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PHOTOENHANCED CONDUCTIVITY IN ORGANIC CRYSTALS*

JAN GODLEWSKI
Department of Molecular Physics, Technical University of Gdansk, 80-952 Gdansk, Poland.

JAN KALINOWSKI** and PIERGIULIO DI MARCO
Istituto di Fotochimica e Radiazioni d'Alta Energia, CNR, 40126 Bologna, Italy

Abstract  Macrotrap model for charge carrier trapping is applied to describe photo-enhanced
currents in anthracene-like crystals. The currents are due to the interaction between triplet
excitons and charge carriers trapped in spatially extended trapping domains (macrotraps). The
model allows to selfconsistency explain experimental voltage and light intensity dependences
of the photo-enhanced conductivity measured in anthracene crystals.

INTRODUCTION

The term "photo-enhanced conductivity" describes photoconductivity in the space-charge-limited regime
due to optical excitation of charge carriers out of carrier traps. ! A theoretical description of single carrier
photo-enhanced currents (PEC) was achieved by applying the occupation statistics of point
(dimensionless) traps in the presence of optical excitation.24 This description fails to explain
experimentally observed non-quadratic dependence of PEC on applied voltage. In the present paper we
show that the triplet exciton interaction with charge carriers localized in the electric field-modified
spatially extended trapping domains allows to understand such a behaviour of PEC.

EXPERIMENTAL RESULTS

The principle features of PEC in organic crystals are illustrated using as an example a model crystal of
anthracene (C4Hjp). Solution-grown anthracene single crystals with well developed (ab)
crystallographic planes are typically 50 - 200 um thick, and for electrical measurements they are
overcoated with (semitransparent) CuJ electrodes ~ 0.1 cm? in area.

Figure 1 shows the field (F) dependence of the dark and photoenhanced current in a log-log scale for
three of over 10 examined anthracene crystals. While the dark space-charge-limited current (SCLC)
follows a power 1aw jgary ~ FM with n >> 1, the field dependence of PEC is, in general, more complex,
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and only in one case can be approximated by a power function j ~ F™ (m=2) within a low-field region F
<2x10% V/em.
For high fields (F > 2x10% V/cm) the PEC approach the dark current in the examined crystals.

tg(i)

ANTHRACENE CRYSTAL

-10

-1 L1 L1
2.8 32 36

FIGURE 1 Field dependences of the dark (full figure points) and photo-enhanced (open
figure points) currents for three different anthracene crystals of thickness d=78 pm (squares);
d=78 pm (circles; the crystal different from the first one); d = 94 um (iriangles). Light
intensity I, ~ 1015 photons/cmzs. The spectral region of the exciting light (410 < A <450 nm)
preselected to obtain approximately homogeneous distribution of excitons throughout entire
thickness of the crystals (the penetration depth of the major part of the light flux exceeds each
crystal thickness).

THEORETICAL CONSIDERATIONS

We assume that PEC in anthracene-like crystals, proceed by triplet exciton-trapped charge carrier
interaction. This is because the triplet exciton concentration, [T], resulted from directly excited singlets
by 5% intersystem crossing, is about a factor of 103 greater than that of singlets, {S], due to the relation
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between their lifetimes (T =~ 10 ms, Tgo~ 10 ns). Since the interaction with trapped charge carriers of
concentration n; leads to an additional decay channel for tripliet excitons, a kinetic equation for them in
steady-state conditions can be written as follows:

drm (m
—— = ¥sokisclo - — - kM =0 . O
dT TTO

Here x is the absorption coefficient of weakly-absorbed light, kg is the intersystem crossing rate
constant, and kry, stands for the second order rate constant for the triplet exciton-trapped carrier

interaction.
From (1)
KlotsoTTOKISC
[ = . V)]
1 4+ kTh“t’TO

and two limiting cases can be distinguished:

(T1 = xtgotrokisclo for krpnstmo « 1 (3a)
and

[T} = wxtgokisclo/ ke for ko » 1 (3b)
Since

Mot = (3/2) (€€ gU)ed? @

is proportional to the applied voltage (U) one would expect the (3a) approximation to be obeyed in the
low-field region, and (3b) to be obeyed in the high-field region for a crystal of given thickness, d,
characterized by the dielectric constant €. However, at the same n;, different cases can be realized
dependent on the product kyp, T10.

Therefore, conditions (3) do not form good criteria for the field regional division. The PEC under
trapping by a discrete set of traps is given by2

jpEC ~ See /a3 | ®
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where |1 is the carrier mobility, and 6 is the ratio of free (ng) to total (n ) carrier concentration, which, in
general, is a complicated function of U, d, x-position in the crystal, I, and other parameters. If ng« ng=
Ryoy» © can be obtained from the detailed balance relationship

{(Dlrg®expl-(E, - AEYKT] + nkqq(Tln, = npdmaDN, ©

where D is the diffusion coefficient of charge carriers, N, is the concentration and r, the radius of
trapping centers (see Fig. 2). The carriers are assumed to be captured by spatially extended spherical
symmetry domains (macm'on'al:os),S'8 when the capture radius, r,, exceeds the mean free path, A, of the
carrier. The steady-state diffusion-limited lifetime of the carriers is then given by9

1o = @nDNgrp'l . ™

We note that the first term in the left-hand curly bracket expression describes thermal detrapping and the
second one optical detrapping of charge carriers with efficiency, 1, dependent on the carrier relaxation
process.

In general, the field lowers the energy barrier for the macrotrap, E; - AE, increases 6, and
therefore causes jpg( to increase more steeply than UZ. As has been shown previouslys'6

AE = eFr, ®)

for low fields, and

3kT 2.7crel=rO
AE= ____ In ®
c 3kT

for high fields applied to the crystal. There are several limiting situations for which exact results can be
obtained for the jppc (F) function shape. First, we consider the real PEC, for which

kry(T) » (DfcgDexpl - By - AEKT] . (10)
Two field regions can be distinguished according to (8) and (9):

Low-field region (LFR)
@  kmngoro < 1
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FIGURE 2 llustration of the carrier (hole) relaxation in a macrotrap in the absence (solid
line) and in the presence (dashed line) of an electric field, F. For the thermalization length ry, >
I'm, the release efficiency 1 (F) = const, for Tth < I M i8 a function of F and potential
parameters of the macrotrap: 1 = 7 (fth/ro) cexp(AE/kT) (ng - activationless efficiency, ryp
2Ty)

From (3a), (6), (8) and (10)

NokThkTsotTokIsclo / T 3/0 elrg
o) = . .« €Xp , (11
4nr, DNy Ty kTd
and (5) yields
eUr,
j~Udhexp | ___ and j ~1, 12)
kTd

forry < 1y (see Fig. 2).

However, for i > 15, 1 = Mg,

NokThXTSQTTOKISClD
8(U) = = const (13)
41troDNO
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and
j ~U%/8® ad o~ 1, (14)

® kmgnao» 1
From (3b), (4), (6), (8) and (10)

noxtsokiscloed ) 0 eUro
8(U) = S « exp , as
6mr,DNge € JU Iy kTd
and (5) yields
eUr,
j~Uidyexp|___| and j-~I, (16)
kTd

forry, < rp, (seeFig. 2).
On the other hand, forryy, 2 rpy, M =17,

Toxtsokiscloed?
((j) =

s 7
6mr,DNge € U
and
j~Ud=F and j ~ 1, . (18)
High-field region (HFR)
@ ko « 1
From (3a), (6), (9) and (10)
) e o\ kmetsokiscrrole U\
6U)=ny | . . ol — 19
Ty kT 4nr, DNy d

and (5) yields
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j ~ U3lo+2 | g3i0+3  ang i~ (20)

forry, < rpy, (see Fig.2).

Forry, 2 rpy,, (13)and (14) obey.
() krpntro » 1.

From (3b), (4), (6), (8) and (10)

fth 3o €0 3o extgokisclp yifo-1
G(U) = Tlo — . . . * (2 l)
To kT 6mee DN, a3/0-2
and (5) yields
j ~ Uayforl and j -1, @2

for Tth < Iy (see Fig. 2).
Forry, 2 ry, (17) and (18) obey.

COMPARISON WITH EXPERIMENT

The data of Figure 1 show the agreement of various limiting cases of the model with experiment. The j
(F) (d= const) for one of the 78 um-thick crystals (circles) follows quadratic dependence, suggesting
weak triplet exciton quenching by injecteh holes and thermalization length exceeding position of the
potential barrier (case LFR (a)). The HFR (a) case can be excluded since by definition F < Fypg =
3kT/oery = 104V/em for 6 =1 and Iy = 50 nm (cfRefs. 5 and 6). Slightly overlinear dependence in the
LFR for the second of the 78 um-thick crystals (squares) suggests that we are dealing with the strong
triplet exciton quenching case with ryy, shorter than the barrier position rp, (case LFR (b)). A power
dependence of j(F) ~F™ with m = 3.5, as for the 94 pm-thick crystal (triangles), is predicted by Eq. (20)
for HFR with weak exciton quenching and carrier thermalization within the trap potential well or by Eq.
(22) with strong triplet exciton quenching. It would be possible to distinguish these two cases on the basis
of measurements of Tq. A distinct change in shape of the j(F) occurs prior to approaching the value of
the dark current at high fields in each case. This would be expected owing to the increased influence of
thermal detrapping leading to the inequality opposite to (10) and, consequently, 1036

j~igak ~U"  with n=3/c+2 @3)
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Note, however, that ¢ determined from jgqry and j are different in general. For the 94 pm-thick crystal,
Odark = 0.45 and ¢ = 1.2 (see (22)). This situation would be expected for the two-branches macrotrap
potential well as observed in solution-grown anthracene crystals from an analysis of SCLC.5:6 The flat
branch of the potential (with high ©) is operative in the LFR (and/or prevailing optical detrapping), and
the steep branch (with small o) determines the HFR thermal detrapping of charge carriers.

CONCLUSION

We have shown that the macrotrap concept for charge carrier Lrappings'6 can be successfully applied to
explain photo-enhanced currents (PEC) in anthracene like crystals. The field characteristics of PEC takes
different functional shapes dependent on the macrotrap parameters (G.fy), the main pathway for exciton
decay (spontaneous or quenching by the injected charge), and thermalization length of excited carriers. In
contrast to point-trap approach, the macrotrap model allows to explain non quadratic field behaviour of
PEC, including the observed power dependence j ~ F™ with m = 1,2 and n > 2 as well as more complex
behaviour expressed by a combination of a power and an exponential function of F. The model predicts
linear increase of PEC with light intensity.
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