe
films were heated 1o 300°C when the difitacuon patterns became sharper and the
crystallites latger [25]. The o i3 §} phase change behaviour was also observed by
carcfully monitoring the values of the angle 24 {twice the Bragg angle) for the first
significant Bragg peak and the corresponding values of interplanar spacing d,,,. This
behaviour s llustrated in Fig. 3. d,,, increased slightly with anuealing temperature
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Fig. 3 Dependence of sagle 20 and interplanar spucing oy, for il Bt Kooy Brage penk on the
anneshing tempeeature ¥ for 2 CoPo film of thickness O gm. The valees indicate a pradual « 1o p
pha e ransidios i he eoperatore range 250 3000 C, Reproduced with permission [rom Bof, (421

up to 200°C. and then decreased sipnificantly at 250.3007C. The value of 24
decreased slightly with 7., v 1o 200°C, again lolicwed by a significant increase al
approximately 250-300°C. o i, up 10 230°C, dy;, Jay in the range 1.271 -1.277 om
and 20 i the range 6929645 | close to the values expected for »-form CoPc: at
higher annealing 'emperaturc: Jy, was i the range 1.241-1246 nm and 2! was in
the ianee 700-7.127, in belter spreement with the valies expecied for (form CoPe
A comparabic dearease i dy, from 1279 nm (23] o 1.242 um [207] in going from
the o to the B phase is evident {or CuPc, and was observed by Lucia and Verderame
{45] for scveral phihalocyanines {including Co®Pc) after heat trexument at 300 C for
several hours, Later work [42] confinmed that the filmes remain essentially of the
form for T, up to approximately 258°C. but that after annealing at 360 C they
transform primariiy to the stable § form. Additional evidence {or the change in
struclure with annzaling was provide:d by ohservation of intensity profiles of the first
Bragg peak, where clemonts of both the o and §§ forms were obssrved for an
iatermediate annepling iemperaiure of 245°C, Fusther evidence lor the simultancons
co-existence of both phases was provided by Fryer [46], wao obse: jed eiectron
micrascopy images of both phases in H,Pe films and alvo found cvidence Tor a
MATteNsitie ransfiormialion.

Collins 1 al. 1477 used X-ray diffraction Lo identify the phascs of PEPc thin films
evaporated omio substrates maintained at 323, 533 and 383 K (30, 269 and 310°C
respectivelyl. o agreemeitt wich rarfier worx from the smme group [48], the films
deposited at 323 K were tdentified as aving monoclinie structiurs while those dapos-
ited at the higher temperatures had triclinic strocture. Unlike the majority of the
metal phithalocyanines, the PhPe molecule is non-planar. The central Pb atony, which
is of relatively large atorne radius, is forced outside the plane containing the four
isoindole rings and the four benzene rings of the molecule. The molecule then assumes
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the shape of a “shuttlecock™ | 147, and in the moneclinic siryctare the shuitlecock-
shaped molecules stack linearly, forming a molecular colump parailel to the ¢ axis,
There are three posable arrangements of the molecular columns in the crystal. but
according 1o the systematic appearances and absences of sharp reflections it was
determined that the actual stacking of the molecules was such that the next-nearest-
neighbour columns have the opposite sense {ie. the Pb atom is above rather than
betow the molecular plane. and vice versa). This arrangement resulls in 2 monoclinic
structure with g = 2.548 nm. &= 2.348 nn. ¢ = 0.373 am and ;= 90°. It was not until
1982 thatl the triclinic siructure was dewermined by vechika et al. [15]). The latice
parameters for this structure were reported a5 a= 13123 nm b=1.60131 nm, ¢ =
1.288% nm, 2 = $4.227, / = 96.200 and ;' = 114,19, with the PbPc molecules stacking
along the « axis oricniing their convex and concave sides alternately. For thin films
deposited at 323 K, the X-ray diffraction patlerns reported by Collins ot al [47]
showed g weak peak corresponding to the {00!} refiection with inerplanar spacing
0.128 nm, consistent with a dominant monoclinic PbPe structare. The Glms deposited
at the higher temperaturcs showed an intense (001) peak with interplanar spaciog
0,124 nm. The weak reflection for the monoclitue structure Aiffraction pativrns was
explained as the reselt of the existence of (wo substructures with opposite orienta-
tions. while the strong peak for the triciinic struclure was consistent with a high
degiee of crystallization, Althugh this recent work has no vet been confirmed, #
certainly appears that the I'kPc molecular phase structurs can be controlled by
varying the substrate temperature during deposition. Single crystals of manectinic
PbPe were grown at approximately 523 K and teiclinic crystals at about 593 K [15],
whereas for thin films the monoclinic structure was grown at 323 K and the triclinic
al 333K and 383 K {47]. The diflerence in the growth temperatores for the wo
phases when grown as single crystals and as thin films is an area which wequires
somc additional investigation.

Therefore there have been some advances in the structural characlerization of
various phthalocyanine thin flms, particulardy in the lasi 3 years. CuPe and CoPe
show thickness-dependent ortentation effects and transform from the 2 10 § forms
on anuealing [39.42]. while the anomalous PoPc molccule resulbts in the srowth of
¢ither the monoclinic or triclinic forms depending on the subsirale temperature
during deposition [47]). Cleurly, further work is necessary 10 characterize fully the
growth and phase transformation processes of these molecular thin film structures,
building on these recent advances, Perhaps clectrical monttoring of phase changes,
of the type performed by Wibksne and Newkirk [19] for ¥-form H,Pc compressed
powders, wauld be a suitable (echnigune. This may be particularly sepsitive in the
vase of PbPe films, since the reported room temperature conductivities of PhPe are
10728 m ™' in tha monoclinic forny [15497 and ouly 107°Sm™ in the triclinic
form [30].

3. D electrical properties

Various examples of electronic conduction processes observed i phihalocyanine
thin films will be described in this section. One of the major considerations for
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organic thin fimz is whether eneroy-band-type models of conductivity are applicabls,
This question has been addressed generally by Guumann and Lyons {517 and more
recently by Ahmad and Colling {327, the Iatter in the context of conductivity in
triclinic PbPe films. A common rule of thumb 0 this regard is the use of 2 mobility
value of 107 m? V™57 above which band theovy ts considered applicable and
betow which hopping-lyp: conductivity s more appropriate. However, Ahmad and
Collins have argued that very low mobility values, in their case of the order of
107 ™ m? ¥~ 1s7 give an eleciron mean-free path orders of magnitude smatler than
ihe 1 termolecular distance. and thal commonly guoted arpumenis related to the
relative validity of band and hopping models are rot directly relzvant, Several
workers have observed values for vartous guantities which appear rezlstic by the
applicanon of a band model, and in view of 1his fact such models have not besn
ruled out i the context of lew mobility valoes.

It is cvidem that phthalocyanine Hims prepared in a sandwich configeraiion
beiween metallic electrodes can cxpericnee a considerable eleciric field when sven
relatively Jow veltages are applied. For example, a film of thickness 1 nm subjected
to a voltage of only 10 V expenences an average electric field of 10° Vim . Simmons
[ 53] has reviewed several high-field conduction mechanismis n ife conioxt of thin
dielectric films. Many of these processes have also been observed in phthalocvanine
thin films and therefore they will be briefly discussed below from this point of view,

Simmons [ 53] has als0 made the important point that the type of cleclrode used
can preatly influence the conduction processes observed, and has divided the various
condustion mechanisms into bulk-limited and clectrode-limited classes, In bulk-
limited conductivity the charge carricrs arc generaied in the bolk of the matesiai
and the role of the eiectrodes is mereiy to apply a poiential in order to generate &
drift current. For electrode-limited conductivity the interface betwesn the electrode
and the insuelator or semiconductor presents a poiential barrier to charge fow, which
effectively limils the current, {n general, contacts can be eitler obmic or blocking,
with the latter sometimes being known as a Schottky barrier. [n ohmic contacts the
energy band bending at the intetlace with the electrode is such that there is a
reservoir of charge residing in the region of the contact, which is termed an accumula-
tion region. This charge reservoir ts capable of supplving carfiers to the material as
requived by the bias condiilons. Conversely, for blocking contacts a depletion region
is formed and carriers are required to overcome a potential harifer between the
Fermi level in the metat contzet and the conduction or valence band adges in the
insulator or semiconductor. The conditions for the formation of both types of contaci
are given by Simmons, althongh the reader should also be aware that simpie consides-
ations in ierms of the relative values of the work function of the contaci and of the
msnlator or semiconductor are rarely adequate for predicting the type of contact
formed because of the {reguent ~vistence of surface states. These are usuatly duoe to
the effects of unsaincaied bowds snd Dwpurities al the interiace [547. and can
seriously zlter the shape and heigitt of ine imterfacial barrier. A discussten of these
effects in outside the scope of this review. but the geacral 1ype of contact should be
recogrized when considering the various conduction mechanisms describad balow.
This section will commence with a brief discussion of the conduciion processss
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observed in phthalocyanine thin films, giving the relevant basic equations and the
dependence of current density {or current) on voltage andsor lemperature m cach
case, after which a summary of the results obtained for cach tvpe will be presented.
The ST system of units will be vsed throughout, except for quanlities which are
ahmost paiversally cipressed in other units such as those which include the electron
volt {eV) rather than the 51 joule as a unit of eoergy.

3.1, Basic conduction pracesses

Space-charge-limited conductivity {SCLC; is undoubiedly the most important
conduction process w phthalocyanine Wi films, having been observed in many
different materials, SCLC occurs onby when the injecting clectrode is an ohmic
contact. and therefore a reservoir of chiarge is available. At Tow vollages the thermally
generated carrier concentration exceeds the injected concentration, and the current
density J is given by a ferm of Olw’s law

J = ooy - §
Mooy d ith

where py is the thermaliy genermed carrier concentration {holes in the case of most
phthalocyanines which are generally g typel ¢ s the electronte charge, p 15 the
mobility (again normally for holes), ¥ is the applied voltage and 4 1s the film
thickness. When ohinic contacts arc applied wujorily carriers may be injected into
the material. and when the injected carfer concentration exceeds that of the thermally
generated concentration the SCLC current becomes dominani. However, the cxis-
tenpe of traps within imperfect extrinsic materials has the eficcr of immobilizing a
large propertion of the injected carriers. i the traps are shallow and located at a
discrete eoergy F, above the valence hand edge, the SCLC is given by

&G

&

9
J:—-gc,z{,ﬂp (2
where #, is the relative permittivity of the material, & 18 the permittivity of free space
and f 13 the ratio of free to trapped charge. in Eq. {21 we have not [ollowed Lampert
£53] in omitung the constant 3'8 on the right-hand side of the exprassion. The
quantity # is described by [7]

N, ( El)
B_'N oxp - 13}

lisy N\ 4

where N, is the effoctive density of stales at the vaience band edge, N, is the trap
concentratien residing in the discrete epergy level. & is Bolymann's constant end T
is the absolute temperature. 1 s clear that there is a transition between the iwo
conduction mechanisms described by Egs. {1) and (2}, which occurs at a transitional
voltage ¥y when the injected carrier conceniration first exceeds the thermally gener-
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ated carrier concentration. This velizge has the form
V= e — i)

However, a single shaliow trap level i freguently replaced by an exponentizl
distribetion of traps P{E) deseribed by the relationship

©E \
FlE)= Pyexpl - 3

o EXP kT {3}
where P(E} Is the trap concenlration per Uil cnorgy range ai an energy £ above
the valence band edge. &, is the value of P{E) a1 the valence band edge and T> T
Is 2 temperature parameter chatactenizing the disteibution, B can be shown that the
total concentration N, of traps compiising the distribution is [ 567

Ny = PokTy (63

and the corrent density is given by | 35]

s Pt
J=epN, (" ,—':) e i7}
_(’P{;f’\"}:, {{J !
This expression predicts a power-taw dependence of J on ¥ with the exponent i+
I+ 1 where { represercs the ratio T/T. Analogously to Eg.t4) there s ziso 2
transition voltage belween ohmic conduction and SCLC dominated hy a0 exponen-
tial trap distribution; in this case the transition voltage is given by {373
L\ T eFkTd”
-'\‘I\' & Lo

On the basis of these expressions for SCLC dorinated vy an exponcniial tfrap
distribution. Gould [ 58] showed that measurements of J as @ funciion of temperatare
at constant applied voltage in the SCLC region could be used o dewwrmine the
smobility and trap conceniration. If the data are pictted in the form log,, J azains:
1T the curves should be fincar, and wher extrapolated 1o regative valies of 17
they should all intersect at a cormmmon point irrespective of appiled voltage. The
coordinates of This point arc given by

N, Nt
oy, f = log,, 1\{;7“” }

kY

1
- = =1 5
LT T T,

]
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and the intercept logy fy on the logy, J axis 15 wiven by

£ etN, VS
logy Jo= l(‘grijtt'!["nr“") {1

This set of equations has been used to determine mobtily and trap concentraiion
in various matertals showing this form of SCLC. and m parbicular i thin Glms of
phthalocyanines, for example CuPe [5%]) and the triclmic form of PbPe [60]. All of
the above discussion on SCLC has heen concerned with single carrier injeetion: this
is the situation when only one type of carrier is injected in appreciable numbers.
The affect of double injection. when one clectrade 15 ohmie for clectrons and the
other 1 ohmic for holes. has sol to the aullors knowledge been identfied in
phthalocyanine thin flms. However, o very detailed description of this phenomenon
is given in the standard text by Lamvert and Martk {617 on current injection in
solids. while Lamb [ 541 also provides a uselul description.

A second butk-Timited conduction process is the Poole Frenkel effect. The efloet
is often referred to as the bulk analogue of the Schottky effect, a well-known
clectrode-limited process, which is itsell covered below. In essence the Poole-Frenkel
elfect is the feld-assisied lowering of the coulombic potential barricr betwesn carriers
at impurity levels and the edge of the conduction or valence bands, When a carries
15 trapped at a centre, it is unabie to contribute to the conductivity until it overcomes
a potential barrier ¢ and is promoted into one of the free bands. In the presence of
a high electric field the potential is reduced by an amount eFx where ¢ is the
clectromic charge, F is the applied field and x is the distance lrom the centre. This
results in a jowering of the potential barrier by an amount Adg, which depends on
the electric field aecording to the relationship

Adpp = fre P2 {12}
where
PR
ﬁ}’l—':( ) {13
\TTE L

is the Poole-Frenkel fizld-lowering coeflicient. (The Si unit for this quantily is
Im'? V™ although it is customarily quoted in a unit of eV m*? V™13 The
current density then follows the relationship

r??::Fl"z)
J=Jyexp —— (14
0 ( kT

where Ju =g, F is the low-field correm density. Although this is the form of the
equation nermaily used in thin-film work. owing to the almost upiversal presence
of traps, if the low-field conductivity ¢, shows an intrinsic dependence and is
proportional to the lactor expl— 2k T) where Eg; is the encroy pap, then a factor
of 2 would appear in the denominator of the exponential term of Eg. {14}, Although
Jo in this equation depends on F, the variation is considerably less than that of the
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expornbal erm and s frequently ranored in compaiison, Since # =174 Eq {14}
gar U pewriiten as

J{PI I;IE\
e

J=J,exp {13)

Thi a lnear plot of log J against ! 2 should be obained. from which o value of
the field-lowering cosfficient can be obiained wnd comparcd with the theoreiical
value predicted by Yq. (12} If the variation of the pre-sxponentia factor is also o
be taken into accauny, then a linear piot of lop(d Fyagajnst i 7 chould be obtired.

Several modificd versions of Eq. {14} have boon suggested 1o dccounl for the
curreni densiy varaticn in the presence of various combinauons of centres sach as
donors and raps: a particular example of one of these is given by Simmons [ 53],
More recently, Gould and Bowler F627] have proposed tne following expression for
the dependence of Poole Frenkel conduoction in which the electrie feld is non-
uniform and has & maximum value of 27 F. where F is the mean feld

2JGkT (*xﬁ,,,; F"E\ re

= gEex T — ta
2B PR P T Lot
Interpretations of results in terms of this exprossion have been made for CuPy [63]

and PhPc [13] thin films.

A thivd bulk-limited conduction process. which has been claimed 10 have been
observed in dun Blms of (FePOK tivon phthalocyvanineg co-evaporated with poius-
siem) [64]. and later in wiclinic PhPe [52]. is known as hopping. This gencral
process is well known in non-crystalline materisis. ang s desoribed in various
standard texts covering this ave: [65.66). In such materials the back of long-range
arder gives rise 1o a phenomenon known as localization. in swhich the energy leveis
do nol merge into one another, particularly in the region ¢f the edges of the cnergy
bands {band tails). The effect of this 5 that in order for carriers 1o be tranwporied
through ihe material and 10 contribute in tha conduciiviiy ihey have o proceed by
a series of jumps ar “hops” from one localized energy level to anotiwer. Hopping
occurs between the various localized energy levels when energy (usuaily thermall s
avatlable. However, since the localized tevels are normally very cJose in energy, the
thermal energy requived 15 very small and thereiors the procgss can uecur at very
low temperatures when other conduction processes are precinded. According 1o dotit
and Davis {66 L in this type ol material the conductivity o exhibiis different behaviour
in different regions of its log & versus [UF characterisic. At mgher temperaturcs
thermal excitatton of carriers to ihe band edzes is possible and citended-state
conduclivity can iake pluce. while 2t lower fzmperaiur ore fess thermal coargy
iz available. hopping mav occwr. There are various differeni happng regimes, for
instanee the seh-explanatory nearest-neighbour hepping and vasiablz-rznge hopping.
In the latter process hopping takes place 10 a more distant neighboor where the
energy difference between the siates is lower. For variable-range opping the conduc-

G W
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tivity is expected to folbew a relztionship of the type [65]

4 A \l! 4
ﬁ:ﬂ{_,cxp(— :!';,; (17}
where 7, and 4 are constants. A plot of loga versus T ' should then be Imear
with negaiive slope.

Of the clectrode-limbicd conduction processes. twinelling is normally applicable
only for very thin films of thickness bess it about 10 nr when subjected Lo a high
electric field. Therefore. 7t has not generally heen observed in phthalocvanines. owing
to the thicker films which are wsuslly used. Tunnelting is a guantum-mechanical
effiect in which the wave fnetion of the casrier is sttepuzicd anly mederaiely by the
thin barrier, so that the carvter has a finite probuability of existence oa the oppasite
side of the harricr. Simmons F537 has revicwed the tuspelling process in some detat
under a wide varicty of conditions of applied vollage and work function values, In
patticelar, it has been proposed [67] that a modified Fowler -Mordheim expression
may be applicable for tupneiling through an interfacial region of thickness «,. where
the electric field at the barricr is sefficiniy high te reduce ils width, measured at
the Fermi jevel, to about 3 nm. Ulader these circumstances the curremt density is
refaied to the voliage and barrier thickness by the exprossion

; el ( Sa(2on g7
=2~ expl TR
Srhuedy P X

where £ is Planck’s constant. o and o, ave (he barrier height and effective thickness
respectively of the tunnelling bavrier and m is the mass of the lrce clectron.

The Schouky effect is the feld-ussisted lowering of a polential barrer al the
imjocting elecirode and, a5 mentioned above is conceptually similar o the
Poole-lreukel effect. This type of conduction process occurs when the filim is loo
thick jor aancthing w take place. The potential barrier at the metal semiconductor
interface s reduced by an amuint Ady. which is given by

Adg= B F'2 {19}
where
o il )
fhs = ( pr (20

iy the Schotthy field-lowering coeflicient. By comparison with Eq. {13} it i clear
that fle; = 2. Richardson’s basic thermionic emission eguation

J= AT exp /-- ‘f)—) {21
kT,

predicts the current density flowing via esnission of carriers over a potentizl barrier
of hetght ¢ at = temperature T. 4 is the Richardson constant, which has a theoretical

a

value of 1.2 x 108 A m ™% Notc that the current density depends only on the barrier
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height and the emperawure. and does not depend expitcitly on the applied voltage.
4, is the zero-voltage barner heyght. then the reduced barsier heighl ¢ is given by
(b — Adpgd s that B (210 vickds

. fh b F TN
J= AT exp(—{—_’;chp(f"}T-} {223
or
. ; ﬂ"’n\ 1! 1
.f!:,-??“{?X[JL—E_)E\p(kr‘”—zj 21

Thus ir. pinciple the Schottky and Poole- Fresked eficets van be distinguished by
the ecasured value of the field-towering cosflicient, which i3 twice 23 b
Paoie- Frenkel case as in the Schotiky case.

Finally, diode-type conductivity may also he observed in piithalocvanines. The
Schetlky effect described above vorresponds to the flow of carsices uoross @ metal
semiconductor interface under reverse bias, when the dopyinun effect controdiing the
form of the current is field-lowering of the Schouky barmer [6RT However, if the
voltage is apphied i the opposite (or forward ) direciion. ine currem density moreasss
accorgding o the diode equation )

¥ S A L
J = I_ehp[’f“,} l} {24}

eh in the

where A 15 the reverse saluraiion curren: density given by

(23

Jo= AFET? c,\;p(' L

where A% 05 the effective Richardson constant. ¢, is ine burrier Mound s the
diode guality for ideality) factor, which is introduced to ailow for carmer recombina-
tion eflecis (687, Obviowsiy. for a sample with two metal electiodes contacling the
two sides of a phibalocvanine fm. there are twoe metal-senmzenducior Junctions.
Generally one of these effectivety dominaies the conductivity, and it is whether this
Junetion is forward- or reverse-biased that determines tae form of the conduciiviiv

This section hus attempted 1o cover most of the de conduction processes observed
to date in phithalocyanine films. exanples of ali of which are given in the following
sectipns, it should be noted thdl in many strucies nificant difierences can be
obszrved depending en the polarity. the mageiede of the appiied voliage and the
lemperature. Thus in the work described below 1hese features have normz
taken imto account, It shouid slso be nozed that in muy cases i le very ditfienit o
distinguish between, for exemple, SCLC and ihe Poole-Fronkel efficet ou ihe basis
of carrent density-vohage charscteristics ato"e and that distingishing beiween the
Poole -Frenkel and Schottky effecis is notoriousiv diffizuls

E
!‘

I3 beoen
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3.2, Space-charge-Timired comductivity

Delacoie et al. { 70) made carly electrical measurements on Aul CuPeiAu sundwich
structures, and observed an ohmic region followed by an exponentizi and then a
square-law dependence of current on voliage. They concheded that at low vollages
conduction was by a thermally activaied hole current, whereas in the exponential
region SCLC ook place. dominated by a uniform distribution ol traps as desceribed
by Raose [ 7], Following this, Sussman [ 9] made an extonsive series of measurements
on the same system. both in the dark and under iflumination, and from these
measurements was able to prove conciusively that SCLC, dominated by an exponen-
tial hole trap distribution. was responsible for the conduction behaviour. Ty Fig 4
Sussman’s results arc shown for & sample with CuPe thickness approximately 0.2 um.
at various temperatures from 210 K 10 430 K. All saunples showed ohmic conductivity
al low voltages (slope 1} and this was followsed by SCLC. The lisiling slope values
are indicated on the hgure. Sussman pointed out that as the sample temperature T
incieases, the value ol the stope should decrease, sinec it is piven by {F, + TV T where
1, s the temperalure parameter deseribing ihe trap distribution {see Egs. {5} and
71 Sussman also observed an inverse power baw of current on thickness. as predicted
hy Eg (7). Furthermore. he established that a set of double-logarithmic plots of

1l
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4 Currem-valtage 1/ Vheharacterisiics of a Ae]Cut'e!Au sample 2 different lomperatures. showing
chmie conductivity fobllowsd by STLL, The imitae slope s dicsted [o0 each charactenistic. and
decreases with facreasing lemperilure as predicwd by Sussman, Adupted with permissicy Trom ®ef [971,
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current versus voitage for SCLC dominated by ap exponential bap distriBation
should »ll be linear and should imtersect a1 g common poinl whose coordinates
could he used in the caleulation of narameters such as mobility and wap concen-
tration. Since Sussman's paper was first published. SU1.C dominated by hoth diserere
trap levels (Egs. (2)-{4)) and expenential trap distsibalions (Eqgs. {5348} has been
identifizd in many phthalocyanine thin-filbn mate-ais A summary of the resulis
chbtatned from a selection of this wark, ushig varions difierent clectrodes is given in
Table 1. i~ this table results for samples where osygen or other gases have been
deliberately introduced. thus varyisg the trap <oncentradicn, have gencrally been
cmitled; in parlicuiar a considerablc quantity of data derived by Ahmad and Collins
[52] for PhPc under different oxygen sterage and snnealing conditions has not been
included. When the data for fresh samples are not provided. values for the shortest
storage Umes are given.

it is clear <Lat the values of thermally generated hole conceniration py ave normaily
between 10% and 10 m ™ for flms which have not been annealed, with the excention
of CuPe films having indium electrodes {72 1 extremaely low mobiiity values ore
not adopted for this configuration, the iow value suggests that carrier compensalion
effects in the vicimty of the clecirode are probable. Total trap conuenirations for
gaponental distributions span a wide range from 6% W7 10 93 1 1970577
However. this variation is kelicved to be dependent po the phihalocyanine pority,
preparation conditions, phase. thermal history and 2lectrode muterials. When discrete
trap level SCLC is considered. the range of frap concentiations reportad s from
5x %0 T x 107 m T However. the highest valug is exceptional { 13,761, having
been derived for PbP¢ assuming a high reported mobility of 3.7 = 167 w2 ¥ 1x71
(813 More recently, 2 mobibity value of oaly 605 x 10 @™ v~ s ! has been
reported [60]. The assumption of 2 lower mebility vaios might mitigate this discrep-
ancy. Otherwise the trap concentrotions in the single-level mode vary in the narrower
cange of 3 10'% 10 3.5 % 168% m 3 Traps distributed exponentialiv i energy apnear
able 16 accommodatle higher overall trap concentrations. Activation encrgics for
discrete trap lovels have been reported as 0.62eV {73 ) and 677 ¢V [741in € .J.P{.
0.42¢V in PbPc [13.76], 038 eV 1 NiPe [78.79]. and 943 ¥ {fresh) and 7168 oV
{anneuled yin CoPe [0} Therelore thevz appears Lo bt some difterence in thee value
between the vanous phthalocyanines. which s probably a function of the ceniral
metal atom in the molecyle and pessibly the oxygen content.

{t has becn well estabiished that oxygen doping increstes 1“.': copductivity of
phthalocyanine thin films and that annealing drives out the axygen, thus ,uw::ur.g
the Cunduclnlt» [n CuPe films [ 73] cxposure to oxygen increused the value of py
from 5 x 10 m™* alter storage for 2 weeks 10 15" m* after storage for 20 weeks,
Annzaling reduced its valug to L9 x 10 m ™A A similar. but less drasiic. effect has
also been observed by Abmad and COL.M L,__.- in Pt)Pc films, which showed & p.
value of 2.2 x 108 3 after storage for 2 wecks. 4.5 % 109 m 7 afrer storage [or
2% weeks and T4 = 10 m 3 afler g.nneal,mc T\ arpwWsk: {_'82_&3] mentignsd that
OXVLEN OlnZassing mig'm occur in ZaPe. Furtn: sirare. itis known that the transiion
from ihe 2 to the [ phase takes place us the temperature 35 incicased. Twarowsk:
suggestad that the low conductivity of the § phase may be due in parr 1w the deeper
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trap levels present b that pluee A further interoaiing no
recent resulis s that alter storage in oxveen the SCLE
rather than the posardlaw variely, with the power-lay
annealing. This hus boen abserved in CuPe 173, ColPye [ 807 and
alter exposurs toa high crygen concenty for ex
process appedars Lo be dominated by a singi
wii'e the expomential trap distribution after annceling prohad
conductiviiy of the material. Ahmad and Coltins [ 527 also nbse
of square-law behaviour after capusure of previcusdy snnaber
oxygen atmosphere.

Gronld [ 59 ] utidized the meihod datined By Fas 19041y o daier
of rap concentration and mobitity in CuPe fitts ae & funetion of
pressure and deposition rate. The depesi
varied from 0.1 0 3.0 am ¢ L and the background pressuze Py
1o 1.3 = 08 1 Pe. By caploiting Lhe spread of these ©
cover a range of PR from 2.0« 55 10 12« 107 Pa s
denice of both mobiity u and tots! trap concent
significant decrease in mobility and an
increased. It was xlimated that the ratio o
{oxvgen and ntirogen} to the nember of dep
042 [0 for the F:R renge coverad. The decredse
107*m* vV ' 's7! and the frcrease m ihe irs
6% 10 m ™ were ascribed resneciively o
trapping by the oxveen and nitecgen malecitles
sume metiod was wsed by Akmed and Colling F607] w d

O3 = 9 m*V ' tin PbhPe bims.
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lished that there was o systematic vanaiion ob over fwo orders of magnitude for
mability and trap concentration, which could be dircetly ielated to the deposition
conditions.

In view of the low mobility values. messurement of this quantity in phthalocyanine
films & not a simnle task as Hall effect measurements regquire the deleetion of very
law voltages and (ke use of 2 relatively high magneiic field. The SCLC method
described above. and varions calculations from SCLC data. are the most frequenty
used techniques, althowgh other methods such as time-of-Hight measurenents [84]
and calculations using measurements of the Scebeck cocllicient [81] have alse been
used. ¥u addition (o the mobility measurements described above, other measuremenis
involving SCLC bave viclded values of 10 $m? V7 's ' [S0T, 2% 10 Tm? Vst
or 2x 107w Vs (depending on the structure) {11l and 2x 10 "m? Vs !
[97 for CuPe iilms. Myciclsiti et 1 [#47 determimed u vajue of 10 %in? V7' s using
time-of-light measurements for TuPe ins, while Lanrs and Heiland [R5 imeasured
surface conductivity in se ~ral phthalocyanines and derived values of drift mobility in
CuPe filims spanning the range 1072 107" m* V7' s 71 The extremely high mobility
valie of 37x107*m? V- lg ¥ [&] determined for PbPc from measurements of
conductivily and (hermackectric power 1 i complete contrast (o the value of
6053 1070 v 7' {60 obtaned using SCLC measureients. The major conclu-
sions that eev Do drawn froan these measurements are that (i) there is a great difference
m mobility values depending on the deposition conditions, although the mobility is
to seme extent controllabde, and (i} mobilitv values are, with one exception, vevy low
and possbly outside the range of applicability of the band wodel [ 321, Considerably
more work requives 19 be performed on this aspect of phihulocvanine thin fiims, and
the SCLC technique appears 16 offer 2 method which at zast gives sell.consistent
results for a given muaterial deposited under different conditions. Detaiked mobility
measurements have previowsly been confined maindy 1o Cul’c and PbPe fiims, and
their extension (o other phthalocyanines would be of constderable interest.

2.3, The Povic -Freakel effec:

Poole -Frenkel conductivity is an effect which s normuaily bulk Hmited, Lo the
clectrodes do not have an appreciable inthuence in deferminimg the observed current
density. However, it is not observed in phtaiocyaning thin fiims when an ohmic
contact s used, as SCLC is predominant. However, the ~ect has been reporied in
films where the injecting el=cirode is not ofumic. useal’y 0 ihwe higher voltage range
and accompanied by a different lvwer-voltage conduction grocess such as Schottky
emission.

Poole- Frenkel conductivity in a structure incorporativy Cuec was Arst reported
by Hassan and Gould [72]. However, in this case sy Pechs Frenbe] conduction
in the phihdosvanine layer was nol ohserved. The streciure vestigated was
In|CuPc|SiO, {in. whore | < x < 2. and although tie In cleciiode appeared 10 it as
an ohimic conisct to the CuPe, the sulating SO, Taver offeetively o
conductivity. The measured value of the feld-wcrng conilciom B owas
1.95% 1077 eV m 2 V™12, Similar values have been obtoned in $i€3, fims by many
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workers [ 727, and wore identified with a form of Poole- Frenke! conductivity, rather
than the Schattky eficet. mainly because the f§ value did not depend on the electrode
matcriai [86]. However, these workers [ 63] did observe Poole—Frenkel conductivity
in oxygen-doped (CuPc {ims of thickness 5 um using one gold and one alumininm
electrode, W fazed with (he ajuminium electrode positive (injecting lor holes),
a linear dependence of log J on V¥ was observed. The theareticzl value of fop for
CuPc was caloaleted as 4 2 107 ey m' 2 V' "2 [rom Eq.(i3}. For voltages in excess
of about 160 ¥ the incasured value of ff was 6.4 % 1077 e¥ m' 2 V' for an oxygen-
doped sampie and 29> W eV ' TV P for an annealed sample. The value
obtained for the oxygen Joped sumple wus rather higher than the vsueal theoreical
value, but eiphicabic in icrms of a non-uniform intemnal electric field distribution via
Eq. (16). For annculed so w the measured § value was reasonably close to the
theoreucz! valve and thus conventional Poole-Frenkel conductivily with a uniform
electric field distzibution was identified. Similariy, in AuiCuPe|Ph saumples {73
Poole-Frenkel condnctivity with =32 x 10 Tevm 2 Vv~-? was observed for
applied voltages above about 3 V when the Pb electrede was positively biased.

In Au|PoPc|Al struetures [ 13.76], with the aluminium slectrode postively biased.
a f} value of 254~ 1277 eV m'? V7' was obtained. compared with 2 theoretical
value for Pbhic of 234 x {077 ¢V m*? V" 12 {or the Poole-Frenkel effect. Again, this
slightly higher valne was identificd with a possibly non-uniform electric field distribu-
tion. At lower voltages a higher [ value was determined. which was identified as
Schottky emissioi. but taking plase over a limited range of the film thickness. Very
similar results bave alse been reporied by Alimad and Coilins [ 877 for thiz system,
agnin showing two reuges of linear log J versus 7 behaviour. However, in this
cas: bolh were interproied w ierms of the Schottky effect bot with different barricr
widiis, aithoueh the possibility of interpretition invoiving Fooles Penize] emission
was also mentioned. Addwonally, Kadpar of al [88] mweroreted ikair resolls for
PbPc films containing oxveen in termts of both the Poole Frenke! and Schottky
effects. although their films bad (wo gold clecirodes.

Thus theic have been several reports of Poole- Frenkel conductivity in phthalocya-
nine thi flns. Interpeetations of the data have been disposed 1owards the Poole-
Frenkel rather thau the Schottky effect where the § vaines have been shightly higher
than the theoretical Poole -Frenkel valuc but significantly 1n excess of the correspend-
mg Schotiky values. However. in some cases measured f§ values which greatly exceed
both thuorztical valies have beer inlerpreted v terms of Schottky emission over a
barrier of widih less ithian the full filin thickness. Definitive mcusurements are clearly
required in u weil-geiined phihalocyanine material using, for one contact, a wide
range of electrode materials with different work functions. Similur eleciricu tehaviovr
irrespective of electrode material wncer reverse bias would indicaie Poole-Frenkel
conductivity, witile Schotiky behaviour should exhibit different values of current
density owing 1o the diflering barrier heights,

34, Variable vaige hopping condiction

Hopping is & conduciion mechanism normally associatzd with non-crysialline
maierials such as glasses. Nevertheless. it is known that phithatocyanine films occa-
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sionally have an amorphous structure 337, and therefore the possitality of amor-
phous regions existing v nonunally - or f-phase phihalocyaning films s not
excluded.

The Mott T'* law for variable-range hopping was tentatively identified in
{FePc)K by Le Moigne and Even {647, Basic activation energy measurements
revealed 2 change in slope or “kink™, which implicd a significant diffzrence in
activation cncrgy of (L04 + 0.01 ¢V, The cuistence of 1wo diffcient thermally activated
processes i both the ohmic and SCLC conductivity ranges led o the assumplion
that a change in the transport mechanism occurred as a resull of a change n mobility
of the charge carriers. The data were plotted according {o cxpression (170, and
showed a linear dependence of logo on T™ ' for o T runge of aprroximately
026-329 K P9 (140220 K). Fhe lneavity was particlady good in the range
156-175 K and variabic-range hopping was proposed as the conduction mechanism,
although it was pointed ovt that the vange of the daa was Loe limited for a (il test
of the T7 " faw,

More recently. work on lriclinic PbPc films sandwiched bewween gold clectrodes
has also shown evidence of variable-range hopping at low temperatures [52]. In
this work sctivation energies were measured al constant vollage fearrent density
varied with temperature} and zlso by making « series of measurements at constant
temperature (current density varied with voltage). Thercfore in the latter series of
measurements the devices were progressively anncaled during the course of the
measurements. A “kink™ similar 1o thar obscrved by Le Moigne and Even | 64] was
also ohserved in the activalion energy plots and thus analysis in terms of Eq. (17
was attempied. Fig. 6 shows a plot of log [ STy — J¢ 160 K17 dumkl 7 1 oran

spplied voltage of 1V in the olunic range. This =i varhttion,

» I T I

10G (HTY =~ {160 KY) (A m™)
&
=
I
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-§0 ] ! !
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Fig. 6. Dependence of log,, [F(T-- HIBO0K} an 7 ' G the olimic conduction remion (6 VS i &

Au|tichaic PePo| Ao sample, Tie linear plot verities the 7w of T (170 lar variable-range hopping.
Adapied with permission from Ref. [ 527,
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indicating that Ty (17} is obeyed over the relevant turmperature range. 1t shouid also
be noted that o similar linear vanation was also observed in the SCLC region. with
plots simiar 10 that of Fig. 6 presented {or applied voltages of 30 and 106 V; however,
ip the SCLC region there was a change in slope 41 a temperature corresponding (o
approximately T " =D25 K™ ¥4
The work on both {FePe)K and PbPc has shown cvidence of do variable-range

hopping at reduced temperatures. although bolh groups of authors [ 532.647 stated
trat & full test of the 771 law requires the gequisilion of duta over a wider rangs
of tempeyatures. Although thes is tree, there is some additional recent evidenee irom
ac measurements in several evaporated phthalocyanine materials that supporis the
evidence of hopping sl low temperatures [89-927].

3.5, Tunnefling

In their clecirical measurements on Cule Alms using mdinm electrodes. Hossan
and Gould [ 72] observed that there was a very sharp inerease in current density at
approximately 1V when the bottom (substrate] eleclrode was biased positive, znd
that this was absent when the suructire was Diased 1 the oppasite polarity.
Furthermore, under the opposile polariiy the indivin electrodes appeared 1w acl as
chmic contacts and the usual ohmic condaction foilowed by SULC was observed.
{t had previously been suggested | 127 thutl oxidation of inditm contacis dwing
deposition may 1ake place and that wnnelling throwgh this layer might ocoer. It was
estimated 727 that the impingement rate of axvgen moleenles in the vacuum
chamber under the conditions of deposition was of the order of 3.4 x 107 m™ 457 %
allowing oxidation of the bottom electrode between the cessation of 13 deposition
and the commencement of the deposition of the CuPe film. Although the ovide layver
was considersd unlikely to exceed a thickness of 1.3 nm_ and thus was unlikely to
domina{e the overall conductivity by itself, it was proposed that the presence of such

4 layer may serve 1o medify the clecironic character of the In|CuPe contact su :ch
ll!al tunnelling into the valence band sould eccur over a ragher greater thickne

Simmons [67] had proposed that a modified Fowier -Nordheim expression ma}-‘
be applicable for tunnelling through the interfacial bareier when the clectric feld at
the barrier was sufficiently hugh 10 reduce the barrier width 1o about 5 nm. Therefore
the data in this region ware replotted as a Fowler Nordheim plol {logil ¥°7) versus
1Y following Eq. (18) and vielded u strajght lme with negative slope. From F. (135,
the slope of such a piot is —6.83 x 10%,¢ pe v "' where the barrier thickness ¢, s [n
metres and the barvier height ¢ is in cleuron ‘olis. Assuming & iypical value of the
tunnelling thickness of d, = 3 nm. barrier heights of 030 eV and 927 &V were derived
respectively for an In|CuPelin sample and & similar sample incorporating an insulai-
[nﬂ “edge- thickening” layer 1o avoid tocalized diclectric bretkdown. Aithough this

wlvsis confirmed thal a conductivity relationship of the Fowler-Nordheim iype
was followed, 11 was slso pointed out that the value of the current density predicicd
by ihis expression was considurably higher than that actuatly obszrved. This reduc-
tion in the observed current density below the theoreiica! velus was consistent with
an effective 1wnnelling area considerabiy less than the gecineiric arca. Accordiag to
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Chopra [93], a factor as low as 1077 may be applicable. Another contributing facior
to the current density reduction is undoubtedly (he effect of traps in the CuPe Rlm:
Geppert [94] has shown ihat in the presence of iraps current density may also be
reduced below the Fowler-Nordheim value, Therefore it was praposed [72] that a
modified tunnelling process took place at the boliom Injecting ~lectrode, and that
the current density was reduced by 2 combination of the two eflects Juscribed above.

A more rigorous lest for tunnetling behaviour in phihalocyvanine fims would bhe
to perform measurements on sandwich stractures with a pithalocysnine film thick-
ness of less than 10 nm. However, in view of the relatively larga size of the phthaiocya-
nine molecule compared with the film thickness, the growth of high-quality films of
this mmatenal using conventional techniques is vnlikely. Measuremenis vit Langmuir—
Biodgett films, where the fiim thickness and guality can be more precisely controlied,
oiler a possibility, althongh the difficulties in the application of cvaporated contacts
to such films should not be underestimated.

3.6. The Schottky effect

Field-assisted lowering of the potential barrier at a blocking contact in phihalocya-
nine thin films has becn observed in severul materials, often in Schottky diode devices
under veverse bias. b usstiss-Wogner [957 investigated the elecizical properties of
z-form H,Pe fiims supplied with Al and Au clectrodes. finding ke familiar linear
log J versus ¥ dependence when both elecirodes were Al This was ascribed to
either Schottky emission {rom the electrodes or Poole-Frenkel emission. Shnilarly.
Barkhaiov and Vidadi {967 ohserved this tvpe of behaviour for the reverse-bias
dircction of Al|CuPciAg structures. Hamann and Tantzscher [417 studicd Culc
films supplied either with two Al clectrodes or with one Al and ope Au elecivade. b
was proposed Lhat an alumintum oxide fayer grew af the wunerface with the Al
electrode. probably by diffusion of oxygen from the organic material. The devices
were envisaged as a serics combingiion of Schottky emission over the oxide layer
and SCLC over the CuPc Jayer. The Schotthy eflect was negligible for CuPe film
thicknesses greater than L5 pm A <imilar explanation was also mdvanced by [Fan
and Faulkner {97] o explain their measuremcnis on CuPeand ZnPe films. A barrier
height of 1.27 ¢V was deiermined in ZnPe films with Al clectrodes. The Schottky
barrier width in such sampics was estimated (o be approximately 6.5 nmn. which i3
similar to the reported thickness of naterally grown AlyQ; films at room temperature.

Tripathi et al. [98] observed the Schoutky effect in CuPe pelleis using tin zlcctrodes,
and found a barrier height of 0.37 eV and a ff; value consistent with a refative
permittivity of 3.2, as obtained from ac measurements. Wilson and Callins [12]
obtained a linear dependence of the logarithm of current an F'? as predicted by
Eq. 122} for planar flms of Cul¢ with Al electrodes. By comparison of the measured
slope of thair plot with that expected for a materiai with relaiive permitilvity ¢ =
3.8, a depletion region widih of 96 nm was derived which was compurable 10 that
dertved by Vidadi ot al. [99] However, a similar caleulaticn applied to their
measurements wWith siver electrodes yielded an unreasonable depletion region width
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of 240 nm, suggesting that in this case the simple Schotiky effect wus now solely
responsible for the observed behaviour.

Hassan and Gould [63] obscrved 2 lincar dependence of logJ on P77 in CuPc
films with a positively biased Al electrode. The theoretical value of fiy=
2x 1 TV m!? V2 Fom Fg {205 was considerably lower than the caiculated
value of =94 x 10 %ecvm®?V " for an oxveen-doped sample and fi=
13.2 x 10772V m'? V™' for an annealed sample. both for voltages less than about
16 ¥. {For higher voltages the measured # valucs were lower, and consisient with
the Poole-Frenkel effect described in Sectton 3.3) The ff values derived from the
lover-voltage sections of the cuvves were thus 3 factor of 4.7 {oxygen-doped) or 6.6
teancaled) times the theoretical Schottky values. sufficiently #t vanance to climinate
an interpretation based on the effect occurring across the entire CuPe thickness of
3 . However, following the conclusions of Wilson and Collins [127 that most of
the applied voltage 1s dropped across a depletion region of thickness Js and asswming
the theoretical value of f.. the values of ds and the Schottky barrier height ¢, were
determined using Eq. {23). The data yielded values of dg = 220 am and ¢y = [ eV for
Lthe oxygen-doped sample. anu ds = 120 nm and ¢, = G.88 eV for the anneated sampie.
These values of dg are reasonably consistent with those of Wilson ana Coltins. and
therefore it appeared that annealing reduced both the depletion region thickness and
the barrier height. For Au|CuPc|Ph samples {747 in the lower voliage range. values
of # 7.0 times and 4.4 times the theoretical fig value were derived for the injecting
Pl electrode on the substrate and on the non-substrate side respectively of the CaPe
films. A similar analysis based on the existence of a Schottky barrier at the jnjecting
electvode yvielded o5 = 4 nm and g, =1 eV for the Ph clectrode on the substrate
side. and d, = 100 nm and ¢, =1 eV for the Pb elecirode on the non-substrate side.
Thus on the norn-sebstrate side of the CuPe the Ph electrode foimed 2 wider depletion
regiony than on the sebsteate side, prohabiy due to cither sorface toughness efizois
as obsorved in HaPe layers [0 or o transiticn Tom the 2 o the 3 phuss awing
to the elevated temperatures experienced during clectrode depiostiion.

I oxygen-doped triclinic PbPc Hlms with an Al top electrode and a Au bollem
clecirode Ahmud and Collins [87) used a Schostky barsier analysis to interpred
results for injection from the Al electrode. Valoes of do =50 nm and ¢, = 1.11 eV for
voltages up Lo aboul 2V and dy = 458 nm and 6, = 1036 eV for aigher voltages were
obtained. Measurements by these workers on samples with a boutom Al egiectrode
and a top Au clecirode showed similar behaviour, but with a narrower depletion
width in each voltage range. Shafai and Gould [13.76] found dy =30 nm and
#a =12V for similar saunples with an Al top ¢lectrode at voltages up W abopt 4V,
i axcellent agreamem wiitl the resslts obtained by Abmad and Cellins in a similar
ve''a 2 range.

Therelore there appeas 10 be a general body of evidence that a lnear log J versus
V12 dependence is observed for heole injection at blocking contacts into various
phithaiocyanine thin filins. A discrete change in the J value has been observed in
CuPe flms with an injecting Al electrode [ 637, CuPe films witi a Ph elecirode [74]
and PbPc films with an Al elecirode [ 13.76.87]. Derived §i values are nonwaily in
avcess of ithe theoretical fig value at low voltages. and thus there is general agreement
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ol interpretations based on Schottky emission over a nurroewer depletion region at
the injecting clectrode. At higner voltages both an increase w the Schotky barrer
width and the establishment of Poole--Frankel ot modified Poole-Frenkel conductiv-
Ity have been proposed.

3.7. Diode-tvpe cenducticine

The diode equation {24) is followed under forward-bins conditions wlen a metal
senliconductor junction centrols the oversll conductivity. Fan and Fautkoer [97]
obscrved such behavicur in Inj#, Pel Av and Tn|ZnPc| Au structures. For the former
structure the dinde eguation was fallowed below a vallage of about 0.3V and the
analvsis yielded a barrier height oy i Eq.{23) of 1.5eV. This value accorded
reasonably welf with an estimaie based on the ionization perential of H, Pe and the
work function of In, For the latter structuee, similar behaviour was observed with
¢y = 1.35cV and the diode quality factor s =137, Loutly et al. [ 1017 invesiizated
the barrier between 1o and H.Pe during their work on phithalocyanine organic sotar
colls. These workers also observed exponentially moereasing values of J with ¥ at
applied voltages below 0.5V, which were accounted for in terms of a modified
Shockley equation mvolving the device series and shint resistances. Values of the
diode guality factor i = 13- 2.6 were derived [rom ihese resulis. Capaciiance measure-
ments yielded values of ¢, = 0.63 ¢V and Schouky barsicr widih 29 nim. Martin et al.
11027 measured the junction properties in Au}ZnPcimetal {where the metal was Au,
Cu. Cr, Al In, or Sm) both in a vacuum and after exposure to aiv. Simiarly, they
found diode-type behaviour with a rectification ratio RR (defined as the ratio of 1the
currents under forward and veverse bias at a voltage of 103 V) having a particularly
high value of 82 for an Al elecirode afler exposure 1o ais. Therefore thie strong
rectification effect wus correluted with the presence of oxygen.

Hamann et al. |03 ] poticed diode behaviour in thin-flm Ni|PhPe junchians for
voltages up to 0.2 V. provided that the deposi’icn was performed at room temper-
ature. This type of conduction was belicved 1o result from weak oxidation of the Ni
contact. Conversely. sampics deposited at higher lerperatures. where the crystallite
size was larger and the barrier height lower, showed SCLC. Abdel-Malik et al [104]
reported diode-type characieristics in Aims of B-phase CoPc dispersed in 2 polymer
binder, fiom which a value of 5= 245 was determined. In this work a modified
Shockley equation, identical with that previously used by Loutfy et al [ 1 ). was
adopted. Shimura and Toyoda [ 1057 made measurcments on flucroaluminium
phthaloeyanine (AlPcF) filins. studving their photovolaic propertics. They used a
SnjAIPcF|Au structuie which showed rectifving diede-type behaviour described by
Eq. (24), with 4= 145 aud ao RR value of about 33 measured at +1 V.

Measuremenis on CuPe films with combinations of Au and Ph clectrodes were
reported by Gounld and Hassan [ 74]. Both Pb|CuPc|Av and Au|CuPc|Pb samples
{wherc the first metal is adjacent to the substrate) showed current densitics lower
than in AwiCuPciAu samples. Morcover, reverse-bias current densities were consider-
ably lower than those for forward bias, In both these respects the characteristics
resembled those of AulCuPe|Al samaples where a Schottky barrier was shown to
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exist at the Al contact [12,63]. For Pb|CuPclAu samples under a forward bias of
less than 1V, a lnear dependence of Ind on ¥ was obuuned. showing stmilar
behaviour to that found by Loutfy et al. [I01] in H.Pc with In electrodes. There
was pood correlation with Egs. {24y and {25). und vaives of = 16 and g, = 1.03 eV
were abtained. A high RR value of 790 {measured at =1 V) was lound for this type
of sample. However. typical diede behaviour fullowing Eg. {241 was not observed in
AulCuPc! Pb sumiples. Furthermsore, both the forward nnd the reverse current densi-
tivs fo. ampies of this confliguration were lower than for PhiCaPoiAu sampies. with
an RR value of only 7 for a freshly prepared sampie. Stnce in this type of sample
the Ph|CuPe interfuce is on the non-subsirate side of the CuPe film. 1 comroiling
polentizl barrier or interface region mighi be oxpzcted. one effect of which is (o
lower RR. After anncaling at approximately 156°C and subsequent exposure to aic
for 3 k. an increase in the value of BR 10 74 was observed. This offect had previousty
been reported by Martin et ab. [102]. in particutar 10 Aw ZaPeiAl samples where
RR increased from a value of 1 to 82. This was attribuicd e the development of an
enhanced space-charge region within tlle ZuPe.a process which wouid also satisfacro-
rily cxplain the later results in CoPe uuing Pb clectrades,

Ahmad and Collins [87] observed diode-1ype conduciivity i Aui PRPe: AT devices
They found a linear dependence of I Jf on V7 with values of i = 1.9 dnd = 110K eV
using the analysis of Eqs. {24) and {251, These attributes ware also extracled from
the data using the more sophisticated method of Chenng snd Cheung [1067. which
also takes into accouni the diode series resistanee R and which is apprepriate Jor
non-ideal diodes (5 # 1). The resulbts of this analysis were 4= 17 gy = 1126V and
R =530 MO, which are in good agrcemmt with the values obtained by the simpler
method, A valoe of BR of 40 at £+ | V was also determined. For Al PhPeiAu devices
{J\I aa_;au.cm to the substrate) thcv found 4 =209, g, = 1144 eV and an RR value

8. Therefore the latter parameicr was higher when the Al contact was on the non-
hubmate side of the Hlms.

Despile the apparemt snm,mnms hetween the resulis of work peiformed on diss
of CuP¢ [74] and PbPc [47 ], there are significant differences in both the metheds
of preparation and the detailed results. The CuPe Fim structures were preparcd i
a single deposwion sequence without breaking vacuum o that incorporation of
oxvgen inte the flms was minimized. bi this work diode behasiour wos onby abscrved
when the Pb electrode was on the substrate side of the fime and showed a very high
value of RR. Conversely. tie PhPe fims were deposited in o diforent vacuum sysiem
to that used for the bottom eiectrode. durng which an ALO; layer could form i the
botiom elecirade were Al Additienally. the samples wore exposed Lo dry air for o
period of several weeks before deposition of the top lectrode. Diode behavieur
overrred irrespective of the electrode positions. but in 1his case the bigaest BR values
oceurred when ihe Al cicowrade was on ihe non-subsiraie side. although its valae
wis considerably lower than that for the CuPe samples However, both seis of
workers were in spreement thai the developroent of an wicrfacial javer, resubiing
from the eficet of exvzen exposure. wis a controliing fctor in device operation and
that asymamsatric conduciion behaviour was related to this, Morc recentdy. Kadpar
i al. [88] have re-examined potenual barder iprmation cavssd by absorption of
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negatively charged oxyzen molecules on the FbPc surfece, 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 vaceum.
enhanced at higher temperalures, wag resnonsible [or these effects. Cleariy, additional
work on different types of phihalocyanine films. supplied with various combinations
of electrode materials, is reguired before the dinde-type conduction behaviour is fully
understeod.

4. Ac elecirical properties

The ¢ properties in phthatocyanine thin films have been studied considerably less
than the dc properties. Because of this general paucity of data it is worthwhile briefly
reviewing some ac measurements on bulk samples. Bradiey ot al. {107] studied the
ac propeitics of powdered f-form H,Pc compressed at pressures above 10 kbar; for
de work, measurements made under these conditions were considered (o yield true
conductivity values. The intergranulur capacitance for high frequency ac provided a
low-impedance shunt across the contact cosistance, and an equivalent resistance and
capacitance network was proposed 10 acgount for the conduction behaviour. In
general, the resistance was found to decrease with increasing frequency. or the
conductivity increased with increasing frequency. Fendley and Jenscher [108] made
similar measurements of conductivity and capacitance on compressed CulPe erysial-
lites over a wide frequency range of 10°-10'° Hz, using a wide varely of measuring
technigues appropeiate to the various frequency ras. zes. The major fact to emerge
from this work was that the conductivity ¢ followsed a power-law dependence on the
s ngular frequency oo, or ¢ o with n = 0.8. These workers pointed out the great
similarity of this behaviour to that observed in a wide range of materials in which
hopping was believed 10 oceur. Thus, although the possibility of hopping in phthalo-
cyanine materials was inferred from ac measurements by 1972 identification of
hopping in thin films using de methods is 4 much more recent event [ 52.44]. Sadacka
and Sakai [10%] also conclided that hopping was a major vonduction process in
Cul, observing o v o aot only lor compressed powders but also for thin films.
Similarly Wactawesk et al. [110] observed both hopping and thermally activaled
behaviour tin CuPc, CoPe and PbPc compressed powders and fiims. Nalws and
Yasudevan measured diclectric properties of peltets of both CePe {1117 and chloro-
iron phthalocyanine {112]. CoPe showed an increase in & with temperature up to
approximately 150°C, above which a sharp decrease took place. A simvilar dependence
was displayed for the loss tangent 1an §. This behaviour was associaied with nomadic
polarizalion effects. [n chloro-iron phthalocyanine the values of both & and tan d
increased with lemperature in the range 20-2607°C (292-533 K}, showing higher
values at 1 kHz than a- 10 kHz. Nomadic polarization was alse considered to be
responsible 1or this behaviour. Abdei-Malik et al. [113] measured ac properties in
H:Pc, NiPc and CuPc pcliets, and also observed the & o o law. Maasurements
were made for 303-513 K and 10--10° Hz. Measurements of condactivity as a funclion
of reciprocal temperature showed very little variation except at high emperatures.
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fn the higher-temperaire range the conductivity remained essentially constant over
the whole frequency range. Tdentical conclusions were made to those drawn for
CuPc and magnesium phthalocyanine (MePe) tilms in the earier work of Vidadi
et al [1847 which is described below. Thus there is reasonable cvidence that bulk
phthalocyanines exhibit hopping cffects. particutarly at low temperatares. with several
materials showing a o ¥ o" dependence [ 1081101137, 2nd un equivalent cireuit
model has been proposed 10 dccount for vanaions in conductivity as a funciion of
frequency [107]. These resuils are closely related to the ac measorements on thin
filins described below.

Vidadi ct al. {1147 pomted out thai both hopping and band-type mechanisms
may be operative in organic materials, with the predominance of sither depending
on the conditions of temperature and {reguency. They fabricated sandwich structures
of CuPc and MgPc using unspecified metallic ciectrades. A gensrai increase in
conductivity with frequency was observed, consistent with the carviers possessing 2
wide range of relaxation times. Conductivity was also strongly temperaiure depen-
dent, althaugh the {requency dependence was less pronounced a1 higher lemperaiures.
Thus 1t was concluded that the charge carrier transport was of the free-band tvpe
in the high-temperature low-frequency region. and was mainly by hopping in the
low-temperaturs high-frequency regton. A value of n = 1.75 for the 6w power-law
exponent was guoted for CuPc films at {requencies of 10%-10% Hz Other carly
measurements on CuPe films were performed during work on bulk samples and
similarly showed the usual » £ " dependence T109]. Values of m < 1 were determined
by Wactawek et al. 1107 for CuPc, CoPc and PbPe filins.

A comprehensive series of measuremenis were made by Vidadi e al [113] on
CuPe films supplied with two blacking electrodes of AL Capacitance and loss tangent
were measured as functions of temperature and frequency. Since whe cloctrodes were
blocking, they had a considerable influenee or: the ac conductivity of the structuras.
and it was proposed that the eguivalent cireoit model of Simmaons 2t al. [1I87 was
apphicabie 1o these resulis. In this modet the Schoitky barriers are represeited by
the Schottky capacitance C, and the interior of the siructure by o cavacitoce €,
shunted by a thernally activated resistance R, = Rpexpig AT where ¢ repeesinis
an gpctivation energy. The varicus fregueney and temperatiere dependences are flly
explained in Ref. [116], The equivalent circuit representation is shown n Fig. F{a).
Several important features observed by Vidadi el al. were {11 a strong merease in
capacitanice with increasing iemperature, {if) & decrease in caparciiancs with increasing
frequency, with greater changes taking place a: higher temperatuves. and (iii; a
maximum in the tan & frequency characteristic which shified o higher lroguenciss
wii increasing lemparature. These were all in eccordance wiih the model The
Schottky barrier widith was determined as 0.1 pm and the lodal trap concanlation
in the CuPe flms as 3% 0% m % A comparable dependence of capacitance on
frequency as 2 function of temperature was cxiubited by AliCuPc|Ag samples {{96].
The dependence of Schottky barrier ca ~acitagee in MaPc [117] and ZnrPc [R3] as
a function of frequency has heen investigated. Agaln, Lhere was a latge Inereuse in
capacitance with increasing temperaivve and a decrease with increasing {resurncy.
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Fie, 7. Simple caguwaizot circuil modets employed i the analysis of the ac properiies of phihalocyaning
thin-film sangwich strvetures, These models have been appbicd o filme with (2} two blodking comacls
{Schattly barriors) andd thi fwe ohmic contacts, After Refs [116] und [ 123 ] raspociivedy.

However, the {reguencies used in this work were very low: 0.1--100 Hz for MaPe
and 1073-1 Hz m ZaPc.

Boudjema et al. [34] alse made extensive measurements of conductance, capaci-
tance and loss tangent as functions of frequency in the range 10 - 10° Hz in NiPc
and ZuPc dlms. The samples had one Au electrode and the other was of Al In or
Au, and tire ternperatures were not varied, For a Au|NiPojAc sample conductance
increased with increasing frequency, 1and decrcased and capacitance decreased.
Conversely, for a Au|ZnPc|ln sample 1the conductance reached a plateau at high
frequencies whose value was determined by the elecirical properties of the bulk, and
at Jower frequencies u similar plateau was observed whose conduciance value
depended on a space-charge region at av electrace interface. The cupacitance
increased by nearly two orders of magnitude in the very low-fiequency region. and
& broad maximum was observed in tand ot spprosimaiely 10° Hz Furthermore,
measerements performed wiih various applied de voltapes showed o complex series
of results. These workers concluded that samples wilh two Au electrodes behaved
as expected for ohmic contacts, whereas the other samples gencrally behaved as if
at least one Schottky barrier was present. The space-charge replon i the latier cuse
extended into the phtlialocyanine and was related to oxvgen absorptici, A diree-
layer equivalent circuit maodel, consisting of circuil elemenis 10 madel a surface
charge layer, a space-charge layer and a bulk laver, was presented. The various
measured parameters were found o be in general agreemein with the predictions of
this model. However. the model is rather complex and. as h  ueen shown above,
the ac measurements of Vidadi el al. {1137 were satisfactorily explained in wwrms of
the model of Simmmons et al [116], although 1the frequency range concerned was
considarably tess than that applisd by Boudjema et al. 7341 In addition. measure-
ments of similar type were alse “cported by Maitrot et al. [1187 for phihalocyanine
flms doped during deposition by cosublimation, More recently, Abdel-Malik [ 119]
made shimple measurements of capacitance as a function of wemperature in siructures
consisting of FePo dispersed in 2 polymer binder and having one Al and one Au
electrode. Measurements were performed at frequencies of & and 23 kHz. In accor-
dance with ac electrical measurements on other phthalocyanine films. capacitance
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increased with increasing temperature and decreased with increasing frequency. and
was ussociated with the siow release of charge carrers from relatively decp traps.

James et al [ 89} mcasured the dielectric and optical propertics of molybdenum
phthaiocyanine { MoPe) fitms in the frequency range 180 kidz- | MHz The films were
deposited on conducting indiuw tin oxide {ITO) glass substrates and the sandwich
structures were compieted using Cu electrodes. The conduciancs increased and the
capacitance decregsed with mmereasing fregquency, ang there was a lincar dependence
oi the fogarithin of conductivity on the logarithine of fregoency, implyving the usual
7« o dependence, which was interpreted in terms of hopping conduction, A maxi-
munt in tag &, as predicied by the model of Simmons et al [116], was observed ot
190 kHz and was associaed with & room empersiure refaxation time of 798 ps. A
Debye relaxaticn tim2 of 878 ps was also estimated. togother with an average relax-
ation time of 942 ps using the Cole--Cole model, Following this. Gould and Hassan
190]) measured ac conductivily ole), capacitance and tan § in CuPc Alms with ohmic
Au elecirodes for the frequency range 10°-2 ¢ ¥ Hz and for temyperainres from 173
o 360 K. #l;m) increascu with temperature and with freauency. and the puwer-faw
exponent also tended to increase with increasing frequency and decrease wivh invreas-
ing iemperature, This type of behuviour wus associated with 2 hopping process
low temperaturos and high frequancies. It was sogoested that the conductyiiy mighy
follow the cxpression derived by Eldiott [120]

N {0 Se? ){‘m‘“

et = — — ] -
(! 4 hrelS o

where N vepresems tho denstty of localized sttes, .6, is the perniti-
clectromic chatge and 7, is the effective relaxation time (approximatel, 10777 < The
power-law cxponent s 1n this maodel is given by ¥ - ff at low temperatures where
fi=0&T:4, and ¥, is the oplical energy gap. Reasonsble agivement with tuis
expression for corrvelated harrier hopping was observed with ¢ 1ending to uniiy at
low termperatures and high frequencies. The guestion is left open 23 o whelher other
types of hopping conduction may eventualiy offer 2 more apprapriate deseription of
ar conductivily in phthalocvanine thin films Verows different variziions of 5 with
requency #itd lemperalure ave describad in the literature 1211227 wihich may in
due ceurse prove 1o offer a beiter fis to the duia over & wider rangs of frequency.
The dependence of o(w} on ;T showed 2 regicn of frec-nand conductivity. with
activation energy 0.3 eV, ai higher temperztures and very low activation energies,
associated with hopping. at lower temperalures. Capacitance decreased with tncreas-
ing Irequency and increased with increasing temperature. However. tan o decreased
with increasing lrequency and was consistent with the appearance of a minimum at

a hugher Frequercy, This contrasts with the tan d bebaviour in CuPc films with
biocking Al electrodes as desoribad by Vidadi er al [1137] in winch a maximum
accurred. The dificrence betwesn the two s2ts of resulis appears 1o result from the
application of ohimic contacts in the former case. for which the cguivalent circuit
model of Simmons <t al. [116] is inappropriate. Therefore an shermative equivalent
circuit model. suggested by Goswami and Goswami [ 123]. was adopted: this medet
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was originally proposed for Zn$ filims sandwiched hetween Al electrodes, which acl
as chmic comtacts for nm-tvpe materials, In this moedsl the sysiem 15 assumed to
CONIPFISE 2 IFEQUENCY- mc‘cpcndvm copacitive element C in parallel with a discrele
temperatsre-dependent resisiive element R, both in series with a low-value resistance
+ which vepresents the leads and contacts. The egoivalent circuit lor this model is
shown in Fig 7ib). B is aysumed to be thermally activated and to follow the same
law as in the model of Stmmens et al. Fawever. the Schotiky barer capacitance s
absent, and the differences between (he predicitons o the two models restlt from
this. Equations for the dependences of capacitance and tan § derived from this model
are congistent with the behaviour observed. Morcover, a decrease in both condue-
tance and capacitance afier anpealing {s also compatible with an inc2z-e w the
value of B owing to the desowption of oxygen which acts as an acceptor impuritv.

These resulis have subsequentdy been conirmed in both ZnPe films [917 anu
CePe fitms [92] supplicd with ohmic Au clectrodes. In the former case there was a
decrease in conductiviey abeve about 426 K which was idertisied with the « 10 B
phase transition and the dzsorption of exygen. The (ree-band activation energy was
0.29 eV in ZnPc ond ihe rather higher value of 0.54 eV CoPc. A decrcase in both
the conductance and the capacitance afier aunealing was {ound in both these
materials.

Thus in general ac measuremonis shov & % o behaviour, indicative of hopping.
At higher temperatures and fower frequencies freg-band conduction is oftea observed.
Capacilance and tan & varattons in many fims shew behaviour which has been
cxplained uvsing equivalent circuit models lor biccking contacts [1163 or obmie
conlacts [ 1237, or reguire a mare complex three-layer model [34]. A more complete
cofrelation betwesn oxperiment and theorriical predictions must awart the develop-
r 2nit of bopring and eauivalent arcuit madels specifically for organic seroiconductor
films and their associated contacts.

5. Summary and conclusions

In this review Lhe present stale of knowledge of the structure and electrical
couduction propéerties of evaporated phibalocyanme thin films has been exanined.
Structural considerations are imporiant in conductivity measerements in that the
intrinsic conductivity of the varions structural forms differ, and the ¥ form appears
to exhibit a higher propensiiy to absorb oxygen han the § lorm. {t is fairly well
established that the ( form of most pbthalocyanines has the monvclinic structute,
while the « form has been variously reported as tetragonal. orthothombic aud. more
recently, monoclinic. Films deposited at room t=mperature are usually of the metasta-
ble ¢ phase, but they undergo s phase transformation in the stable § phase on
annealing. Recent work on CuPe and CoPc has confirmed that the 2-form films are
preferentially orientated but become more randomiv oriemated with increasing
thickness. The o to § phase wansformation in CoPe films has boen directly observed
by X-ray diffraction methods. Because of the relatively large size of the central metal
atem. the atvpica! PbPc melecule is shaped like a shuttlecock. This resulis in the
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extslence of two major siruciures, the low-temperaiure monochinic phase and the
high-ienperature inclinic phase. These two phasss have recenily been elsened in
thin films deposited onto substrzies maintained af 323 and 533 K rospeciively,

Several de conduction mechanisims have been identified in plithalocyaning thin
flms depending on the 1ype of electrodes provided. the vollage range. the temperature
ang the thickness. Most phthalocyanine ks, when deposited ia the form ¢f 2
sandwich structure and cquipped with at east one ohmic elocirode {usually Ay,
exhibit space-charge-limited conductivity. In many cuses ihis 15 comirolisd by an
expouential distribution of traps, although discrete trap lovels have also been
ohserved. usually aficr exposure to oxygen. There are reports of Pooln Frenkei
enission above a voltage of approximately 2 -4 ¥ in CuPe and PhPc films, where
the injecting clectrode also shows Schot'ky barrier fictd-lowering at lower voltages,
In some cases the measured Poole-Frenkei coefficient s larger than the theoretica
value, indicative of enhanced cleciric fields within the phthalocyanine fikns. Hopring
conductivity under dc conditions, coiresponding o the Mot T71 faw, has been
reporied in {FeP¢lK and in PbPc films. although it 15 corious that de hopping has
not been observed more [fequently. panicularly in view of its rale in ac conductivity,
Fowler-Nordheim tunnelling has been identified in CuPc fitms with In elcctrodes.
for which it was proposed that an inferfacial oxide layer was responsible for modifuing
the characier of the In{CuPe contact, thus allowing {unneiling 2 occur. In samoes
wilh at least ooe blocking contaci. ficld-lowering of 4 Schottky potential barzer his
beea reporled in the reverse-bias direction. In the forward dirsction consentionul
Sciwotiky-diode-type benaviour has been observed. Measuied § values are olier i
excess of the theoraticai value for the Schottky effect, and interpreiations buszd on
Schottky emission over a narrow depletion region thickness are commoen. Such
behaviour has been reported manly in CePe with either an Al or a Pb clecirede.
and in PbPc with ar Al clectrode. Schottky barriers wigh 1vpacn widihe und barrjer
heights of 200 nm and 1V respectively were observed i these struciures, Under
forward hias, diode behaviour bas been identified for sevcral eleoirode phibalocva-
nine combinations. yiekling comparable valuas for the barrier agigh . 10 those derivad
under reverse-bias conditions. Diode guality facters i the rapge 3.5-145 werg
measured, and rectification ratios of up 1o 790 have been reporied.

Ac measuremenis have gencially shown a ¢ 0 " dependence for tow temperaiores
and high freguencies. corresponding 1o hopping conduction. At higher iemperiunes
and lower frequencies frec-band conductivity with an activation enevey of 4 few
enths of an electronvein is fabrly common. Capacitinoe and oss tangen! variaibons
with both frequency and temperature have been accounted for using various egt
lent circuit modzels appiicable 1o ohmic and blocking slevirades. Thermod aotiy
of carriers i the interior of the phihalocyanise films is [recuently assamad,

In conciusion, it should be stressed that, although pi"aha.m_-,nnm thin fifms hey
been extensively ir vestigated, ss ye! an averall consensus view of the relative impor-
tance of their vasior features has not been seiteved, 1t is elear thay phithelocyasines
are consderahly less pure than inorganic semicnndiciors, cven alier entraing sunii-
mation. and therefore tha: impurittes and traps are lkely to be 2 demirant feature
in determining the conductivity, Furthermore. owing (o the propensily of phthaiocva-

. IR
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mines 1o abwork oaypen and other gases, 1 wonld appear that amwalg s abways
nevessiey belors measurements of the intrinske propertios sre attempted. I possible
that signlicand fuvtler progress will reguive improved deposition processes such as
orgatic moalvouiar beart epitaxy or the Langmuir Blodgett technique. The vae of o
zero-pravity growth cnvironment has already been explored. and may become routing
in the futere. Owing to the meihods of synthesis of phthalocyanines, 1t s oolikely
that the purity can be significamtiy improved by funher developments of present
lechniyues. [mproved materals depasition and characterization is prabab’y the key
to further advances in both the strocturad and the cdectronie Gields.
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