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Th e te chni que of te m per ature -modu late d space-char ge-limited currents
w as emplo yed to study the energetic distri buti on of local states in thin Ùlms

of metal- f ree phthalo cyanine . Four well- deÙned lo cal levels w ere detected
w ithin the energy range 0.5{0. 3 eV , accompanied by an onset to a manif old
of shallow er states. T he morpholog y of the Ùlms, dep endi ng on the dep osi-

tion rate and changing from polycrystal li ne to nearly amorphous, a˜ects the
densities of local states but not their energies.
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1. I n t rod uct io n

A correct descripti on of local sta tes exi sti ng in al l real dielectri cs and wi de-
-band- gap semiconducto rs (i .e. inform ati on about thei r densiti es, energeti c and
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spati al distri buti ons, etc. ) is a basic requi rement in characteri zing tra nsport and
local izati on of charge carri ers in low- conducti vi t y m ateri als (i ncludi ng molecular
sol ids). A research into probl ems related to the in jection, tra nsport, and localiza-
ti on of charge carri ers in m olecular materi als, extensi vely developed in the sixti es
and seventi es and then som ewhat neglected, has wi tnessed a revi val due to emerg-
ing appl icati ons of these m ateri als. The advent of organic l ight- emitting di odes
(see the l i tera ture col lected in recent revi ews [1{ 3]), and recent papers by Sch�on,
Kl oc, and Batl ogg (e.g., [4{ 9]) once again stim ulated the interest of researchers.

Am ong the techni ques com monly employed to study parameters of local
sta tes (e.g., therm al ly sti mul ated currents and therm al ly sti mul ated lum inescence
[10, 11], isotherm al decay currents [12], tra nsi ent and dc photo currents [13, 14]),
the techni que of space-charge-l imi ted (SCL) currents occupi es a pro minent posi-
ti on. Both steady- state and tra nsient SCL currents have been studi ed for over
hal f a century ([ 15, 16], see also [17, 18] and references therei n). Correctl y used,
the m etho d is a powerf ul to ol al lowi ng for the determ inati on of energeti c distri -
buti ons of tra ps in insul ators and wi de-band- gap semiconducto rs. In parti cul ar,
so-cal led \ di ˜erenti al metho d" put forwa rd in [19{ 21], and later developed into
\ tem perature- m odul ated SCLC" (TMSCLC) [22{ 25] has been shown to pro vi de
inf orm ati on about deta ils of distri buti ons, inaccessible from other metho ds.

Fig. 1. The molecule of H 2 Pc.

The aim of thi s paper is to present results of studi es of local states in poly-
crysta l l ine Ùlm s of a model molecular semiconducto r | meta l- free phtha locya-
ni ne (Fi g. 1) usi ng the TMSCLC techni que. Phtha locyani nes are am ong pro to-
typi c organic semiconducto rs and thei r electri cal pro perti es have been studi ed
since 1950s [26, 27]. Owi ng to thei r excepti onal stabi l i ty , phtha locyanines have
been considered as prom ising m ateri als suita ble for appl icati ons in m icroelectron-
ics (see, e.g., [28, 29] and l itera ture therei n). R ecently, they have been used for
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the fabri cati on of FET tra nsi stors [30, 31], l ight- emitti ng diodes [32], gas sensors
[33], photo detecto rs [34] and photorecepto rs [35]. Mo st exp eriments have been
carri ed out on copper phtha locyanine (CuPc) and on m etal -free phtha locyanine
(H 2 Pc) ; in parti cul ar, SCLC exp eriments have been reported by several autho rs
[24, 36{ 41] yi eldi ng results di ˜eri ng between various laborato ries and often in-
compati ble wi th tho se obta ined from other techni ques. The discrepanci es m ay be
partl y attri buted to the fact tha t, in spite of much e˜o rt, semiconducto r pro perti es
of phtha locyanines are sti l l di£ cult to contro l : condi ti ons of f abri cati on of sampl es
and thei r handl ing play an im porta nt ro le. Ano ther factor is the incompati bi li t y
of the m ethods of interpreta ti on of experi menta l results.

The organi zati on of the paper is as fol lows: funda menta ls of the TMSCLC
m etho d wi l l be put forwa rd in Sec. 2, focusing on underl yi ng basic equati ons. Sec-
ti on 3 presents deta i ls of the experim ents and data elaborati on, fol lowed by resul ts
and thei r interpreta ti on group ed in Secs. 4 and 5. In parti cul ar, the attenti on wi l l
be paid to the e˜ect of depositi on condi ti ons on the energeti c structure of tra ps in
vacuum -deposited thi n Ùlm s of H 2 Pc.

2. St ead y -st at e space-c h ar ge- li m it ed cu r rent s
an d t h e T MS C L C m et h od

2.1. Basi c equations of SCLC

A necessary condi ti on for the app earance of SCLC in an insul ato r is tha t the
density of injected charge carri ers, n (x ) , should exceedtha t of therm al ly generated
ones. E£ cient inj ection of carri ers needs tha t the sampl e be pro vi ded wi th an
inj ecting (\ ohm ic" ) conta ct, and a neutra l col lecting one. Li m iti ng ourselves to
a plane-para l lel geom etry of the sam ple, we shal l place the inj ecting conta ct at
x = 0 , and the col lecting one at x = L; x standing for a l inear coordi nate and L

for the inter- electrode distance (here equal to the sam ple thi ckness). The existence
of a perfect inj ecting conta ct requi res tha t

n (0 ) = 1 ; (1)

and, consequentl y,

F (0 ) = 0 : (2)

In the above equati ons, n and F stand f or the to ta l concentra ti on of injected
carri ers and the electri c Ùeld. It is stra ightf orward to dem onstra te (see, e.g., [17])
tha t under these condi ti ons both, the concentra ti on of carri ers and the Ùeld, wi l l
be functi ons of the l inear coordi nate x . Mo reover, in rea l sam ples, the presence
of tra ps local izi ng a f racti on of inj ected carri ers, is unavo idabl e. If the tra pp ed
carri ers are in equi l ibri um wi th free ones, then relati ons between them m ay be
obta ined inv oking a positi on-dependent quasi-Ferm i level, E F ( x ) (whi ch is also a
functi on of vol ta ge | see below). In the case of wi de-band- gap semiconducto rs
and insul ato rs, i t is com monly assumed tha t the density of free carri ers, n f ( x ) , can
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be described by the Boltzm ann stati stics, and the density of carri ers local ized by
tra ps situa ted at an energy E , n t ( E ; x ) , by the Fermi{ Di rac stati sti cs

n f ( x ) = N b exp

˚

À

E F ( x )

k T

Ç

; (3)

n t ( E ; x ) = h ( E )

ç

1 + exp

˚
E F ( x ) À E

k T
: (4)

In the above equati ons, N is the e˜ecti ve density of extended states, T i s the
tem perature, k i s the Bol tzm ann consta nt, and h ( E ) is a functi on describi ng the
energeti c distri buti on of local states (D OS functi on)

h ( E ) =
dH

dE
; (5)

H being the to ta l density of local states. The zero of the energy scale has been
set at the band edge, i ts positi ve di recti on pointi ng to wards the band. It should
also be noted tha t, f or the purp ose of thi s paper, we shal l assume the sam ples to
be spati al ly hom ogeneous, i .e. H = H ( x ) (f or a discussion of the e˜ect of spati al
inhom ogeneit y see, e.g., [20, 21]).

SCL current{ vo l tage characteri sti cs can be derived up on solvi ng the set of
equati ons:

| the current equati on

j = e ñn ( x ) F ( x ) ; (6)

| the Poisson equati on

dF ( x )

dx
=

en (x )

"
; (7)

to gether wi th the boundary condi ti on (2) and an equati on relati ng n ( x ) and
n ( E ; x ) . In the above equati ons, j i s the current density , e i s the uni t charge,
ñ stands for the charge carri er m obil i ty and " (= " " ) for the electri c perm i t-
ti vi ty . Co mbining Eqs. (3) and (6), i t is easy to demonstra te tha t the positi on of
quasi-Ferm i level is vol ta ge-dependent. The equati on describing the shi ft of the
quasi-Ferm i level at the col lecting electro de, E (L ) , reads

E ( L ) = k T ln
j

U
+ k T ln

eñN ç

L
; (8)

where ç i s a parameter of the order of uni ty whose exact relati on to exp erimenta l
vari abl es wi l l be given later.

As was shown by Lam pert and Ma rk [17], the vol ta ge dependence of SCL
current, j ( U ) , depends on the positi on of the quasi-Ferm i level at the col lecting
electrode, E ( L ) , wi th respect to energies of tra ps. If al l tra ps at the col lector are
shal low (i .e., i f E ( L ) i s situa ted below the tra ps) or i f they are com pletely Ùlled
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(i .e., i f E F ( L ) i s situa ted above the tra ps), then the current density can be wri tten
in the form

j =
9

8
ñ" È

U 2

L 3
; (9)

wi th

È =
n f ( L )

n (L )
; (10)

where the free-to -to ta l carri er density rati o È § 1 in the form er case and È ¤ 1 in
the latter case. If E F ( L ) intersects the tra p di stri buti on, then the current{ vol ta ge
characteri sti cs is sup erquadrati c, i ts shape depending on h (E ) . In parti cular, for
an exp onenti al distri buti on of tra ps whi ch wi l l be used in Sec. 4 of thi s paper,

h ( E ) =
H

k T c

exp

˚
E t À E

k T c

Ç

(E > E ); (11)

the fol lowi ng equati on is obta ined [42]:

j = N ñe 1
"

H

l

l + 1

2 l + 1

l + 1

+1
U +1

L 2 +1
exp

E

k T
: (12)

In the above equati ons, E i s a cut- o˜ energy (often assumed equal to 0),
T i s a param eter (so-cal led characteri sti c tem perature), and l = T =T > 1 . Be-
cause of simpl ici ty of the analyti cal soluti on, the exponenti al di stri buti on of tra ps
in energy is often used to interpret exp erimenta l results obta ined on both, am or-
phous inorganic semiconducto rs [43] and m olecular organic materi als [44]. In many
cases, however, i t would be more appro pri ate to inv oke a Gaussian distri buti on of
tra ps [45], havi ng a better physi cal justi Ùcati on

h ( E ) =
H

(2 ¤ ) 1 2 ¥
exp

( E E ) 2

2 ¥ 2
; (13)

where ¥ i s the di stri buti on variance, related to i ts wi dth. For a m ore extensi ve
di scussion see, e.g., [45, 46].

It should be reminded tha t the given above equati ons have been deri ved
for pl ane-paral lel arra ngement of electrodes. As the sampl es inv estigated in thi s
wo rk were measured in the surface arra ngement (cf . Fi g. 2), a questi on shoul d be
answered whether the equati ons can be appl ied to interpret our exp eriments. Thi s
pro blem ari ses in the interpreta ti on of results obta ined for al l devi ces operati ng
in surface geom etry , e.g., FET structures . In thi s case i t is necessary to ta ke into
considerati on not onl y component of the electri c Ùeld in the di recti on of the current
Ûow (pa ral lel to the substra te, x di recti on), but also the tra nsverse com ponent
(p erpendicul ar to the substra te, y di recti on). The \ acti ve thi ckness" of the sampl e
(i .e., region of the sam ple di rectl y beneath the electro des appro xi matel y equal to
the penetra ti on depth of the Ùeld along y ) is di£ cult to assess,in parti cul ar for
ani sotro pi c sam ples.
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Fig. 2. Electro de conÙguration s for a thin layer: (a) a sandw ich- typ e structure, (b) a

gap- typ e structure. T he electro des have been hatched, L stands for the inter- electro de

distance.

The pro blem of SCL currents in the surf ace geometry was ta ckled only for
a tra p- free case or for the currents contro l led by shal low tra ps. Accordi ng to [47],
Eq. (9) should in thi s case be modiÙed to

j =
2

¤
ñ"È

U 2

L 2
; (14)

j being a \ surf ace current density" [A/ m ], and L standi ng for the electro de spacing.
No te tha t the equati on predi cts a dependence on L di ˜erent from tha t expected
from Eq. (9). Such a dependence was indeed found in Ù -m etal -free
phtha locyanine crysta ls [48].

2.2. T emperature-modulat ed space-char ge-l imi t ed cur rent method
As com es from the above discussion, i t is in pri nci ple possibl e to deduce the

shape of a D OS functi on from the shape of an SCL current{ vol ta ge characteri sti c,
j ( U ). Thi s m etho d, however, requi res tha t h ( E ) be assumed a p r i or i and gener-
al ly yi elds resul ts of a doubtf ul rel iabi l i ty. As earl y as in the seventi es and earl y
eighti es, m etho ds were put forwa rd al lowing for a di rect determ inati on of D OS
functi ons from m easurem ents of SCLC wi tho ut a pr ior i assumpti ons about the
shapes of the distri buti ons [19, 49{ 51]. The m etho ds were based on di ˜erenti ati on
of SCL current{ vol ta ge characteri sti cs and assumed a zero-tem perature stati sti cs,
i .e. the quasi-Ferm i level was ta ken as a sharp demarca ti on level between Ùlled and
empty tra ps. The latter assumpti on results, however, in problems wi th setti ng the
energy scale. Li mi ta tio ns of the di ˜erenti al m etho d were overcom e in the metho d
ref erred to as tem perature- modul ated space-charge-l imited- current spectro scopy
[22{ 25]. The m etho d consists in simul ta neous m easurements of steady- state SCL
current{ vol ta ge and acti vati on energy{ vo lta ge dependences. Basic features of the
m etho d wi l l be presented below; for a m ore detai led descripti on, the reader is
ref erred to the origina l li tera ture.

For any E F , the to ta l concentra ti on of carri ers (in m ost cases practi cal ly
equal to the concentra ti on of tra pp ed carri ers) is given by the equati on

n =

Z

E

h ( E ) f (E À E F ) dE ; (15)

where f ( E À E F ) i s the Ferm i{D i rac functi on (cf . Eq. (4)). In the fol lowi ng di scus-
sion we shal l im pl ici tl y assume x = L ; hence n ² n ( L ) ; E E ( L ) , etc. Up on
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changing the vol ta ge, E F m oves from i ts \ therm odyna m ic" value to wards the edge
of extended states (cf . Eq. (8)) scanni ng local sta tes and changing thei r occupancy

dn

dE F
=

d
dE F

˚ Z

E

n ( E ) dE

Ç

=

Z

E

h ( E )
df ( E À E F )

d (E À E F )
dE : (16)

W ithi n the zero-tem perature appro xi matio n [19], the energy scale woul d
be set by Eq. (8), wi th ç 1 = m= (2 m 1 ) ; m standi ng for the slope of the
current{ vol ta ge characteri sti c in the log{ log coordi nates (m = d ( ln j ) =d( ln U )) .
Thi s appro ach, however, m ay result in substa nti al errors [24], hence i t is useful to
intro duce the noti on of a dom inant energy level, E [52], setti ng the energy scale.
Ma them ati cal ly, E represents the Ùrst mom entum of the energy distri buti on of
tra pped carri ers [53]

E = E
h ( E ) f ( E E )[ 1 f ( E E ) ] E dE

E
h ( E ) f ( E E )[ 1 f ( E E )] dE

: (17)

At any vo lta ge, the positi on of the dominant level is related to the exp erim ental ly
determ ined acti v ati on energy of the current, as wi l l be shown later.

3.1. T he samples

H 2 Pc powder wa s vacuum puri Ùed by a tri pl e subl im atio n in a tem perature
gradi ent. Gold copl anar electro des separated by 1 3 ñ m gap were vacuum deposited
on Corni ng 7059 glass substra tes. In a series of experim ents, Ùlm s of thi cknesses
ranging between 30 and 1300 nm were vacuum evaporated at a consta nt ra te of
(1 4 : 0 2 : 5 ) nm m in 1 , wherea s another set of sam pl es of a nearly constant thi ck-
ness (1 0 0 0 1 0 0 ) nm was prepa red empl oying vari ous evaporati on rates from 20
to 900 nm m in 1 . The Ùlm s obta ined consisted of crysta l l i tes of ˜ -phase of H2 Pc,
as was checked by UV{ VIS spectro scopy. Scanning electron micro scope(SEM) im -
ages reveal tha t the sam ples consist of well -ori ented crysta l l i tes (see Fi g. 3) whose
ori enta ti on indi cates tha t colum ns of H 2 Pc m olecules are nearl y perpendi cular to
the substra tes. Increasing the depositi on rate results in a decrease in the size of
the surf ace gra ins and, consequentl y, in change of the Ùlm structure from poly-
crysta l l ine to quasi-am orpho us. Further SEM experim ents perform ed on sampl es
deposited at a consta nt ra te of (1 4 : 0 2 : 5 ) nm m in 1 show tha t upon increase in
the thi ckness from 30 to 1300 nm the upp er surfaces of the sam ples becom e m ore
coarse-gra ined.

3.2. Measurement s

Af ter m ounting a sam ple f or TMSCLC m easurements, the m easuri ng cham -
ber was pum ped down to the pressure of 7 Pa, then Ùlled wi th ni tro gen to the
atm ospheri c pressure. Thi s procedure wa s repeated three ti m es. The sam ple was
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Fig. 3. C ross-sectional SEM images of thin Ùlms of H 2 Pc dep osited at various rates:

(a) 15 nm /min, (b) 50 nm/min, (c) 90 nm/min, (d) 490 nm/min.

then heated in the dark at 413 K to rem ove adsorbed oxygen. TMSCLC charac-
teri sti cs were measured in the dark, under ni tro gen at atm ospheri c pressure.

A rel iabl e determ inati on of D OS and the energy scale requi res tha t j ( U )

and E a ( U ) dependencies be m easured simul ta neously. Theref ore, the fol lowi ng ex-
perim ental pro cedure has been employed: at a constant tem perature T 1 (typi cal ly
298 K), a certa in vol ta ge, U 1 , is appl ied to the sampl e and, after a ti m e necessary
to atta in the steady state (i .e. to reach an equi l ibri um between free and tra pp ed
carri ers), the tem perature is slowl y changed to T 2 ( Â T = T 2 À T 1 am ounts typi -
cal ly to ca: 3 À 5 K). D uri ng the tem perature run the current is m easured and i ts
acti vati on energy E a1 is determ ined from the ln j vs. 1 =T dependence. Then using
E a1 and the average temperature (T2 + T 1 ) =2 , the average current j 1 i s calcul ated.
In such a way the Ùrst point of the TMSCLC experim ent (U 1 ; j 1 ; E a1) is obta ined.
One then returns to the tem perature T 1 , the vol ta ge on the sam ple is changed to
U 2 and the who le procedure is repeated.

3.3. Elaborat ion of exper iment al data

The essenceof the TMSCLC m etho d rests in calcul ati ng the DOS functi on
by a deconvoluti on of the integ ral in Eq. (16). The algori thm of the deconvo lutio n,
put forwa rd in [24], wi l l be shortl y presented below.

The to ta l concentra ti on of carri ers (cf . Eq. (15)) for any E F can be related
to experim ental TMSCLC data vi a the equati on
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n =
"U

eL 2
(2 À Û)(1 À Û)(1 + B ) ; (18)

where Û i s the inverse of the slope of the current{ vol ta ge characteri sti c, Û =

1 =m = d ( ln U )=d(l nj ) ç 1 =2 , and B i s a param eter conta ini ng higher order cor-
recti ons

B =
dÛ=d ( lnj )

(2 À Û)(1 À Û)
: (19)

The D OS f uncti on is rela ted to the concentra ti on of carri ers by the equati on

h ( E ) =
dn

dE F
À

d 3 n

dE 3
F

M 2 ; (20)

where the increment of the carri er concentra ti on, dn= dE F , is connected wi th ex-
perim ental ly determ ined quanti ti es vi a Eqs. (18) and (8), and

M 2 =

Z
+ 1

À1

( E E ) 2 f ( E E )[ 1 f ( E E )] dE 3 : 2 8 9 8 ( k T ) 2 (21)

is a tem perature- dependent constant. Note tha t at low tem peratures (T 0 K)
the density of sta tes is just equal to dn= dE , as was postul ated in earl ier pa-
pers [19{ 21]. As the latter increment can vary by several orders of magni tude, i t
is m ore conveni ent to deconvo lute the logari thm ic form of Eq. (15). An equivalent
of Eq. (20) can then be wri tten as

h ( E ) =
dn

dE
1 ( £ 2 + £ )M 2 ; (22)

where £ = d[ ln ( dn= dE ) =dE ] , and £ = d£= dE .
The positi on of the dom inant level determ ini ng the energy scale, is related

to the experim enta l ly determ ined acti vatio n energy of the current by the equati on

E = E +
(3 Û 4 ) Û

(2 Û)(1 Û)

dE

d( ln j )
+

1

1 + B

dB

d(1 =k T )
; (23)

where the param eters Û and B have been deÙned above. The last term in Eq. (23)
conta ins higher-order correcti ons and can be neglected wi tho ut any substa nti al
loss of accuracy.

The above equati ons can be empl oyed to interpret experim ental data : one
can use experim enta l ly determ ined values of the acti vati on energy of the cur-
rent, i ts derivati ve dE =d( ln j ) and the inv erse of the slope of the current{ vol ta ge
characteri sti c, Û = d ( lnU ) =d(l n j ) . At each vol ta ge, the dominant energy can be
calculated from Eq. (23) and DOS from Eq. (22). Before ta ki ng the derivati ves,
the characteri sti cs must be smoothed to m inim ize the experim enta l scatter. The
smoothi ng was done by cubi c splines as were calcul ati ons of the derivati ves.
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4. R esul t s

Fi gure 4a shows results of a series of TMSCLC exp eriments carri ed out
on sampl es of vari ous thi cknesses ranging between 50 and 1300 nm , deposited
at the same rate of (1 4 Ï 2 : 5 ) nm m inÀ 1 . At a Ùrst sight, the current À vol ta ge
characteri sti cs shown in Fi g. 4a seem to ful Ùl a j / U 3 dependence, apparentl y
fol lowi ng Eq. (12) wi th Tc ¤ 600 K. The DOS functi ons calcul ated from the
exp erimenta l results shown in Fi g. 4a are shown in Fi g. 4b. Use of the TMSCLC
m etho d reveals the presence of 4 rela ti vel y wel l deÙned peaks at 0.34, 0.41, 0.45,
and 0.49 eV, and an onset to a shal lower distri buti on.

Fig. 4. (a) C urrent{voltage and activ ation energy À voltage dependenci es measured on

samples dep osited at a constant rate ( 14 ) nm/min. T he thic knesses amount to

50, 520, and 1300 nm for the curves 1 to 3, resp ectively . T he dashed line over the

characteristics marks a dep endence. (b) D OS functions calculated from the

exp erimental data. T he functions have b een vertically displa ced for the sake of clarity .

T he dashed curve in the upp ermost part of the Ùgure is the exponential distribu tio n

calculated from Eq. (11) w ith 607 K .

The e˜ect of the depositi on rate is shown in Fi g. 5. The sam ples investigated
were of appro xi m atel y the sam e thi ckness (1 0 0 0 1 0 0 ) nm deposited at several
di ˜erent ra tes. The analysis of experim ental resul ts again reveals the presence of
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Fig. 5. (a) C urrent{voltage and activ ation energy{voltage dependenci es measured on

samples c a : 1000 nm thick, dep osited at various rates. T he rates amount to 20, 50,

90, 490, and 890 nm/min for curves 1 to 5, respectively . (b) DO S functions calcula ted

from the experimental data. T he functions have b een vertically displaced for the sake

of clarity .

a few peaks between 0.3 and 0.5 eV and an onset to a shal lower distri buti on, the
di ˜erences in the heights of the peaks being now more pronounced tha n in the
previ ous series of experim ents.

5. D iscu ssio n an d co ncl usions

The results reported in thi s paper have been obta ined empl oyi ng the
TMSCLC m etho d. W e bel ieve tha t i ts superiori ty over the conventio nal SCLC
has been convi nci ngly demonstra ted. One should, however, com ment on the prob-
lem of sam ple geometry , menti oned in Sec. 3. The results shown in Fi g. 4a clearl y
dem onstra te tha t the dependence of both, the current and the acti vati on energy,
on the thi cknesses of evaporated Ùlm s is rather weak. One m ay thus inf er tha t
the e˜ect of the tra nsverse electri c Ùeld is not im porta nt and the carri ers are
tra nsported in a thi n layer cl ose to the substra te; consequentl y, the inter- electro de
di stance can indeed be ta ken for the parameter L and al l calcul ati ons can be per-
form ed employing the equati ons given in Sec. 3. Thi s sim pl iÙcati on results in a
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smal l rel ati ve shift of the D OS curves between the sam ples of vari ous thi cknesses
whi ch should be corrected af ter al l calcul ati ons have been perform ed. It is inter-
esting to note tha t, al tho ugh the uncerta inty in setti ng the energy scale m ay be
estim ated to be ca: 0 : 0 5 eV, the sequence of m ajor features of the DOS functi ons
m easured on various sampl es appears in a qui te repro duci ble way.

Our exp eriments revealed the existence of 4 closely lyi ng nearly di screte
tra ppi ng levels located between ca: 0 : 3 and 0.5 eV, and an onset to a shal lower
di stri buti on of local states. One m ay supp ose tha t the latter states are just ta i l
sta tes m erging into the extended (ba nd) states. The existence of som e states lo-
cated in the energy range covered by our exp eriments has been found previ ously in
independent experim ents. The tra ps (0 : 3 7 Ï 0 :0 3 ) eV and 0.3 eV deep were detecte d
in sandwi ch sam ples [54] and in single crysta ls [55] of H 2 Pc, ZnPc, CoPc, Ni Pc,
and CuPc by the metho d of therm al ly sti mula ted currents. A set of tra ps located
at 0.25, 0.36, 0.50, and 0.58 eV was detected in sandwi ch structure CdS/ H2 Pc/ Au,
usi ng TMSCLC [24]. The conventi onal SCLC techni que appl ied to single crysta ls
of H 2 Pc yi elded tra ps 0.38 eV [40] and 0.32 eV [41]. From the acti vatio n energy of
the photo conducti vi ty , a tra p level located at 0.21 eV was detected in Ù -H 2 Pc [56].

Interesti ng conclusi ons can be drawn from a com parison of the m orpho logy
of the sam ples and the shape of the D OS functi on. The sam ples deposited at the
lowest rates consist of well -oriented crysta l l i tes, typi cal ly a fracti on of m icrometer
thi ck, whereas tho se deposited at high evaporati on rates are nearl y am orpho us.
Thi s di ˜erence of m orpho logies reÛects i tself in the shape of the D OS functi ons
calculated from our experi ment: as appears from a com parison of Fi gs. 3 and 5b,
the decrease in the size of crysta l l i tes apparentl y coinci des wi th a decrease in the
concentra ti on of local sta tes. Positi ons of the maxi m a seem to shift to wards lower
energies, tho ugh thei r sequence rem ains alm ost uncha nged. Thi s feature can be
rati onalized assuming tha t ei ther the source of tra ps should be sought inside the
crysta l l i tes or the SCLC characteri stics m easured in our exp eriments are contro l led
by states due to some typ e of intera cti ons of the crysta l l i tes wi th the substra te.
The energy shift may also result from the Meyer{ Nel del e˜ect [57]. A m ore deta i led
di scussion of the ori gin of local sta tes in m olecul ar semiconducto rs and insul ato rs
is beyond the scope of thi s paper; the reader is referred to , e.g., [14, 58].

Fi nal ly, i t should be pointed out tha t the expressions discussedin Sec. 2 have
been derived f or the charge carri er tra nsp ort in the band. In disordered molecular
sol ids, where the carri er tra nsport occurs m ainly vi a hoppi ng in ta il sta tes, a
correcti on in the expression for dom inant energy is necessary . Thi s problem, as well
as im pl icati ons of the Meyer{ Nel del e˜ect, wi l l be di scussedin deta i l elsewhere.
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