This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 23 February 2013, At: 03:05

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Influence of the Patch Effect
and Near - Contact Trapped
Charge on Electrode - Limited
Current Flow in Molecular
Crystals

J. Godlewski *

% Institute of Physics, Technical University of
Gdani;sk, Gdari;sk, Poland

Version of record first published: 20 Apr 2011.

To cite this article: J. Godlewski (1981): Influence of the Patch Effect and Near -
Contact Trapped Charge on Electrode - Limited Current Flow in Molecular Crystals,
Molecular Crystals and Liquid Crystals, 71:1-2, 19-33

To link to this article: http://dx.doi.org/10.1080/00268948108072715

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be



http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948108072715
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 03:05 23 February 2013

independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 03:05 23 February 2013

Mol. Cryst. Lig. Cryst., 1981, Vol. 71, pp. 19-33
0026-8941/81/7102-0019%06.50

© 1981 Gordon and Breach Science Publishers, Inc.
Printed in the U.S.A.

Influence of the Patch Effect and

Near-Contact Trapped Charge on
Electrode-Limited Current Flow in
Molecular CrystalsT

J. GODLEWSKI
Institute of Physics, Technical University of Gdarisk, Gdarisk, Poland }

(Received April 18, 1980, in final form July 28, 1980)

The problem of the discrepancies between the theoretical value of the Schottky factor
ay, = e/kT(e/dneey)''? and its experimental values has been examined for electrode-limited
(ELC) in molecular crystals. It is concluded that the patch effect as well as discretely distributed
near-contact charge are responsible for the factor a. The problem has been considered for both
metallic and electrolytic electrodes. The predicted qualitative behaviour of the factor a has been
proved to be in good agreement with deviations of a observed in experiment.

1 INTRODUCTION

The currents observed in thin organic crystals for high electric fields are
often electrode-limited-currents (ELC). To explain ELC voltage character-
istics for injection from electrodes with image barrier many authors have
applied the Schottky relation'~!! in the form given by!?:!3

j= AT? exp(— %}’—,)exp (anE§') (1)
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with

e e \!2
A = ﬁ (47(880) » (la)

where A is Richardson’s constant, T = absolute temperature, ¢, = surface
energy of a carrier, E, = U/d = applied electric field, e = electronic charge,
¢ = dielectric constant, g, = vacuum permittivity, k = Boltzmann’s con-
stant. The distance of the Schottky barrier maximum from the electrode
surface is given by x,,,, = (¢/16mneey Ey)'/2. Experimental results for ELC in
insulators show that there exist, very often, considerable discrepancies
between the theoretical value of the Schottky factor a,, and its experimental
values g, 133611

The analysis of the curves shown in Figure 1 and other j — E, character-
istics contained in!-3:7:10-13.16,22.29.31.44 having in the author’s opinion
typical features of ELC in the Schottky emission conditionst allows one to
formulate the following two statements:

i) a., is greater than g, in the case of metallic electrodes (sometimes
Aexp > Sayy, (see Figure le)),

4,10

ii) @, is equal to*!° or less'® than ay, for electrolytic contacts.}

Different authors pointed out various reasons for these discrepancies such
as: the decrease of the dielectric constant,* patch effect® or space charge.!'?'8

The change of dielectric constant cannot be the main reason of these
discrepancies because it would lead to a similar change of a,,, with both
metallic and electrolytic electrodes. According to (i) and (ii) it is not the
experimental case.

Godlewski and Kalinowski® suggested that discrepancies between a,,, and
Q.xp Could be the result of the patch effect. The problem, however, was beyond
the scope of that paper.

The effect of the space charge on a,,, is not clear. Lengyel® suggested that
space charge is responsible for the increase of a.,,. Frank and Simmons?
demonstrated by numerical calculations that space charge does not change a.

As can be seen from the above outline, the phenomenon is neither com-
pletely studied nor is it understood. The aim of this work is to make a
contribution to a better understanding of the phenomenon by deriving an
expression for the Schottky factor a taking into account the image force, the
patch effect and the space charge accumulated near the injected electrode.

t Theoretical calculations carried out with one-dimensional Onsager theory 17, 18, 19, 24, 43]
do not lead to a straight line dependence in log j versus £{'2 coordinates.

1 The value of 4., less than ay, can be obtained after redrawing the data of Figure 1 taken
from the paper' in log j versus E}'? coordinates.
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FIGURE 1 Current density j as a function square root of electric field strength E}'? for some
organic crystals: a) anthracene, d = 27 um, 1073 M KI,; electrode,* b) anthracene, Au elec-
trode,'* c) perylene, d = 244 um, Au electrode,'* d) tetracene, d = 22 pm, Au electrode, ¢)
pyrene, d = 500 um, SnO, electrode.'*® The slope of curve a) is close to @, .

2 INFLUENCE OF THE PATCH EFFECT

The analysis of the injection current from a metallic electrode shows that only
a small part of the evaporated electrode (a few percent) is active in carrier
injection into an insulator!* (compare with optical properties of discon-
tinuous gold films).*> In visual observation of electroluminescence?-?!
spotted bright luminosity could be observed which indicates that the efficient
regions for charge injection from a metallic electrode into an insulator are
formed locally. Photographs of evaporated electrodes on organic crystals'*
can serve as an additional confirmation of electrode patched structure.
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Since both electrodes could be patched and the work function could vary
from one spot to another, the general analysis of such a problem is in fact
impossible. Therefore, for the sake of simplicity, let us assume that the active
parts of the electrodes have a ring disk shape of 2R diameter and that the
work function of every disk is identical (Figure 2).

FIGURE2 Model of patched electrodes. Details in the text.

Assuming, that the potential difference between the two electrode disks is
Uy = 4 E(x)dx, on the basis of simple electrostatics, we can get an expres-
sion for the electric field strength along the axis linking the disk centers,

Eq = Yo p JE.
® 7 2[d + R) — (d* + R)'7] (R? + x%)'?

_ d—x 5
[R* + (d - x)z]”z}' (2)

To determine the Schottky factor one has to take into consideration the
electric field near the injecting contact (x = x,,,, O X = d — Xp,,). It is
expected that for high electrical fields, for which x,,,, falls in the range of
tenth nanometer (see e.g. Ref. 5), x,. <€ 2R because 2R should be at least of
the magnitude of the evaporated crystallites (parts of micron).'4*4 Then, the
expression? takes the form

U, 5 d _Vo_ .
2[(d + R) _ (dZ + R2)l/2] (dz + R2)1/2 =7 d = Yo
3)

The behaviour of this theoretical expression is plotted in Figure 3. One can
easily sce that for R/d < 1 the electric field E, is much greater than the
electric field for the case of planar discontinuous electrodes (y > 1).

Eg =Eq =
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FIGURE 3 Amplification of the near electrode field strength resulting from the patch effect as
a function of the ratio R/d.

If we replace E, in Eq. (1a) by E, (3) then the ratio a.,,/a,, for d > R

becomes
acxp~ d 12
= (= 4
(R) @

If the distance between individual disks were greater than R then for such a
patched electrode Eq. (4) would give a.,, much greater than a,;,.

Equation (4) can serve for an estimation of the mean active disk diameter.
Applying Eq. (4) to the data of Figure 1 one obtains 2R values of 1.6 um (b),
2.4 um (d), 15 um (c). The dielectric constant taken for calculation was ¢ = 4.

Apart from the electrode SnO, for which 2R = 14 um the other values of
2R are in the range of evaporated crystallite magnitudes.'*** If the thickness
of a sample is in the range of a few micrometers (e.g. evaporated films) then
one can expect d.,, ~ ay,. Quite a few studies on films for ELC current in
Schottky emission conditions confirm this conclusion.”-22:23.44
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Another argument indicating the influence of the patch effect for metallic
electrodes is the value of the Schottky factor for electrolytic electrodes. If the
surface Poole-Frenkel effect does not play a role in Schottky emission then
for those electrodes a.,, < ay,.*'° This is the result of the homogeneity of
such contacts. In conclusion, we would like to note, that the patch effect leads
to an increase of the Schottky factor compared to its theoretical value.}

3 INFLUENCE OF THE DISCRETELY DISTRIBUTED
NEAR-ELECTRODE CHARGE

Space charge concentration in the potential barrier region depends on
electrode emission efficiency and on trapped charge spatial distribution and
concentration. To calculate the influence of the space charge on barrier
shape, Poisson’s equation is usually applied (see e.g. Ref. 2). However, for the
near contact region the discontinuities of charge distribution can determine
barrier shape and height. Therefore, we have to take into consideration the
fact that trapped charge carriers are discretely distributed among particular
points of an insulator. The distance between carriers results from the electrode
injection efficiency and the spatial distribution of the trapped charge. The
analytical solution of this problem is impossible and the results given in this
section are based on some approximations. In the near contact region there
exist:

i) the greatest concentration of free (n;) and trapped (n,) carriers
(ny ~ 1, ~ exp(A/x)),15:25:27-32

ii) the greatest trap concentration (H ~ exp(— Bx)),33:34

iii) a possibility of trapping carriers by tunelling from the electrode
(n, ~ exp(—Cx)),>8 A, B, C-constants,

According to these assumptions the free and trapped carrier concentrations
are strongly decreasing functions with increasing distance from electrode.
The inverse process to (iii) and electrode recombination of free carriers lead
to removing carriers from near electrode region. Finally, neglecting the
contribution from carriers placed in the interior of a sample (for ELC
current), we can assume that the barrier shape is defined by the charge lying

t In this consideration the electric field was calculated on the axes linking the disk centers.
In fact, the charge injection occurs also from other parts of the electrode. In that case the electric
field is given by a much more complex expressions. But even in this case a,,, should be greater
than a, because of the increase of the electric field near the contact. In general, in random
distribution of injecting crystallites with different work function, we could not get a straight line
inlogj — E}/? coordinates for ELC currents.
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in a narrow layer of the width smaller than the barrier width x,,,. We can
admit that this charge is independent of the electric field applied to the sample.

Let us assume that the potential near the contact is determined by discrete
positive charges localised at a mean distance D/2 from the electrode. Then,
the potential at a distance x from the electrode, generated by the i-th charge is
given by (see e.q. Figure 4)2¢

e i 1 5
P = s, \O + = DT T BT + G+ DT O

The resultant potential ¢(x) from all the charges is then

o) = 3 o0 ©)

where n is the number of charges considered.

To find the analytical expression for ¢(x) we have to know the space charge
distribution near the contact (y; fori = 1, 2, 3,. .., n). The potential function
is determined mainly by the trapped charge distribution (usually n; < n)).

ELECTRODE INSULATOR
ESCAPING
CARRIER

—- >

FIGURE 4 Scheme for the calculation of the potential of the i-th charge.
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FIGURE 5 Scheme of a linear charge distribution on the plane perpendicular to the electrode.

Therefore, it is important to know the nature of the defect distribution near
the electrode; usually deposited on the ab crystallographic plane. There
exist many observations and theoretical analyses pointing out that the
distribution of imperfections along ab plane can be linear.33:36:37:42

It might be expected, that the majority of the trapped charge near the
surface would be localized along the line parallel to the electrode. That is
shown schematically in Figure 5. According to (5) and (6), for linear density
of charge (7) and for x > D/2, the potential can be expressed by (see Appendix
A)

D e
L€ 7
2meeg X with < by’ 0

o(x) =
where b, = distance between the nearest neighbour charges.
Itisobviousthat linear distribution is not a unique manner in which charges
near the contact can be distributed. If the charge in that region is of planar
distribution (Figure 6) then a similar procedure (see Appendix B) leads to an
approximate expression for the potential (x > D/2),

; ®

Sl

= L= _355%) itho =
o(x) = 5— — 5z~ 355 .) withe =
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FIGURE 6 Scheme of a planar charge distribution on the plane parallel to the electrode.

where ¢ = surface density of charge and ¢, = distance between the nearest
neighbour charges. In fact, we can expect a much more physically compli-
cated situation. However, it will not be the subject of present analysis.

The mathematical procedure for ELC current density calculation!?:!3:?3
leads to the Schottky expression (j ~ exp(aE§/'?)) only for the potential
given by (7). According to the purpose of the present work we limit our
analysis only to the case of linear distribution of the charge in the near
electrode region.

Finally, if we take into consideration image forces, patch effect and space
charge in the near electrode region in the presence of an external electric
field then the expression determining the potential energy of an escaping
charge has the form as follows:

e’ D,
¢(x) = d’o -

—eyEyx. 9
16n8£0x+2n£sox 750X ©)

Here y = E,)/Ey, is a coefficient determining an increase of electric field
due to the patch effect. In this case the position of the potential barrier
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maximum is given by the expression

_ 1/2
max = (e/8 — D) (10)
2neey yE,
The value of the coefficient a is given by
e 2,)) 1/2 e 1/2
=—{—=X - —1D} . 11
“=RT (1[860) g " (1)
When y = 1 and © — 0, we get the standard value of the Schottky factor:
e e \'?
=q, = — ) 12
4= 40 =07 (47‘[880) (12)

According to Eqgs. (1), (9) and (10), the expression determining the current
density takes on the form

j =lo exp(— %)exp(aEé/Z), (13)
where a is given by Eq. (11), and j, is determined by thermal and optimal
injection.®

One notes that according to Eqs. (11) and (13), when y » 11 and ¢/8 <
D, a/8 > a,,. Such conditions are typical for metallic electrodes in contact
with organic insulators. These electrodes show the patch effect with relatively
weak injection (high value of ¢,). If y = 1, the expression (e¢/8 — tD)'/?
in Eq. (11) determines the value of a and then a < a,,. Such conditions are
typical for electrolytical contacts, as long as the problem of effective dielectric
contact is not important.

From Egs. (9) to (13) it can be easily shown that in the case of planar
distribution it is not possible to obtain an equation of type (13). The j — V
characteristics for such and similar cases would be more complex and will
not take on a form of a straight line in log j — E}/? coordinates. However, in
spite of absence of the straight line those currents are also ELC currents.

4 CONCLUDING REMARKS

Experimental data and theoretical considerations presented in this paper
explain some of the charge injection mechanisms from the electrode into a
real insulator. It is found that in the case of the metallic electrode the effective

t For example if a,,,/a,, 2 5 (Figure le) the amplification coefficient y = 25.
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value of the Schottky factor a depends on near-electrode space charge, the
patch effect and, of course, the image force.

This dependence is expressed by three factors y, T and D (see (11)). y, defined
as the ratio of the local electric field to its nominal value U/d (see (9)), is
responsible for the inhomogeneity of the electrode creating the patch
effect. 1 = e/b, and D characterize the geometrical situation in the crystal
near the contact (see Figures 4 and 5) determining the influence of the space
charge. On the basis of these considerations it can be seen how the discon-
tinuity of the electrode and near electrode charge distribution influence the
j — V characteristics in organic crystals. Up to now all of the considerations
in this field assumed an ideal planar geometry of the electrodes and continu-
ous charge distribution in the space.
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Appendix A Calculation of the potential of linearly
distributed charges

Calculation of the potential of linearly distributed point charges along the
clectrode at a distance D/2 from electrode can be made on the basis of
Eq. (5). For this case we have?®

e 1 1
) = et {[y? T G-DA” D F o+ D/2)2]”2} (A
For x > D/2 Eq. (A.1) can be approximated by

e Dx
oilx) = dnee, (7 + x2)33° (A-2)

In order to get the effective potential ¢(x) at a distance x from the electrode,
the sum

o) = 30/ (A3)

must be calculated. The sum of the series (A.3) cannot be presented as a
simple mathematical formula. We have evaluated the sum (A.3) as a sum of
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two components. The first one is calculated on the assumption y; < x. Then
(A.2) can be developed in a seriest

2212
ox e D(l 31b) (Ad)

) = 4nee, x? 2 x?

where y; = ibg,and i = 1, 2, ..., yo/bs. The distance b, is a mean distance
between two charges (Figure 5). The second component of the sum is
calculated for v; > y, in the approximation of a continuous charge distribu-
tion. It is only possible when

D D vo+bo
e X - Dx f dy (A.5)

Ameeo (v + X772 T dmeey J,, (P + XD

where 1 = e/b, = linear density of charge. Equation (A.5) is fulfilled when
y > by. The evaluation of potential (A.3) will be done only for the case
Yo > by and y < x.} It results from the fact that in this case the potential
of charge has a significant value compared to the image potential.

Finally, assuming that the number of charges tends to infinity, the potential
can be represented by

e YhEN[p 3 i%b? tDx [® dy
~ =25 42
9x) = 2 dmee, ,-;1 ,:x2 ( 22 )| dneey J,, (0 + x2)*?2

(A6)

The factor 2 originates from addition of two branches of linearly distributed
charges. After a suitable mathematical treatment the expression (A.6) can
be transformed into

D 163
o(x) = SmeEgx [1 ~13 NN + 1)] (A7)
For Nb, = y, < x Eq. (A.7) can be expressed by
D
o(x) = T (A8)

t Sums and integrals necessary for calculation presented in Appendixes are taken from.3?
I For by » x potential (A3) near the electrode is easily calculated applying Riemann'’s dzeta
function. Namely:
D x

=1,20,...,— 5
o) 2ne g4 b}
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In the approximation of a continuous charge distribution for all x the potential
can be presented as:

(x + D/2)
Me=DR

For x » D/2 Eq. (A.9) merges with Eq. (A.8).

(A9)

Appendix B Calculation of the potential of a planar
distribution of charges

Let us assume, that the charge is planarly distributed near the electrode at a
distance D/2 from it and the surface density of charge is equal 6 = e/c3, where
¢o = is a mean distance between the nearest neighbour charges (Figure 6).
The distance between the i-th charge and the escaping charge is

yi = (nc§ + k*cd)'? = y, ;. (A.10)

Applying a similar procedure to that of Appendix A, the total potential can
be written as
(mydjca=1) o P 3 e [YO/C():N Dc? s yolca=N D_C(z) kz]
4

o)=Y ——4 X oAt X

S dmeeg X 8 mee, | 2 =
oDx (* 2nydy

47!680 " (yz +x2)3/2.

The approximation of a continuous charge distribution for the last com-
ponent of sum (A.11) can be applied when

e Dx _ oDx ¥*% 2mydy
Aneey (2 + x2)*2 T dmegy J,,  (0F + x2)PF

Here 2noy,d, = e and 2ny,d, is the surface containing one charge. The
Eq. (A.12) is fulfilled for y, > d,. It means, that there are at least a dozen or
so charges at a distance y, from the escaping charge. For this case the
Eq. (A.11) can be presented in approximate form

(A.12)

3 N4}
8 x*

3
2x?

D 2
<p(x):5—(1 — 30— TG NN+ DN + 1) +

2¢e,

). (A.13)

In order to obtain the potential in this approximation it should not depend
on N

do(x)
dN

0 (A.14)
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Then, from (A.13) and (A.14) we can get an approximate expression for the
potential

2 2
g Co Co
~ %7 2 o 35550 _
o(x) e [1 3.55 x4] (A.15)

For large x Eq. (A.15) can be transformed into

_b
 2ee,

(A.16)

This is in accordance with the potential of continuous charge distribution.



