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Mechanistic Aspects of Hole and Electron Injection into Organic Transport

Materials
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The field, temperature and concentration dependence of the dark injection of holes and electrons from metal electrodes into
molecular dispersions of respectively 5'-[4-[bis(4-ethylphenyl)amino]phenyl]-N,N,N’ N’-tetrakis(4-ethylphenyl)-[1,1":3',1"-
terphenyl]-4,4"-diamine and 1,3-bisdicyanomethylene-2-methyl-allyl-indane in polymers has been investigated. All results point
to a two step process: in a first step charge carriers are injected to the bottom of the potential well created by an image potential
between the charge transport material and the electrode. The competition between escape of the charge carriers from this well
and recombination with empty levels in the electrode governs the final rate of charge carrier injection. While in a qualitative way
this approach resembles an extension to doped polymers of the Willig-Gerischer model, developed for organic single crystals, a
quantitative description of this system requires us to consider also the diagonal and non-diagonal disorder of the hole transport

material.
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Introduction

While the dark and photosensitized injection of charge
carriers in inorganic semiconductors' or organic single
crystals has been studied extensively,? much less is
known about injection into amorphous organic materi-
als.?>* However, knowledge and control of the injection
of charge carriers into charge transport media are es-
sential for the understanding of xerographic® and elec-
troluminescent” materials. A major difference between
the transport in organic amorphous media and in single
crystals is the occurrence of diagonal and non-diagonal
disorder. Béssler and coworkers developed a transport
model, which describes the transport as a hopping pro-
cess in a Gaussian Density of States (DOS).® This disor-
der is also expected to influence the injection.%1?

The charge transport properties of molecular disper-
sions of the hole transport molecule 5'-[4-[bis(4-
ethylphenyl)amino]phenyl]-N,N,N’ N’-tetrakis
(4-ethylphenyl)-[1,1:3",1"-terphenyl]-4,4"-diamine (p-
EFTP)'#%5 and of the electron transport molecule 1,3-
bisdicyanomethylene-2-methyl-allyl-indane(ADCMI)*®
have been studied extensively earlier. In order to know
more about the hole injection process in polymers, mo-
lecularly doped with p-EFTP or ADCMI, the polymers
were contacted with metal electrodes characterized by
a range of work functions. These results confirm earlier
reports where electrolytic contacts were used for the
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dark!” and photosensitized!® injection of holes in poly-
carbonate films loaded with p-EFTP. The aim of the
present contribution is to examine the generality of re-
sult obtained earlier for p-EFTP by the influence of the
concentration and the chemical structure (electron ver-
sus hole transport) of the transport molecules. For all
systems the experimental results can be discussed in a
qualitative way in the framework of the Willig-Gerischer
model,2 quantitative agreement would however require
the explicit consideration of diagonal and non-diagonal
disorder.%-12

Experimental

The molecular structures of 5'-[4-[bis(4-ethyl-
phenyl)amino]phenyl]-N,N,N’ N’-tetrakis(4-ethylphenyl)-
[1,1':3',1"-terphenyl]-4,4"-diamine (p-EFTP),1,3-
bisdicyanomethylene-2-methyl-allyl-indane (ADCMI) and
the polycarbonate are displayed in Scheme 1.

The preparation and purification of p-EFTP and
ADCMI have been described elsewhere.'*?° The polycar-
bonate was obtained from Mobay Chemicals (Makrolon
5700) and used without further purification. Polysty-
rene was obtained from Bayer and used without fur-
ther purification. Samples shown in Fig. 1, were
prepared by dissolving the appropriate ratios of p-EFTP
or ADCMI and the polycarbonate or polystyrene in
dichloromethane, followed by coating the resulting so-
lution on polyethylene terephthalate substrates that had
previously been coated with a thin layer of Al. The con-
centrations are given in % weight. To reduce the residual
solvent concentration, the samples were heated to 50°C
for 16 h. Afterwards the counter electrode was evapo-
rated in high vacuum (Al, Au) or pressed to the sample
(Ga). The thickness of the polymer films (between 10
and 20 pm) was determined using a Lichtschnittmicro-
scope (Zeiss). The error on the thickness amounts from
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Scheme 1. Molecular structure of p-EFTP: 5’- [4-[bis (4-ethylfenyl) amino] fenyl] - N,N,N’ N’, -tetrakis (4-ethylfenyl) - [1,1":3’,1”-
terfenyl] - 4,4”-diamine; 1,3-bisdicyanomethylene-2-methyl-allyl-indane (ADCMI) and PC: bisphenol-A-polycarbonate.
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Figure 1. Structure of the samples

1 to 2 um, which results in an error of 10 to 20% on the
calculated field strengths.

To investigate the currents a triangular wave genera-
tor was used to create a voltage between 0 and 5V, which
was amplified by a factor 200 using a “Kepco OPS 2000”
amplifier. The current was detected with a “Keithley 610
C” electrometer. To protect the Keithley in case of a short
circuit or a break down of the sample, a protective de-
vice was used, based on a MOSFET where the source
was removed or a pair of diodes INTEL 3459, mounted
in the blocking directions. The experiments were per-
formed under the conditions where the low voltage re-
sistance of the diode was much larger than the input
resistance of the Keithley (10 to 10 Q). The input re-
sistance of the Keithley was at least 20 times smaller
than the resistance of the sample to make sure that the
diode or the MOSFET were always in blocking (high
impedance) regime and to assure that the voltage drop
over the electrometer is always negligible to that over
the sample.

Results and Discussion

Field Dependence of the Hole Current Density In-
jected Into Molecular Dispersions of P-EFTP. The
concentration dependence of the hole current density
injected in p-EFTP confirms earlier suggestions that this
process must be described in the framework of the
Willig-Gerischer model rather than the Fowler-
Nordheim or Richardson-Schottky model. According to
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the Willig-Gerischer model??' developed for charge car-
rier injection into single crystals, the injection can be
considered as a two step process. In the first step an
electron is injected into a molecule close to the inter-
face with a rate v;,; (cm2s™). It is bound to the interface
by an image potential?>?* (Fig. 2). The escape with a
rate constant %, (cm s!) from the one dimensional po-
tential well into the crystal bulk competes with recom-
bination with rate constant &,,, (cm s) with empty levels
above the Fermi-level of the electrode (Fig. 3). In this
framework the current density is given by:

| = ev L
J W kesc + krec (1)
with
—eU(RO)
RT
Dexp
kesc =
—eU(R)} )
kT
[z, exp dR
with
UR) == ———— — ER
16ne g R 3)

where D is the diffusion coefficient of the charge carri-
ers (cm?s™) and R, (cm) the distance from the interface
where the electron arrives after the primary injection
step and e the elementary charge (1.6 x 10-° C). ¢, is the
dielectric constant of the sample for which a value of 3
is used. ¢, (8.85 x 10-* CV-'lcm™) is the permittivity of
vacuum. U(R) and R correspond to the electrostatic po-
tential (V) and the distance to the electrode (cm), while
E corresponds to the applied field (V em™). The diffu-
sion coefficient is related to the mobility p (cm?V-*s1)
by the Stokes-Einstein relation.
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Figure 2. Model for hole injection at an interface between a
metal electrode and a molecular dispersion of p-EFTP in poly-
carbonate.
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where % is the Boltzmann constant (1.38 x 102 J K1)
and T the temperature (K). While for the single crys-
tals? of anthracene and perylene the hole mobility is
field independent up to 5 x 105 V cm-!, this is not the
case for molecular dispersions of p-EFTP**-1> or ADCMI.'6
However, taking into account that in the image poten-
tial well the electric field is opposite to the applied field
and that at the top of the image potential barrier the
field becomes zero, the mobility extrapolated to zero field
was used in Eq. 4. When &, can be neglected compared
to k.. the current density is given by:

evinjkesc

JE T (%)

rec

As in this model the field dependence of v, is only mar-
ginally22! the field dependence of the hole current den-
sity should reflect that of &,. The latter only depends
on the value of the parameter R,. Therefore in Fig. 4
the field dependence of the current density, normalized
at 2.0 x 105V cm' is plotted together with values of .,
normalized at 2.0 x 105V cm for three different values
of R,. Note that for the situation where a negative volt-
age was applied to a gold or silver-magnesium (1/10)
top-electrode the current is actually due to the hole in-
jection by the aluminum back electrode.” While the field
dependence of the hole current density varies only mar-
ginally between the different electrodes or between poly-
carbonate and polystyrene, it is always steeper than the
field dependence of k.. Even for a physically unrealis-
tic “starting position” 2 A from the interface the varia-
tion of k., is still shallower than that of the current
density. This direction of the discrepancy also suggests
that the field dependence of the current density cannot
be described as a combination of an infinite sink (%,,. — )
and a large (10 or 20 A) thermalization distance of the
injected holes.?2%*

This could be due to the fact that, contrary to the ear-
lier assumption also v,,; is field dependent. v,,; describes
actually an electron transfer process. Changing the ap-
plied field changes the free energy of this electron trans-
fer process. When £k, is much smaller than %, the
current density is given by

rec
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Figure 3. Electrostatic potential in an organic material with
g, = 3 in contact with a metal electrode, In the absence of an
applied potential U(e) = 0. R;equals 4 A.lB: 0 Vem™?, A: 2.5 X
10*Vem™, ¥:1.0x 10° Vem™, ¢: 2.5 x 10°Vem™, A: 5.0 x 105
Vem?!, @:1.0x 106V ecm.

if(2x10° vem)

10-4 PP BRI R 1 1 1 i

3x10°  4x10°  5x10°  6x10°

E (Vem™)

0 1x10°  2x10°

Figure 4. Field dependence of the injected hole current den-
sity and the rate constant of escape of the holes in the bulk for
a dispersion of 50% p-EFTP in polycarbonate (thickness 11 p)
and polystyrene (thickness 9 n); the current densities and rate
constants are normalized at 2.0 x 10° V cm™!; #: positive Al-top
electrode, M: positive gold top electrode, ®: positive Ag-Mg top
electrode, Q: negative Au top electrode, O: negative Ag-Mg top
electrode, *: negative Au top electrode, injection in polysty-
rene, A:Ry=2A, V:R =4 A, AR, =10A,V: R, =20 A.
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Figure 5. Field dependence of j/k,,., for hole injection from an
Au top electrode into 50% p-EFTP in polycarbonate. The thick-
ness of the sample sample amounts to 11 u. The data are nor-
malized at 2.0 x 10°Vecm, @: for R, =4 A, B: for R, = 2 A, the
slope of a linear regression amounts to 1.8 £ 0.1 x 10-5 cmV-1,
correlation coefficient equals 0.979.
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where AG;; and AH; correspond to the standard free

1203

enthalpy and standard enthalpy change associated with

the primary injection. AG;,; is given by
AG;;(E) = AG;, (0) - eFR, (7

where AGj(0) is the free enthalpy change when no ex-
ternal field is applied. Hence plotting

J o2 % 10°Vem ™)
n
j(2 X 105ch_1)k

esc

versus the applied field should yield a straight line with
a slope eR/kT. When

Jkege(2x10°Vem™)
j(2 X 105ch_1) k

In

esc

is plotted versus the applied field using values of &,
calculated with R, equal to 2 A or R, equal to 4 A, the
slope of a linear regression of the data corresponds to a
value of 46 £ 3 A for R,. Such large thermalization dis-
tance is not only unrealistic for thermally injected holes;
it furthermore leads to a highly inconsistent model as
the values of R, used to calculate the field dependence
of k.. and that obtained from the slope of the plot in
Fig. 5 differ by an order of magnitude! Furthermore the
fit of the data points to the least square line is far from
good as shown in Fig. 5. Here one should note that when
for the same sample
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Figure 6. Dependence of j/k,,, for hole injection from an Au
top electrode into 50% p-EFTP in polycarbonate on the square
root of the applied field. The thickness of the sample amounts
to 11 p. The data are normalized at 2.0 x 10° V cm™?, @: for R,
=4 A B for R = 2 A, the slope of a linear regression amounts
t01.21£0.01 x 102 cm-V~, correlation coefficient equals 0.9992.
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is plotted versus the square root of the applied field, a
perfect fit with a slope of 1.21 + 0.01 x 102 ecm®V™* is
obtained (Fig. 6). This fit can however not be rational-
ized in any current model. Hence one can conclude that
the difference between the field dependence of the hole
current density and that of &, is too large to be due to
the field dependence of v,,. A more plausible explana-
tion is that, as argued by Arkhipov and co-workers,® the
discrepancy is due to the superposition of a random dis-
tribution of energy levels of the injected holes in the
image potential barrier.

Concentration Dependence of the Hole Current
Density Injected into Molecular Dispersions of
P-EFTP. The hole current injected by an aluminum elec-
trode in p-EFTP increases upon increasing the concen-
tration of the charge transport molecule. As the hole
current density increases much faster than linear with
the concentration of the transport molecule, it was at-
tempted to rationalize it in the framework of the model
given in Fig. 2. In this model %,,. does not depend upon
the concentration of the charge transport molecules. &,
depends upon the concentration of the transport mol-
ecule through D or . v;,; can be expected to be propor-
tional to the density of states at the valence band edge,
which can, due to the small bandwidth be put equal to
the concentration of the transport molecule (cm-3).

Vinj = koxNvp (€)

where k&, (cm s7) is the rate constant for the interfacial
charge transfer between the electrode and the polymer
film. Hence under conditions where %, can be neglected
compared to %,,. the current density will be given by:
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Figure 7. Influence of the applied field on j/DN; for a mo-
lecular dispersion of p-EFTP in polycarbonate; ®: 40% (thick-
ness 11 p), [0 : 50% (thickness 11 p), B: 60% (thickness 9 ).
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According to Eq. 9, j/DN,; should be independent the
concentration of the transport molecules as shown by
the coincidence of the curves in Fig. 7 for p-EFTP in
polycarbonate. As upon increasing the p-EFTP concen-
tration from 40% to 60% N,; changes only marginally,
this means that the current density is proportional to
the charge carrier mobility. Such a dependence is im-
possible to explain in the framework of a Fowler-
Nordheim?6-2% or Richardson Schottky?-2" model.

Temperature Dependence of the Hole Current Den-
sity Injected into Molecular Dispersions of p-EFTP.
The logarithm of the current density injected into a 50%
dispersion of p-EFTP in polycarbonate varies between
293 K and 337 K linearly versus the inverse tempera-
ture. The slope of this linear relationship becomes shal-
lower (Fig. 8) upon increasing the applied field from 9.1
x 103 V em™ to 1.8 x 10° V cm'. This corresponds to a
decrease of the activation energy from 0.75 eV at 9.1 x
103 Vem't00.47 eV at 1.8 x 105V cm'. According to Eq.
10 the image potential barrier AU(eV) should decrease
proportional to E %2 when the term eER, can be neglected.
The latter simplification can be made as R, (4 to 5 A) is
always much smaller than the width of the barrier.

e = e
AU = - /E + +ER
\/4 TE, & A 167e,.¢y R, 0 10)

When the activation energy E, (eV) is plotted versus E %
(Fig. 9) a linear relationship is observed. The slope
amounts t0 9.2 x 10~ cm”V " while according to Eq. 10
it should be no more than 2.19 x 10 V —cem”*. This phe-
nomenon was also observed at the RhSi/Si interface
where it was attributed to “static lowering”.?®
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Figure 8. Arrhenius plot of the sensitized hole current injected
by an Au top electrode in a 50% dispersion of p-EFTP in polycar-
bonate (thickness 11 p); M: 9.0 x 103 Vcem ™!, @: 1.82 x 10* V em™,
¢:4.55x10*Vem™?, A:9.01x10*Vem™?, ¥:1.36x 105V cm™!, *:
1.82 x 10°Vem™.
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Figure 9. Plot of the activation energy for hole injection into
a 50% p-EFTP dispersion in polycarbonate (thickness 11 p) by
an Au top electrode, full line: least square plot p = 0.979, dashed
line plot according to Eqs. 10 and 11.

When the activation energy is extrapolated to zero
applied field a value of 0.84 eV is obtained. If this would
only be due to an image potential barrier B, would
amount to 1.42 A which is very low considering the size
of p-EFTP or even of a single triphenylamine moiety.
This means that part of the barrier must be due to the
primary injection step

E, = AU + AHY (11)

inj

One can also try to find out the barrier, AHj, (Fig.
10) for the primary hole injection by combining experi-
mental energy levels of p-EFTP in solution with data
of anthracene in solution and in single crystals. In a
solvent of medium polarity (CH,Cl,) the oxidation po-
tential of p-EFTP? is 0.822 V versus the SCE while
that of anthracene amounts to 1.34 V versus the SCE.?!
As anthracene and the active site (a triphenylamine
moiety) in p-EFTP? have nearly the same size the dif-

Rommens et al.
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Figure 10. Energy levels at the interface between a gold elec-
trode and a molecular dispersion of p-EFTP in polycarbonate.

ference of the ionization potentials will also be close to
0.53 eV. As the dielectric constant and polarizability
of the polymer film approach those of perylene or an-
thracene single crystals, the polarization energy and
image charge potential experienced by a molecule at
the interface will be in a first approximation similar
in both systems. Hence when the energy of the HOMO
of an anthracene molecule in the ab-plane of single
crystal interfacing water or a metal amounts 5.83 eV22!
one can estimate that energy of the HOMO of a p-EFTP
molecule close to the interface equals 5.30 V. As the
Fermi-level of gold is between 4.732% and 5.2 V below3435
the vacuum level, AH{; should be close to 0.10 eV
(0.60 eV for a Fermi-level at 4.7 V). For R, equal to 4
A, AU amounts to 0.30 eV, yielding a barrier (and E,)
of 0.40 eV (0.90 eV for E; = 4.7 eV). This is smaller
than the experimental value of E, extrapolated to zero
field when the most often used value of 5.2 V is used
for the Fermi-level of gold. Here one should consider
that depending upon the way the gold electrode was
deposited?®® the hole current injected into a perylene
single crystal could change by two orders of magni-
tude.?¢ A possible reason for this discrepancy could be
that the Fermi-level in this polycrystalline, evaporated
electrode differs from that of a gold single crystal or
an interaction between the transport molecules and the
evaporated gold.???” While gold evaporated on mica or
glass substrata forms, especially when the substratum
is heated,?® a mosaic of predominantly (111) crystals,
on organic films a cracked polycrystalline film still con-
sisting for 2/3 of (111) phases is formed.?*-* Even if 1/3
of the surface of the organic layer is covered by other
phases with a larger work function those phases will
contribute little to the current which will still mainly
be carried by the (111) phases. Therefore this effect
alone cannot explain the discrepancy between the es-
timated barrier and the observed activation energy.

It is unlikely that this discrepancy is linked to di-
agonal disorder in the transport material® as Monte
Carlo simulations®%4? suggest that the latter effect
would decrease rather than increase the activation en-
ergy for charge injection. The latter simulations are
confirmed by the fact the quantum yield of exciton dis-
sociation in dispersions of hole!** and electron!®
transport molecules in a polymer is nearly tempera-
ture independent.

Injection in ADCMI. For p-EFTP earlier experiments
suggested, by taking into account the direction of the
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Figure 11. Influence of the applied field , electrode polarity
and temperature upon the currents injected by a gallium elec-
trode in a 40% molecular dispersion of ADCMI in polycarbon-
ate; l: gallium electrode negative, 309 K, @: gallium electrode
negative, 323 K, #: gallium electrode negative, 343 K, Q: gal-
lium electrode positive, 309 K, O: gallium electrode positive,
323 K, <: gallium electrode positive, 343 K.

applied field and the chemical composition of the evapo-
rated metal electrode that under all conditions the ma-
jor part of the current density was carried by holes.'”
As for ADCMI transport by electrons was expected, a
gallium drop was chosen as a top-electrode with a low
work function (4.2 V).* As shown in Fig. 11 both at
310 K, 323 K and at 343 K the current density through
a 10 p thick layer of a 40% dispersion of ADCMI in
polycarbonate was larger when the top electrode was
negative, suggesting injection of electrons by the gal-
lium electrode or of holes by the aluminum back elec-
trode. Due to the large oxidation potential of ADCMI,
it is highly unlikely that the latter process would yield
a larger current density than the hole current injected
by the same electrodes in a p-EFTP film.!” The larger
current density at 343 K is probably not only due to a
more efficient injection but perhaps also to a better
contact between the gallium electrode and the poly-
mer film due to a decreased surface tension of the gal-
lium drop at higher temperature. Increasing the
ADCMI concentration to 50 and 60% increases the cur-
rent density observed both with a positive and nega-
tive gallium top electrode (Fig. 12).

As the mobility of the electrons in the dispersion of
ADCMI in polycarbonate is known from time-of-flight
experiments,'® the space charge limited current den-
Sity,* jscre (in Acm?2) can be calculated using Eq. 12
(Table D).

. 9 V?
Jscre = g/»l47f80€r Ve (12)

In Eq. 12, V corresponds to the applied voltage and ¢
to the thickness of the sample. p (in ecm?s'V-!) corre-
sponds to the electron mobility determined for time-of-
flight experiments'® while ¢, is the dielectric constant of
the sample for which a value of 3 is used. ¢, (8.85 x 104
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TABLE I. Space Charge Limitation of Electron Currents Injected by a Gallium Electrode in a Dispersion of a DCMI In Polycarbon-

ate at 2.5 x10°V Cm~!

T (K) Concentration W g = 0) (cm2V-'s) £ (cm) jscu (Acm™2) Jexp (ACM2)
309 40% 4.1x10°° 1.0x10* 3.8 x10° 4.5x10™"
60% 7.6 x10° 1.1 x10* 6.5 x10°° 1.2x10°®
323 40% 1.1x10°% 1.0x 10+ 1.0x 10+ 1.7 x 1071
60% 1.6x107 1.1 x10* 1.3x10* 2.8x10°¢
343 40% 3.8x 107 1.0x10* 3.6 x 10 2.6 x107
60% 3.9x 107 1.1 x10+* 3.3 x10* 1.2x10+*
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Figure 12.Influence of the applied field, temperature and con- 10 P RPN BPATETET IR SN
centration upon the currents injected by a gallium electrode '
in a molecular dispersion of ADCMI in polycarbonate; the gal- 35x10°  4.5x10° 5.5x10° 6.5x10°  7.5%10° 85x10°
lium electrode is negative: Q: 40%, 309 K, B: 40% 323 K, +:
40%, 343 K, ¢: 50%, 309 K, ®: 50%, 323 K, x: 50%, 343 K, O: 1
60%, 309 K, ®: 60%, 323 K, *: 60%, 343 K. E(Vem™)

CV-tecm) is the permittivity of vacuum. While for the
highest concentration of ADCMI and at 343 K the cur-
rent density matches that of space charge limited current
(SCLC) it is one or more orders of magnitude smaller at
lower temperature or for a lower concentration of
ADCMI. Considering the tendency of ADCMI to crys-
tallize,*¢*” the large current densities found at 343 K or
in the 60% samples are probably due to the formation
of microcrystals. The latter effect can deteriorate the
mechanical quality of the film and allow the formation
of pinholes through which the gallium can diffuse.

At a concentration of 40% and at lower temperature
the slope of the double logarithmic plot of the current
density versus the applied field varies between 3.3 *
0.1 and 5.20 = 0.1 which again contradicts the occur-
rence of a SCLC characterized by a slope of two.

The activation energy of the current calculated over
the temperature range between 310 K and 333 K amounts
to 0.75 £ 0.1 eV and 0.95 = 0.1 eV for the 40% and 50%
samples respectively. Between 4.5 x 10° V cm™ and 6.0
x 10V em! this activation energy is independent of the
applied field. These data differ considerably from those
obtained for p-EFTP where a clear decrease of the acti-
vation energy upon increasing the applied field was ob-
served.'” In the framework of the Willig-Gerischer
model??' the current density would be given by Eq. 5.
Hence, for a suitable value of R, a logarithmic plot of
the experimental values of the current density should
be parallel to that of the calculated values of &,,,.

Figure 13 shows the field dependence of the current
density and of k,,, for several values of R, and normal-
ized at 5.0 x 105V em. Although the field dependence
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Figure 13.Field and concentration dependence of the injected
electron current and field dependence the rate constant of es-
cape of the electrons in the bulk for a dispersion of ADCMI in
polycarbonate. The gallium electrode is negative; the currents
and rate constants are normalized at 5.0 x 10° V ecm™; ¢: 40%
ADCMI, #: 60% ADCMI, O: R,=2A M4aR,=A 0 RO-GA
W R, =10 A

of current density parallels that of k., the agreement is
not quantitative for any realistic value of R,,. As observed
for hole injection into p-EFTP the current density in-
creases faster than k... This can could be attributed to
disorder effects®® or to the field dependence of v,,.>*

The Rate Constant for the Primary Injection Step.
Based on Eq. 9 the rate constant for the pimary injec-
tion step %, (cm s7!) can be obtained using following

expression.
oo —U(R)}
T
exp k dR
k _ jkrec RO
* = UTNy, “U(R,) 13
kT
exp

Besides p, which is known from time-of-flight experi-
ments,>141648 Kq. 13 contains three more parameters R,
Ny; and k,... For anthracene and perylene single crys-
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TABLE Il. Influence of the Barrier on the Rate Constant for Charge Carrier Injection into Molecular Dispersions and Single

Crystals
40% ADCMI in PC? 50% pEFTP in PC® 50% pEFTP in PCe anthracene® perylene® perylene®

AG°(E=0) (eV) 0.50° 0.10¢ 1.10¢ 0.63¢ 0.17¢ 0.17¢

Nys (cm2) 8.135 x 10 9.230 x 102 9.230 x 102 4.33 x 10%! 3.20 x 102 3.20 x 10!

u(E =0) (cm?V-'s™) 5.9 x 108 9.7 x 10 9.7 x 108 8.5 x 10 3.0 x 10 3.0 x 10
3.0x10*Vcm™'

j (Acm™?) — 1.8x 1071 — 3.0x 10 1.0x 108 1.0x 1071

K.s (cms™) —_ 5.1x10° —_ 4.4 x107" 1.6 x 10" 1.6 x 10"

Koo Koset Keoo — 5.1 x 10" — 4.4%x10% 1.6x10°¢ 1.6x 10

Kox (Cms™) — 2.4x107? — 9.7 x 10°° 1.2x10°° 1.2x107
2.5x10%V cm?’

j (Acm=2) 1.1x 10" 4.6x 107 1.73 x 10" — — —

Kese (Cms™) 2.7x 10 3.3x 10 3.3x 10 — — —

Kese/ Koset Keeo 2.7x 10" 3.3x 107 3.3x 10 — — —

Ko (Cms™) 3.0x 103 9.5x 10" 3.6 x 10 — — —

a) electron injection by a gallium electrode
b) hole injection by a gold electrode,

c) hole injection by an aluminum electrode, using 5.2 eV for the Fermi-energy3+® of gold,

d) using 4.1 eV for the electron affinity of a chloranil single crystal

tals??2 R, was close to 4 A and a similar value can be
assumed for p-EFTP or ADCMI as the ADCMI moiety
or a single triphenyl amine moiety? have a size similar
to anthracene. Ny; can be calculated from the sample
preparation and amounts to 4.33 x 10%' cm=3, 9.23 x 10%°
cm3 and 8.135 x 102° cm= for an anthracene single crys-
tal,2* a 50% dispersion of p-EFTP in polycarbonate and
a40% dispersion of ADCMI in polycarbonate. For perylene
single crystals N,; amounts?® to 3.2 x 10*' cm=. While &,
has not been determined absolutely at a metal electrode,
it should, taking into account the large density of ener-
getically accessible states above the Fermi-level (below
the Fermi-level in the case of hole injection) be put equal
to the maximum possible rate for an electron transfer
process??1% corresponding to 10° cm s'. In this way the
values of &k, given in Table II are obtained. Up to an
applied field of 2.5 x 105V cm™* the ratio k.. /k . +k,.. Was

esc

always below 3 x 10-%. This means that even if 2, would
only amount to 3 x 10° cm s it would still be much larger
than k... Hence both at 3 x 10* V ecm™ and 2.5 x 105V
cm the current is controlled by the efficiency of the
escape of the injected charge carriers from the image
potential well. The currents as well as the values of &,
obtained for the molecular dispersions could be com-
pared to those obtained for hole injection by a gold elec-
trode into organic single crystals.?¢ From the ionization
potential of a molecule at the interface with a metal or
water, which amounts to 5.83 and 5.37 eV for anthracene
and perylene respectively??! the free energy difference
for the primary injection step could also be calculated
for the latter systems. The electron affinity of ADCMI
dispersed in polycarbonate amounts to 3.49 to 3.69 eV,
taking into account the difference between the reduc-
tion potential of ADCMI*4¢ (—-0.60 V versus SCE) and
chloranil®® (+0.01 V versus SCE) and the electron affin-
ity of a chloranil single crystal®”¢° (4.10 to 4.30 eV). Due
to the image potential at the metal interface the nega-
tive charge will have a further stabilization of 0.31 eV
in ADCMI molecules at the interface, yielding a total
energy of 3.80 to 4.00 V for the lowest unoccupied or-
bital at the interface. This yields a free energy differ-
ence AG° of 0.40 to 0.20 eV for the primary injection
step. When one considers only data obtained for poly-
mer dispersions or data obtained for single crystals, %,
increases when the free energy difference AG°becomes
smaller. However, when both types of samples are com-
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pared there is no clear trend. This should be attributed?®
to the presence of diagonal disorder®!* in the latter
samples, which allows injection of electrons in the lower
tail of the conduction band or of holes in the upper tail
of the valence band. Furthermore the exact structure of
the interface between the metal electrode and the or-
ganic insulator is also important as for the same combi-
nation of perylene and a gold electrode, values of %,
differing by two orders of magnitude?® are obtained. This
difference was attributed to the way the gold electrodes
were deposited.?®

Conclusions

The present results show that for a range of electrodes,
charge transport molecules and matrices, injection of
charge carriers into molecular dispersions can be de-
scribed as a an electron or hole transfer from the metal
to a transport molecule in contact with the metal, fol-
lowed by competition between recombination and escape
to the bulk of the transport layer. The scaling of the
current density with the charge carrier mobility, in
samples where the current densities vary more than one
order of magnitude, is due to the proportionality between
the rate constant of the escape process and the current
density. Also the general features of plots of the current
densities versus the applied field more resemble!”®
those developed for charge carrier injection into organic
single crystals than those developed for electron-emis-
sion in vacuum or semiconductors. Furthermore'” while
application of e.g., the Fowler Nordheim model* yielded
for the limiting current values that were thirteen or-
ders of magnitude too small compared to those obtained
for charge carrier injection in vacuum or in Si,?® appli-
cation of the Willig-Gerischer model yielded for the rate
constant for the primary injection step values that were,
considering the free energy change, only two or three
orders of magnitude larger than those obtained for or-
ganic single crystals. Here one has to take into account
that for the same combination of electrode (gold) and
insulator (perylene) values of £, differing by more than
one order of magnitude were obtained.?® This discrep-
ancy can furthermore be explained® considering the pres-
ence of diagonal disorder?® in the present samples. While
already for single crystals®® the escape of the injected
charge carrier was much slower than recombination this
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will be a fortiori the case for the present samples char-

acterized by a lower!®1® charge carrier mobility.

In spite of the agreement with results obtained for
single crystals there remain several discrepancies:

1. The current densities show more important field de-
pendence than allowed by Eq. 2 for any reasonable
value of R,. The deviations form the features pre-
dicted for R, = 4 A, are the same for different elec-
trodes, matrices and types of charge carriers.
Furthermore a similar discrepancy is observed for
photosensitized hole injection in a molecular disper-
sion of p-EFTP, where the first hole injection step is
clearly exothermic.'® This suggests that the devia-
tions are not related to the first charge injection step
but to the field dependence of the subsequent escape
process described by k... This process has clearly
more important field dependence than predicted by
Eq. 2. Although it is tempting to attribute this proc-
ess to the field dependence of the hole or electron
mobility,®13-16 one should realize that in the image
potential well, the actual field opposes the applied
field. It is for the moment unclear if the discrepancy
can attributed to disorder effects.” Furthermore one
can conclude that the first electron transfer step
probably does not occur over a distance exceeding 10
A. In the latter case the field dependence of the
current density would also depend upon the free
energy change of this primary charge transfer step.

2. A further problem is situated in the field dependence
of the activation energy for hole injection by a gold
electrode in 50% dispersion of p-EFTP in
polycarbonate. This is much larger than predicted by
Eq. 10. This could be due to disorder effects.®

3. The activation energy for hole injection by a gold elec-
trode in 50% dispersion of p-EFTP in polycarbonate,
extrapolated to zero field, is 0.4 eV larger than ex-
pected on basis of the most commonly used value for
the work function of gold and the oxidation potential
of p-EFTP. This is probably not due to the occurrence
of diagonal disorder as the latter effect was predicted
to decrease’ this activation energy. Those predictions
were verified for intrinsic photogeneration of charge
carriers in molecular dispersions of pEFTP!3-154 and
ADCMI.*¢ It can perhaps be due to a different Fermi-
level in the polycrystalline vapor deposited gold com-
pared to the monocrystalline gold for which the
Fermi-level®? was determined. For the ADCMI sam-
ples the small temperature range where the samples
could be studied in a reliable way (309 K to 323 K)
makes an accurate determination of activation prop-
erties and their field dependence more difficult.

Although the model developed for single crystals gives
a good qualitative description of the hole or electron
injection in disordered organic solids, it is clear that
quantitative agreement requires at least the inclusion
of diagonal and non-diagonal disorder. The latter will
however nearly completely exclude an analytical de-
scription of this process. Furthermore some observations
on the present samples do not agree with the trends
imposed by the disorder model. While it is suggested
that diagonal disorder decreases the activation energy
compared to the difference between the ionization po-
tential or electron affinity of the transport material and
the Fermi-energy of the metal, the opposite effect is
observed for a 50% dispersion of p-EFTP in polycarbon-
ate. For the dispersion of ADCMI in polycarbonate the
situation is less clear due to the uncertainty on the elec-
tron affinity of the chloranil crystal, used to scale the
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reduction potentials of the electron acceptors and their
electron affinities.

One of the basic differences of injection into a disor-
dered molecular material compared to an inorganic
semiconductor is the relatively small thermalization
length of the injected charge carriers. In this way they
resemble liquids®'®? or organic molecular crystals.?>63
Apparently this contradicts the observations for in-
tramolecular®*®’ electron or hole transfer, for electron
or hole transfer in Langmuir-Blodgett-films®-73 and for
electrochemical electron transfer at electrodes covered
by self adsorbed or deposited monolayers.”* While a
long distance electron transfer is only observed through
conjugated chains®78° or through all-trans saturated
spacers® 27 the rate of intermolecular electron trans-
fer in disordered glasses decreases by a factor of ten
when the distance increases by 1 A%82 in disordered
glasses. As the latter resemble the dispersions of organic
molecules in a polymer matrix it is not surprising that
no strong evidence for a long distance injection is ob-
served. The rate for the primary electron transfer step
is expected to decrease by a factor of three (all-trans
saturated spacers) to ten (disordered THF glass) when
the distance increases by one A. Hence the rate con-
stant for the escape process should at least increase to
the same extent when the injected hole is thermalized
one A farther away from the interface. This would cor-
respond to a decrease of the image potential by 0.03 to
0.06 eV, which is impossible at distances larger than 5
to 6 A away from the interface. /A
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