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Spatial Extension of Charge Traps:
Consequences for Space-Charge-Limited
Currentst

J. KALINOWSKI, J. GODLEWSKI and P. MONDALSKI
Department of Molecular Physics, Technical University of Gdarisk, 80-952 Gdarisk, Poland

(Received October 20, 1988)

It is proposed that charge carriers are trapped by spatially extended domains (macrotraps) produced
by physical perturbations of crystal lattice. These extended domains consist of local traps (microtraps)
with energy (E) distributed in space (r) such that E = (3kT/o)In(r,/r), where o is a characteristic
parameter of the exponential energy distribution function, and r, is the radius of the macrotrap. The
steady-state space-charge-limited currents (SCLC) are studied and interpreted by invoking the macrotrap
concept. The results indicate that the potential of the macrotraps can be effectively modulated by an
external electric field accessible in experiment and from the power law j ~ U" (n > 2) of the measured
current (j versus voltage (U) ¢ can be determined (n = 2 + 3/o). In particular, we examined high-
quality anthracene crystals for which two distinct distributions of microtraps have been found with o,
=1 =% 02and g, = 0.3 = 0.05. Typical values of the concentration N, = 10"*cm~* and depth E, =
0.6 = 0.05eV of macrotraps are accompanied by a diversity of r, within the range 100A < r, < 10°A.

PACS numbers: 72.20.Jv; 72.80.Le; 72.80.Sk

. INTRODUCTION

The development of modern electronics has motivated work on electrical properties
of every now and again new insulating and semiconducting materials among which
molecular materials become of particular interest. The steady-state transport prop-
erties of charge carriers in such materials are often dominated by the presence and
distribution of carrier trapping sites (charge traps) (e.g. References 1,2). Traps of
either chemical or physical nature may be located at specific lattice sites (point
defects) or possess an extended character (e.g. linear or planar defects or faults)
(see e.g. Reference 3). SCLC flow through insulating crystals is often used to
calculate trap parameters based on the assumption that the energy distribution of
traps can be described by either exponential?># or Gaussian function® with infinite
limit of trap energies and homogeneous distribution in space (Figure 1A). This
approach seems to be unrealistic and leads to well known discrepancies with ther-

tDedicated to Prof. Martin Pope on the occasion of his 70th birthday.
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mally stimulated current (TSC)¢~!! and thermoluminescence (TL)'?~'® studies which
have generally indicated the presence of a discrete trap level. Though the discrete
trap level has also been assumed to explain experimental SCLC j-U characteris-
tics,'®2° an apparent conflict appears when the density of traps is determined based
on the temperature dependence of the trapping factor (6) and that calculated from
the trap-filled limit voltage (U, ). There have been some attempts to explain the
data in a unified manner. For example SCL hole currents in anthracene crystals
have been interpreted based on exponential trap distributions produced by physical
perturbations introduced by the same impurities which give rise to the discrete hole
trap level as revealed by TSC studies.?! Various concepts of local states of Gaussian
distribution have been used to numerical fit of the theory to existing experimental
J-U data.??~2* However, none of the previous theories takes into account the es-
sential physical factor of spatial extension of effective traps. In the present paper
we go beyond the traditional approach and propose a physical interpretation of
the SCLC flow arising from a trap model based on the concept that the whole
population of traps can be divided into spatially extended domains (defected regions
= macrotraps), each macrotrap containing many localized states (microtraps) with
energy distributed continuously according to a function decreasing with the distance
(r) from the deepest state (E,) standing for the macrotrap center. The energy (E)
distribution of microtraps within a macrotrap, arises from specific metastable in-
termolecular conformations different from the molecular arrangement in the perfect
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FIGURE 1 Schematic illustrating hole trap distributions in an insulating crystal placed in an electric
field. A : homogeneous distribution in space with energy distribution function h(E) over the whole
bulk of the crystal; B : microtrap clusters pinned down on discrete macrotraps of various size r,, and
depth E,. Microtraps are homogenously distributed within macrotraps and are ghqraclenzcd by encrgy
distribution h,(E) and E(r). Note that the energy distributions of microtraps are limited by the macrotrap

depth E,.
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parts of the crystal and at a given temperature can be established by statistical
thermodynamic arguments as an exponential function. Note that applying ther-
modynamic arguments to specific molecular conformations in a crystal favors the
exponential distribution rather than pure statistical Gaussian function. The latter
may be more realistic in a molecular random systems like amorphous organic films
(see e.g. Reference 25). Therefore, choice of the exponential distribution is here
not a matter of taste, but a consequence of the subject to be analyzed.

In the present work we establish criteria for the model to be applicable, and to
illustrate the model, measurements of SCLC j-U characteristics on anthracene single
crystals are carried out and quantitative discussion of the results presented.

Il. THE MODEL OF TRAPS

A. Discrete set of macrotraps

In the following, we shall assume that the whole population of traps can be divided
into a set of extended domains (macrotraps), each macrotrap consists of local traps
(microtraps) distributed and limited in energy and space as illustrated in Figure
1B. Owing to a lack of detailed knowledge of such a cluster structure, we assume
that macrotraps are in average spherical-symmetry cages of radius r,, distributed
in a random manner throughout the whole bulk of a crystalline sample.

If we let N, denote the concentration of one type of macrotrap, H,—the con-
centration of microtraps distributed in energy according to the exponential function

h(E) = H‘;’ exp(— o E/kT), 1)

k
then the equation
ho(E)dE = —4w P N,, N, dr (2)

yields by definition the energy of microtraps as a function of distance (r) from the
center of the macrotrap,

3kT, r,
E(r) = T In 7 (3)

The following integrating of (2)

(1] ro
f h(E) dE = NOL N, 4w 72 dr

gives

L 3 Ho 1/3 4
°~ \4aN,N,, )
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and distribution (3) is assumed to be a quasi-continuous function, i.e. fulfilling the

inequality
(‘2—?) ‘a < kT, (&)

where a is the lattice constant. Note that N,, in (2) and (4) is the molecular
concentration identified with the effective density of states within a macrotrap [cf.
7).

With general positional energy distribution (3), the microtrap depths are limited
by the boundary conditions

E=0 for r (6)

Il
]

and

E=E for r=mr,

where r, stands for the dimension of the basal pinning traps.

Since each macrotrap introduces its characteristic parameters r,, r, and o, the
total energy spectrum h(E) of charge carrier trapping states is given by summing
the density A (E) over all macrotraps, i.e.

h(E) = 2 h,; (E) (7

and the total concentration of microtraps H = 2 H,.
i

Expression (3) can be treated as a functional form of the attractive potential (¢
= E/e) for a charge e in the neutral macrotrap. This potential can be affected by
an external electric field (F) lowering the trap potential barrier.2®*” Using the
distribution (3), the hole’s (e) potential energy V(r) with the field orientation ¥ is

V(r) = E(r) + eFrcos 3. 8)

The potential energy maximum

Voo = %Z (1 + In ’—”) )

T

in the field direction is at

o KT (10)

oeF cos ¥’

T'm
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and the field lowering of the potential barrier is

3kT eFr,o cos ¥
AE, = T [1 + In (T)] (11)

for high fields such that r,, <r,.
On the other hand, for low fields fulfilling condition r,, = r,, we get simply

AE, = eFr, (12)

The solid line of Figure 2 represents the potential energy of a hole in a neutral
macrotrap in the absence of the applied electric field, and the dashed lines cor-
respond to the potential in the presence of the applied field for two limiting cases
of low and high electric fields.

If we assume the probability of hole escape from the trap to be governed by
simple thermal excitation over the barrier, its value in the presence of the field is
then increased to

exp(— E,/kT) exp(AE/kT), (13)
which related to the attempt-to-escape rate (v,,) gives the detrapping rate
v, = vy, exp(— E/kT)-exp(eFr/kT) (14)
in the low-field approximation, and

vy = yF¥ exp(— E/kT) (15)

4

~
S LOW FIELD

- !
0o wH @b T

FIGURE 2 Schematic of a barrier for a hole in a neutral macrotrap being lowered by the applied
field (for a more detailed description sec text).
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in the high-field approximation, where

3o
2.7er,agcos 9
Y= vth<T) . (16)

The analysis of SCLC flow will be based on the relations (14) and (15) in Sec.IIL. A.

B. Other distributions of macrotraps

If macrotraps are a product of random formation processes then for a phenome-
nological description of their energy (E,) spectrum, a Gaussian approximation
would be the most adequate,

N,
N(E) = 5 exp(~ EA249), (a”

where 4, is the dispersion parameter related to the valence band edge.

However, macrotraps can be subject to other formation and distribution rules
than pure statistical randomization; the deviations from the order being caused by
thermodynamical and other physical and chemical factors acting primarily during
crystal growth.

The exponential distribution of their energies might be then of importance,

N(E) = l]ZoT exp(— E/IkT), (18)

where [ is a parameter characteristic of the distribution. At considerable macrotrap
densities (N,) a statistical process of aggregation of macrotraps takes place, and
formation of assemblies sets in. It is particularly effective when the mean distance
between macrotraps is smaller than their double 7,

(N,)~1? <2r, (19)

Interacting macrotraps can form a very complicated configuration of point defects
(microtraps). Such a trap ensembles can consist of regions of compression and
dilation of the lattice with a rather complicated energy spectrum in the inter-
macrotrap regions. The resulted trap energy distribution depends upon an overlap
between various type of macrotraps and, in general, the composite distribution
function is not a simple linear combination of the component distributions corre-
sponding to isolated macrotraps as given by Equation (7). If we assume the trapping
levels to be reflecting the distribution of local stress fields, then, even for the
defects described by the Gaussian distribution, as shown for dislocations generated
at random,?® there is considerable deflection from the normal distribution. This
means that at random disposition of macrotraps, the stress field components of a
macrotrap ensemble can create strong local fluctuations of stress at the tail end of
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the Gaussian distribution; they in turn, can be the source of formation of deep
structural traps for charge carriers.

For a large number of macrotraps the microtrap distributions can merge into a
quasi-continuous exponential energy distribution with limiting energies determined
by either macrotrap distribution (17) or (18).

ll. STEADY-STATE ONE-CARRIER SCLC FLOW

The equations relating a unipolar (hole) injection drift current j, free nyand trapped
n, charge carrier concentrations, internal electric field F, and the voltage U applied
to the sample of thickness d for one-dimensional system are, in general, as follows:

j = e ny(x) W(F) Flx), (20)
dl;_ix) = Eieun(x), (1)
U= ﬁ :I F(x)dx. (22)
ny = ne(n,x), (23)

Here . is the carrier mobility, € is the dielectric constant, €, is the permittivity of
free space, and the total concentration of charge n = n, + n,.

The solution of Equations (20)-(23) for ohmic contacts (SCLC) has been ob-
tained by several authors (see References 1-5 and 29, 30) in different ways de-
pendent on the value of the ratio @ = n,/n and the functional shape of relation
(23). The latter can be obtained from the principle of detailed balance, the trap
filling and emptying rates must be equal in the steady state. This gives

vn, = vsn(N, — n,), (24)

where [vs(N, — n,)]~' = 7 = trapping time, s is the cross section of capture of a
hole by a trap, N, is the concentration of discrete traps, and v is the thermal velocity
of the hole.

The relationship between n, and n, takes various forms dependent on the func-
tional shape of the emptying rate which reflects characteristic features of the trap
distributions. We now consider the derivation of j on the applied voltage with
selected cases of the trap model described in Section II.

A. Solution for SCLC: discrete set of macrotraps

We can now derive the j-U dependence for the SCLC by solving Equations (20)-
(23) with the filling-emptying balance (24) based upon the emiptying rate given
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either by Equation (14) or (15). In the high-field approximation the balance is
YF%e exp(E,/kT) n, = vsns(N, — n,). (25)

Assuming n, <<n,, n, << N,, and ¥ = 0, the system of Equations (20)—(22) and
(25) can be solved and under SCLC conditions yields

3o 2+ Ya
. _ N ee,uo (2.7er,o 30 + 3 _ [2+3a
TN, 20 + 3< 3kT ) (20 + 3) exp(—E,/kT) e (26)
where
New = vplvs = 2mr)~! @7)

stands for the effective density of states in the crystal. The relation between N
and r, has been obtained under the assumption that v, corresponds to the collision
frequency of the trapped carrier with the potential barrier of the trap [v,, = (21) !,
where 7 = r,/v] and s = @2

If notion of the trapping factor

3lo 3o
_ Neg 2.7er, o g _
g = = <t (—3kT ) ( d) exp(— E,/kT) (28)

is introduced to the current description, then from Equation (26) it follows that j-
U expression will be

2+ 3o

30 + 3 U?

j= e (20 0 =-. (29)
20+3\20 +3 d
The conductivity and j-U characteristic given by (29) can be, therefore, described
as SCLC flow with field-dependent 6, the formulation similar to the Poole-Frenkel
effect on space-charge-limited currents.?"32 Such a situation is clearly not expected
in the case of the standard Mark-Helfrich solution for trapping by a discrete set
of separated microtraps,?%-3
U2

.9
/=§eeop.9ﬁ. (30)

This is the case if one extrapolates Equation (26) to o — x, with

0= Il\il_eﬁ exp(—E/kT). 31
The physical meaning of this extrapolation is that we deal with one discrete trap
level (E,), the trap potential being the infinitely sharp point well for which the
barrier lowering can be neglected [AE,, — 0; see Equation (11)].
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Since AE; — 0 for low fields, Equations (30) and (31) stand as well for the
solution in the low field approximation with v, given by (14) for eFr, << kT.

We note that the functional form of Equation (26) j ~ U"/d™ with n > 2 and
m > 3, except for the constant coefficients, is in fact, identical to the SCL j-U
characteristics for a continuous exponential distribution of the form (18) of the
infinitely sharp well (ISW) point traps,’

 Negew (e, [Bsin(m] (20 + 1\ U .

I="g &) |a+o=| \T+1) a7 (32)
It follows, then, that experimental data arising from the discrete macrotrap back-
ground can, without close scrutiny, be mistakenly attributed to the continuous
exponential distribution of ISW point traps.

The transition from the low- to high-field regions of the current occurs at a
voltage

Ut =

tr

/3
%Td {9\ (2o + 3)i+e
————(—) (20 + 3) (33)

2.7er, o \8c W ,

which, having o from log j — log U slope, allows macrotrap dimension r, to be
determined.

From the above discussion, it is evident that the experimental form of j-U curves
is not sufficient to unambiguously identify of the trap distribution underlying the
SCLC flow. Even the steep rise in the current with increasing voltage, typically
associated with the trap-filled limit, is not unambiguous, as it can be due to the
voltage U® which lowers the macrotrap barrier at the r,,(8), where the microtrap
distribution changes steeply its o from the actual value o, to o,.

B. Solution for SCLC: exponential distribution of macrotraps

Assuming the macrotraps to be distributed in eneregy according to (18), we can
solve Equations. (20)-(23) and the result is then as follows:

_ Negew (2.7er,0\”" [ee, sin(mil) |' [2 + (1 + 3o)(UA)Ji+/+3e yt+i+yo
N, 3kT ewN, | [I+ (1 + o)1) +2+3 givaivoa

(34)
For large o (¢ — «), Equation (34) becomes identical with (32) that is reduces to

the form characteristic for the continuous exponential distribution of ISW point
traps.

Iv. COM‘PARISON WITH EXPERIMENT AND DISCUSSION

A large number of experimental studies were carried out on SCLC flow in organic
molecular crystals (see e.g. References 1-3 and references quoted therein). The
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shapes of j-U characteristics are usually displayed in a log — log scale, showing
typically 2 or 3 straight line segments attributed to diffusion currents in the low-
voltage region and drift currents in the higher-voltage region. The drift currents
have been interpreted in terms of an exponential or Gaussian model of ISW point
traps.

It is well known that concentration and distribution of traps varies from crystal
to crystal even then, when they are produced by cutting from a common boule or
originate from a common amount of starting material crystallizing by evaporation
or growing in solution. Thus the results obtained by us with solution grown an-
thracene single crystals are by no means universal for the whole class of organic
crystals and differ from some other results reported for anthracene crystals. We
have chosen solution grown crystals because they show less variation in trap pa-
rameters.?"'¥ Ohmic Cul-hole injecting contacts were formed on the crystallo-
graphic ab-plane of the crystals. Figure 3 shows typical hole j-U characteristics for
two of over 20 examined crystals. The current depends on voltage according to
j ~ U* with n > 2 within the current range exceeding 8 decades, and the field
range extended about 2 decades. This broad range of the both variables allows to
yield substantial information about the concentration and distribution of traps.
First the trap parameters were obtained by using the traditional equation (32) based
on the quasi-continuous exponential distribution of ISW point traps. Table I lists
the values of H and / obtained for hole traps in these two crystals.

Whereas the lowest field regions can be ascribed to the near-Child’s law in the
presence of shallow trapping, the consecutive straight-line segments should be

100 ————————
Mo Lo I
%TT10’ bt s 25 g =34
g I~ E/n=11.2
< 108 178
= O-UF n=’2;2/ wa,/’n:S.i (a)
1 10° 10°
. F(Vicm)—
10 =
5 | P
< -8 s _.
;[_: 10 [ “=2-/‘*.,-a;’/r n=50 (b)
10-12'/. L 1
10* 10°
0 F(vicm) —

FIGURE 3 Current density as a function of electric field for two of over twenty examined solution-
grown anthracene crystals at room temperature. Electrodes: copper iodide (Cul); crystal thickness: d
= 66pm (a), d = 49um (b).
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TABLE I

Trapping parameters according to standard description by the exponential trap
distribution model (32).

Parameters d = 66 pm d = 49 pm
Regions ! H (cm %) { H(cm %)

Region [ 4.3 3.3 x 10" 4.0 9 x 10"
Region 11 10.2 1.7 x 107 12.6 1.3 x 107
Region 11 2.4 1 x 10¢ — —

interpreted as follows: I—filling exponentially distributed trapping states: 11—
trap-filled limit; III—electrode-limited current. From the trap filled-limit voltage
Uy, for both crystals N, = 10*cm ~3 and the limiting Fermi energy can be calculated
as Er = lkTIn(H/IN,) = 1.4eV 3® Thus n; = N exp(— E¢/kT) gives n,~ 10~ *cm >
with N = 4 X 10 ecm~3 and kT = 0.025¢V. This value of n, introduced to the
current expression (20) with p. ~ 1 cm?Vs and F ~ 10*V/cm, leads to the current
j ~ 10~ 8A/cm?, which is six orders of magnitude less than the experimental value.
Another possibility of interpretation of the sharp change in the slope of the plot
log j — log Fis sweeping of the quasi-Fermi level through exponentially distributed
ISW point traps with different /. Then, at the transition voltage B (see Figure 3)
(H,/IkT)exp(—E, /LkT) = (H,/L,kT)exp(--E,/LLkT), and the average value for
both crystals E, = 1.14eV gives n; = 60 cm~3. With this value of n,and F = 10°
V/cm one obtains j ~ 10~2 A/cm?, which is four orders of magnitude less than
the experimental result.

The above discrepancies indicate that the sharp changes in the slope of the log
j — log F linear segments for our anthracene crystals cannot be simply attributed
to sequential filling of either consecutive discrete ISW point individual traps or sets
of traps distributed exponentially throughout the whole forbidden gap.

Now, we will demonstrate that the idea of macrotraps developed in Sections
II.A and I11.A satisfactorily explains the experimental results presented in Figure
3. The results are summarized in Table II.

The results presented in Table II show that the total energy of a hole in the
macrotrap is the sum of the two terms as given by (cf. Figure 4).

'ﬂln@ for r,=zr=zr!
o, r
E(r) = (35)
3
ﬂln@ for rr=zr=r,
o, r

where r! is a distance for which (3kT/a)) In (r,,/r') = (3kT/a,) In (r,,/rY), and r,,
= r,. Since, however, in most the experimental cases both terms have been ob-
served, it is useful to define the macrotrap extension r, at E(r = r,) = E,, where
the both terms are equal each other (note that we used this definition for calculating
r,; see column ® in Table II). Having determined r,, E, can be evaluated from
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TABLE II

Trapping parameters as determined from applying the discrete model macrotraps described in
Section II.A and IILA.

Para- rn E  r, r r E E, N s=mr2, Vi
meter o, o, [A] [eV] [A] (A] [A] [eV] [eV] [em~?] fem’] [s71]
Crystal ® ®@ ® ® 6 @ @ @ @

d=49um 100 026 711 055 229 60 30 057 06 6.7x10" 9.5x10-" 1.3x10%
d=66pm 090 033 550 0.55 456 201 35 057 0.6 1.4x10" 1.6x10-' 9.9x10"

@, @ Taken from the slopes (n) of suitable segments (I and II) in Fig. 3. According to (26) n = 2
+ 3/o.
@ Calculated from (33) at transition voltage « (see Fig. 3), using @.
® Obtained from (26), using @ and ® or ®, and making the assumption N4 = N,.
® Obtained from (26) with @, using ®@.
® Calculated from (3) at transition voltage B by equating (3kT/o))In(r,,/r,) = (3kT/c,)In
(roalra)-
@ Calculated from (3), using @ and @®.
®, ® Obtained from equating AE,; (11) to E, and substituting, respectively, first ¢, and r,,, and
then o, and r,, (& = 0 in both cases). In the calculation, the field (F) corresponding to the
crossing point between Child’s law curve and suitable extrapolated segments of the experi-
mental curve has been substituted in (11).
@@ Calculated from (4) assuming N = N, and H, = N, and using @.
@ Obtained with values of r,, as given in ®.
@ Calculated according to (27) with the assumption N = N,, v = 10°cm/s, and using @.

CONDUCTION BAND
1 E

x,

6
E=#{r) Er

t

Al 1
Jl \\ 61 EZ
YALEAN l
0 r
-
2,
21,

VALENCE BAND

FIGURE 4 A two-dimensional representation of the potential well of the macrotraps in solution-
grown anthracene crystals. For details see text.
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Equation (3). This transition energy changes, in general, from crystal to crystal
and in the case of our examples described in Table 1I takes the following values:
E,(d = 49pm) = 0.18eV and E,(d = 66p.m) = 0.08¢V. They constitute each less
than one third of E,.

The key difference between the standard SCLC j-U characteristic interpretation
and that resulting from the presented macrotrap model is illustrated in Figure 5.
While in the first case the nonlinear part of the plot follows the position of the
quasi-Fermi level sweeping consecutive trap levels, in the second case it is due to
lowering of the barrier with the quasi-Fermi level moving below the trapping level.
The voltage at which a sudden increase in the current occurs, formerly referred to
as the trap-filled-limit voltage or possible as to a step-increased value of / voltage,
now corresponds to a step change in the macrotrap potential gradient with decreased
o.

We note that the calculation of the reduction of the barrier height as given in
Sect. II A is a one-dimensional calculation. It overestimates the effective reduction
in the barrier height, for only in the direction of the applied field is the edge of
the potential well lowered as much as given by equations (11) and (12) with & =
0. A calculation of the effective reduction in barrier height by averaging the prob-

[ STANDARD APPROACH | [MACROTRAP MODEL |

CONDUCTION BAND CONDUCTION BAND
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ability of escape from the trap with respect to direction gives an increase in the
concentration of free carriers which can be less by an order magnitude than that
given in one-field oriented-dimension.3* The experimental results obtained by us
with over 20 solution-grown anthracene crystals show the trap parameters o, =
1.0 £ 0.2, 0, = 0.30 = 0.05 and E, = 0.60 = 0.05 eV to be well reproducible
from crystal to crystal, but the macrotrap radius varying between 100 and 10°A.
As the macrotrap depth increases with r, according to E(r,) = (3kT/a)In(r,/r,)
[see Equation (3)], it is possible to reconcile this apparent discrepancy by allowing
for variation in the radius of the basal pinning trap r,.

Thus it is not unreasonable to speculate that they constitute clusters of incipient
dimers of varying sizes formed preferentially at dislocations as it has already been
suggested earlier. The values of 7, = 30—40A (see Table II) seem to be reasonable
sizes for small clusters of the dimers which are expected to involve a few pairs of
molecules. Such dimer clusters distort the lattice in a certain region, producing
and/or aggregating defects with energy states distributed in space according to a
decreasing function given for instance by Equation (35). However, the macrotrap
potential could be, in principle, considered as the strain energy in a dislocation
itself. Based on distance (r) from the dislocation, two contributing terms of this
energy are usually distinguished; for distances larger than r,, there is E)(r), the
elastic (continuum) strain energy, and for distances smaller than r, (but larger than
ry), one has E@(r), the core energy, which, in contrast to E()(r), cannot be eval-
uated from elastic approximation because the strains are too large.*® The dimers
created along dislocation lines would still form the pinning traps for the macrotraps.
The radius r, of a spherical macrotrap, which in this case is a term somewhat ill-
defined, expresses the Burgers vector averaged distance at which the effect of the
dislocation on intermolecular orientations and distances lies within kT of the effect
of temperature on these parameters. The dislocation background of the macrotrap
explains in a natural way two reproducible branches of the potential deduced from
the experimental data (see Figure 4); the weak-gradient part (o, = 1) due to weak
strains created at distances larger than r,, and strong-gradient part (o, = 0.3)
resulted from large strains located in the range r, < r < r,. The relatively large
scatter of r, and r, observed in experiment would reflect an anisotropy in magnitudes
and orientations of the Burgers vector characterizing different dislocations. The
dislocation interpretation of macrotraps is supported at last by their concentration
which evaluated in our experiments at =10'>cm ~3 falls in the range 10'*-~10'7cm ~*
as found in anthracene crystals by using etching techniques for localization of
dislocations and then by their counting.®” Since dislocations are typical extended
faults arising in anthracene crystal lattice during crystal preparation and subsequent
handling, one would expect them to be commonly observed with different tech-
niques. The trap depths E, = 0.53-0.60eV are indeed detected in anthracene
crystals with TSC techniques (cf. References 38-40), but now for the first time
the same values are found by the above analysis of steady-state SCLC j-U char-
acteristics.

We note that the macrotrap-like concept has already been proposed in the past
by Pope and coworkers (as quoted by Geacintov and Swenberg in Reference 41).
They also used the notion of defect cages (the deformed regions of crystals around
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defects) to explain the enhanced fluorescence quenching by injected charge carriers
in anthracene crystals.

At this point we want to stress that our results summarized in Table II are self-
consistent under the conditions N = N, and N,, = H,. They impose all molecules
to be involved in formation of macrotraps, the macrotraps touch each other oc-
cupying approximately the whole volume of the crystal. This makes the carriers
hopping from one to another macrotrap, the number of states available per 1lcm?
(N.g) equals the density of macrotraps in contrast to the standard interpretation
in which N is usually identified with the molecular density N,,. [Note that
Ny = N, results directly from Equation (27) if for r, the molecular dimension is
substituted]. Since for our crystals the capacitor charge per unit area (CU/e) < N,
within the entire range of the applied voltage, the TFL conditions for macrotraps
cannot be fulfilled. In general, however, N > N,, N, < (CU/e), and TFL is
attainable. This seems to be the case with naphthalene single crystal?® for which
the enormous discrepancy of about 5 orders of magnitude has been found in the
trap concentration determined from the TFL voltage and from the temperature
dependence of 62 for ISW point traps with N = N,,.

Based on the macrotrap model this discrepancy can easily be resolved. The trap
concentration N,(TFL) = 4.5 x 10''cm~* obtained from the TFL voltage must
be then identified with the concentration of macrotraps N, but N,[8(T)] = 7.5 %
10'¢ cm ~3 obtained from the temperature dependence of 8 according to Equation
(31) is meaningless because of a priori assumed N = N,,. Instead, N4 = 2.4 X
10'%cm 3 results from (31) using N, = N(TFL) and experimental values of 6.
Hence, on the basis of (27) and (4) r, = 187A and H, = 5 X 10'%cm~3 can be
calculated, respectively. We note that the sharp increase of the current in this case
cannot be interpreted as the a-transition in sense of (33) since it leads to N, =
4.5 x 10° cm~3, the value much lower that CU, /e, that is TFL for these traps
should appear at U < U,,, which is not the case. Summarizing the results it must
be pointed out that acting of discrete macrotraps can be seen in the shape of j-U
characteristic only in high-perfection crystals for which (N,)~'* = 2r,,. In poor-
quality crystals only two straight-line segments of logj — logU plot should be
observed; the second one with the slope n > 2 reflecting most probably a continuous
energy distribution of microtraps dispersed homogeneously in space due to for-
mation of macrotrap assemblies throughout the crystal (see Sect.II.B).

Interaction of macrotraps can lead then to softening of the core strains resulting
in one averaged value of o. This might also be the case of macrotrap distribution
in energy, which, for r, = const, lets the j-U dependence to be expressed by formula
(34). This would, however, require r, to be a decreasing function of E,. Finally,
despite the existence of well defined discrete macrotraps, the third segment may
not occur because: (i) the voltage accessible in experiment is insufficient to lower
the barrier down to place the maximum at r,, = r, (this is the case with E, —» E)).
From the slope of the second segment we can only derive o; (ii) the applied voltage
reduces the barrier within the transition range « to such an extent that at higher
voltages r,, < r, (this is the case with E, — 0), and then from the second segment
slope we derive only a,. Whereas at present it is not possible to formulate a general
rule how to distinguish between these different situations, one can arrive at a final
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conclusion by a careful analysis of the particular experimental curve including,
especially, the shape of the transition region a and evaluated from it r,, and E,.
In contrast, in high-perfection crystals one would expect at least three such
segments suggesting the current to be controlled by a complex potential discrete
macrotraps distributed randomly in space. The reason for the fourth segment (in
Figure 3 n = 3.4 with the crystal of d = 66pm) is not yet established. It may be
associated with a transition to the electrode-limited-current, but it is also possible
that after filling the macrotraps each with one carrier, next trapping events proceed
through the capture of the second carrier by the already charged macrotraps. The
Coulombic repulsion of the two one-macrotrap located carriers makes the macro-
traps to be shallower, which is demonstrated in the experiment as a decrease in
the slope of the log j — log U plot. In order to identify the process responsible for
the current flow within this range a detailed analysis of various mechanisms has
been undertaken by us and the results will be presented in a forthcoming paper.
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