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Abstract—Photocurrents in anthracene crystals which have metallic contacts
are discussed and it is shown that in some cases these currents can be inter-
preted as arising from photoemission from the metallic contact into the
anthracene crystal. The experimental evidence is reviewed to ascertain which
measurements can be interpreted in this way. The conclusions that can be
drawn from these measurements concerning the nature of metallic contacts
on anthracene crystals and the nature of the conduction states in the anthra-
cene is examined.

1. Introduction

Anthracene has served as a model system for attempts to understand
molecular crystals. In many experiments such as electro-lumin-
escence and studies of conduction processes, contacts play a critical
role, determining in many cases whether the experiment can be
performed. For this reason as well as the intrinsic interest of the
subject, contacts on anthracene crystals have been studied exten-
sively.

The critical property of a contact for most purposes is the number
and type of carriers the contact is capable of injecting into the
crystal under the experimental conditions. And the most important
factor in determining this is the relation between the chemical
potential in the contact and the conducting states in the crystal.
(For metallic contacts the chemical potential is just the fermi level.)

In the case of semiconductors three methods are commonly used
to determine the energy difference between the fermi level of a metal
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in intimate contact with the semiconductor and the conduction or
valence band of that semiconductor : differential capacitance measure-
ments, current-voltage measurements, and photoemission measure-
ments. In the case of insulators, such as anthracene, the first method
fails because the ionized donor/acceptor density is so small that the
depletion region is too wide to dominate the capacitance, while the
second method fails because insulators usually contain enough deep
traps that trapped space charge dominates the current-voltage
characteristics. However, photoemission has been used frequently
to determine the energy difference between the fermi level in a metal
deposited on an insulator and the conducting states in the latter..®
Several authors have recently attempted to use photoemission
from various metals into crystalline anthracene to determine the
nature of the metal-anthracene interface as well as to gain informa-
tion concerning the nature of the conducting states in the anthracene
itself. In the case of hole injection the dependence of the photo-
current upon the energy of the incident photons for various metal
contacts was generally found to be roughly the same if the photon
energy scales were shifted by about the difference in work functions
of the metals employed.®® In the case of electron injection the be-
havior of the photocurrent is more complicated, but can be divided
into three components.4~® As can be seen in Fig. 1, there is a low
energy current component and a higher energy component, both of
which have spectral response which are similar, but shifted in energy
for various metals. One can also see from Fig. 1 that in the case of
the higher energy current component, the quantum yield, » (photo-
current expressed in terms of number of collected electrons per
incident photon) varies as (hv ~ @g)? for energies in excess of @p,
where ®p is the zero current intercept of this component. While it
is not clear from Fig. 1, this is also true of the lower energy current
component for a small range of energy slightly in excess of its zero
current intercept. For any given metal one can find a difference
between the zero current intercepts of these two components. This
difference is roughly independent of the metal. Furthermore, both
zero current intercepts vary roughly linearly with the work function
of the metal. A third component is seen to appear as a peak in the
plot of quantum yield vs photon energy at 1.8eV, independent of
the metal used. The quantum efficiency of this component relative
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Figure 1. Spectral response curve for the negative photoemission current
for various contact metals. Crystal thickness 2 mm, field strength 5000 v/cm.
(taken from Ref. 8).
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to that of the other two components varies with the work function
of the metal.

Mehl, however, has argued that these currents cannot be inter-
preted as arising from electron emission from the contact metals into
anthracene crystals because alkali metals form injecting contacts to
anthracene.(” To support this assertion he shows a plot of dark
current vs voltage for electron injection from a molten Cs contact
into an anthracene crystal which was about 40 pm thick. This plot
shows a rapid rise of current with increasing voltage, followed by a
region in which I« V? followed by a saturation current of about
1072 amp/em? for voltages in excess of about 100 volts. Mehl
suggested that since his work showed alkali contacts were injecting,
the observed photocurrent could arise from (1) photoexcitation of
trapped carriers for the region of low photon energy (0.8 eV —1.8 eV),
(2) production of carriers at the contact by triplet excitons generated
in the bulk of the anthracene for photon energies greater than 1.8 eV,
and (3) production of carriers at the contact by singlet excitons
generated in the bulk for photon energies greater than 2.9 eV.

This paper drew vigorous rebuttals from the authors of “ photo-
injection ” papers.®120 These papers refined and extended the
measurements described earlier and generally confirmed the results
outlined earlier. But since these authors are not in complete agree-
ment among themselves as to the proper interpretation of these data,
we shall treat the various current components separately. We shall
discuss first the currents whose region of sensitivity shifts with metal

.work function and then the current component whose spectral

response is independent of metallic work function. But first of all
we must discuss Mehl’s assertion that photoemission is not what is
observed.

2. Space-Charge-Limited Current?

Mehl is certainly correct in saying that if a sample is operating
in a space-charge-limited (scl) mode, one cannot observe photo-
emission because scl means that the contact is supplying carriers at
a rate in excess of the current carrying capacity of the crystal and
increasing the excess will not increase the current (in first order).
Moreover, although Mehl was specifically referring to alkali metal
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contacts to anthracene, the question he raised is of more general
applicability. One expects Richardson-Schottky emission from any
contact and if there is a high ratio of trapped charge to free charge, a
small Richardson-Schottky current may lead to scl conditions.
Since a high ratio of trapped charge to free charge is frequently
encountered in insulators, one may ask if photoemission from a metal
to an insulator can ever be observed.

Richardson-Schottky (RS) emission from metals into insulating
solids has often been observed.?® Perhaps the observations which
are most germane to the present discussion are those of Dresner on
anthracene.¥ In this case the cathode consisted of a charge transfer
complex formed by reacting alkali metals with the anthracene
crystal. When the injecting contact is a metal one expects a current
described by the RS equations

_ 4mem(kT')*

J 7

exp( - Pp/kT') exp(BrsE'?) (1)
where Brs = (e/kT') (e/4meer)t/?, €, is the permittivity of free space,
« is the high-frequency dielectric constant!®, E, is the field at the
cathode-crystal interface, and other symbols have their conventional
meanings. If a localized charge is left behind after emission, the
above equation should be modified by substituting Bpr = 2Brs for
Brs and the equation becomes known as the Poole-Frenkel equation.
Evaluating « using the index of refraction (n, at 546 nm) to obtain
the high frequency dielectric constant,'?) one finds 2 kT fpr =
1.09 x 1072 coul - m?/2-V1/2, which is in excellent agreement with
the value 1.1 x 10723 coul - m!/2-V1/2 measured by Dresner. (Dresner
calculated a value of Bpr equal to about } of the value we have found.
It seems likely that he used the low frequency rather than the high
frequency dielectric constant).

Although one can calculate a barrier height of about 0.7 eV from
the value of the saturation current in Mehl’s data if one assumes
Poole-Frenkel (PF) emission (in fair agreement with values reported
from photoemission), this doesn’t diminish the force of his argument.
For even when one admits that a barrier exists, one must also admit
that something limits the current to values orders of magnitude
below the PF limit and if this limiting factor is space charge, it is
hard to make a case for observation of photoemission. Simmons has
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considered emission from a metal into an insulator in the presence of
moderate to high fields.®) He argues that because of the high scatter-
ing rate present in insulators one must modify the usual RS (or PF)
description. Simmons’ program was carried out in detail by Emtage
and O’Dwyer who solved the continuity equation for charge, utilizing
a potential that included image effects (which leads to RS lowering),
but which excluded space charge effects.®®) Their results may be
written in the form

J = euNE, exp( — ®p/kT) (2)

for low fields and in the form

3
J = euN <_’_:_§_)112 (liﬂz_ok_l%)”“ exp( - Pu/kT + BrsEi®)  (3)
for high fields (in Mks units) where N is the insulator density of
states at the band edge, n is the mobility and other symbols are as in
Eq. (1).29 For anthracene Helfrich and Mark have deduced that
N = 3 x 10%/cm?.(21)

These equations are plotted as the solid line in Fig. 2 for a barrier
of 0.8 eV (a typical value for an alkali metal on anthracene (4,12), at
290°K. It should be emphasized that these equations do not include
the effect of space charge, and should thus be an upper limit on the
current in these circumstances. Child’s law is shown as the dashed
line in the same figure for a crystal 1 mm thick which is devoid of
traps. It might seem from this curve that space charge is never
important at practical voltages. This is, however, misleading since
traps can considerably modify this picture.®2) The dotted line in this
figure shows the data for electron current while the dot-dash line
shows the data for hole current for a typical anthracene crystal
0.62 mm thick which had injecting contacts.®®) Since trap densities
vary widely, one may find in practice cases quite different from this,
which is given only by way of illustration. (Similar comments hold
for the emission limited curve since small charges in @5 or 7' (0.05 eV
or 20°C) will change this current by an order of magnitude).

One may say in summary that it is possible to have dark currents
which are contact limited to rather small values so that photo-
emission can be observed. In cases where trapping raises the space
charge to such a level as to make observation of photoemission
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Figure 2. Dark currents in anthracene under various conditions. Solid line,
emission limited current after Eq.3 of text; dashed line, calculated secl
current in 1 mm thick crystal devoid of traps; dot-dash line, experimental
scl hole current in 0.6 mm thick crystals with traps; dotted line, experimental
scl electron current in 0.6 mm thick crystal with traps.

impossible an experimental remedy may exist. One can illuminate
the crystal with light of energy appropriate for emptying the traps
which is modulated at one frequency (say d.c.) while illuminating the
contact with light which is modulated at a second frequency. One
may then be able to observe the current at the second frequency which
is emitted into a crystal freed of space charge effects.
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3. Ambulatory Photocurrents

Having concluded that it is possible to observe photoemission
from metals into anthracene, we turn to the questions of whether
photoemission has been, in fact, observed, and if so, what inter-
pretations can be made of these observations. Recall that we have
earlier differentiated between photocurrents whose spectral response
remains generally unchanged in shape but is shifted in wavelength
as the work function of the metal is varied and those whose spectral
response is not shifted in wavelength as the work function of the
metal is varied. For the sake of whimsy, we call the former ambu-
latory and the latter sedentary.

In Fig. 3 is shown diagramatically the simplest thing that can
happen when a metal is brought into intimate contact with an
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Figure 3. Schematic representation of bring together of metal and ideal
insulator devoid of surface states. W is metal work function; @i and ®Pg,
are ionization potential and electron affinity, respectively, of insulator;
E, is energy gap.
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insulator, nothing. In this case the barrier to hole injection, from,
the metal into the insulator, ®3%, is just the ionization energy, @,,
minus the metal work function, W ; the barrier to electron injection,
&5, is simply W minus the electron affinity, @z, and the sum of
these two barriers, (®; — Pgy), is the energy gap, E,. In this simple
model the barrier should vary linearly with the metal work function.

When a photon of energy, hv, strikes the metal in Fig. 3, it can
excite an electron to any energy bhetween the fermi level, Ez, and
Er + hv. (Although this discussion is restricted to electrons, the
complementary discussion for holes is obvious.) One assumes that
the excited electrons are distributed uniformly in energy and iso-
tropically in momentum space. Then if v > @3, the number of
electrons in an incremental energy range around kv which have
momentum directed toward the barrier great enough to surmount
the potential difference is proportional to (kv — @3). The photo-
current I,, (the integral over all particles with enough momentum
toward the barrier to surmount the barrier) is related to photon
energy by I,,<(hv — @3)%. Thus a plot of VI vs-hy yields a
straight line with a zero current intercept equal to @3. This
relation has been shown to be generally valid.®) (We should per-
haps remark at this point that whenever we say photocurrent it
gshould be understood to mean photocurrent normalized to some
standard photon flux).

Unfortunately, a number of complications arise which alter this
simple picture. Before the metal is joined to an insulating (or
semiconducting) crystal, the fermi level in this crystal has the same
position relative to valence and conduction bands throughout the
crystal (i.e. thermal equilibrium exists). When the metal and crystal
are brought together, their fermi levels will not, in general, coincide.
To reach a new quasi-equilibrium, states near the contact empty or
fill. The resulting dipole layer gives rise to field of sufficient magni-
tude that far from the contact the fermi level is not perturbed from
its initial relationship to the bands. Thus, since the relation between
fermi level and bands changes and since the fermi level is constant,
the bands bend. The distance over which states fill or empty, and
thus over which the band-bending occurs, is proportional to the
square root of the difference in fermi levels of the unperturbed metal
and crystal, and is inversely proportional to the square root of the
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net density of states available for filling or emptying. This distance,
the depletion layer thickness, varies from less than 1A in metals, to
10-100A in relatively highly doped semi-conductors, to tenths of
mm in good insulators. Although this phenomenon has important
device applications (e.g. variactor diode), it concerns us here only in
so far as it affects collection of photoinjected charge. Band bending
hinders charge collection if a photoinjected carrier must go over a
potential maximum in passing from the injecting to the collecting
contact, as might well be the case for hole injection in an n-type semi-
conductor. Fortunately, in wide gap semiconductors and insulators
the density of ionized states is usually so small that the resulting
field can be overcome with relatively small bias fields and the band
bending presents no essential difficulty. (Similar remarks hold for
band bending arising from the trapped charge that may exist in a
contact limited structure). @

A matter of somewhat more concern is the possibility that an
interfacial layer exists between metal and crystal. It has been
shown in some instances that such an interfacial layer can effect the
measured magnitude of the surface barrier. ?.25) This problem has been
studied in some detail by Crowell and coworkers.®®) As long as the
contact metal doesn’t react with the crystal, interfacial layers can be
avoided by cleaning the crystal surface prior to deposition of the
contact. However, even in the case that interfacial layers exist, the
relative relationship between various states in the crystal are pre-
served so that cases may exist in which interfacial layers prevent
measurement of the potential difference between the fermi level of
the metal and the conducting states of the crystal and yet the
measurements yield valuable information concerning the relationships
of the various conducting states in the crystal. In this respect inter-
facial layers are similar to surface states, which we shall have occasion
to discuss in more detail later.

3.1. HorEs

Williams and Dresner wished to study the barriers to hole injection
from a number of metals into anthracene. For a gold contact on
anthracene they found a dark current which varied linearly with
applied voltage and which was about 5 x 1072 amp/em? at a voltage
corresponding to about 10° V/em.®-2") From Eq. 3 one calculates a



Downloaded by [Tomsk State University of Control Systems and Radio] at 08:26 23 February 2013

PHOTOEMISSION FROM METAL CONTACTS 11

current of about 5 x 1074 amp/cm? for these conditions. It seems
that one must search for other explanations of this current (e.g.
surface leakage, emission from the edge of the contact when the
field is high, bulk impurity ionization, etc.). The important point
being that this current is certainly emission limited and the photo-
currents can be safely interpreted as photoemission from the metal
into the anthracene crystal.

In Fig. 4 is presented a curve taken from (3) showing that the

T T
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( QUANTUM
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0

hv (eV)
PHOTON ENERGY

Figure 4. Square root of the quantum yield for photoemission vs photon
energy for photoemission of holes into anthracene from aluminum and gold.
(Taken from Ref. 3).

quantum yield follows approximately the expected relation. From
such plots Williams and Dresner determined the barrier to hole
injection into anthracene from Au, Ag, Pb, and Mg. These results
are shown as the open circles in the plot of barrier height vs work
function shown in Fig. 5.

William and Dresner argue that the simple model we have pre-
sented must be modified in the case of crystals with very narrow
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Figure 5. Barriers to emission of holes from various metals into anthracene.
For the circles, the barrier heights were measured by Williams and Dresner
(Ref. 3) and work functions were taken from Ref. 38. For the square, the
barrier height was measured by Vaubel and Baessler (Ref. 9) and the work
function was taken from Ref. 49.

bands. In this case, they assert, the narrow band can be considered
a delta function which samples the uniform energy distribution of
excited electrons and results in a photocurrent having the form of a
step function. In the case of a molecular crystal one expects the
electronic levels to be vibrationally split into a number of roughly
equally spaced levels as shown in Fig. 6a.* Each level gives rise to
a step function of current beginning at ®%,, P4, ... . These step
functions combine to give the staircase quantum yield, n, shown
schematically in Fig. 6b. The derivative at the quantum yield,
dn/dv, yields the splitting in a much clearer manner asis shown in 6c.

However, the envelope of n should vary linearly with (kv — @3,)
rather than quadratically as found experimentally. This difficulty
disappears with a minor correction to the above argument. As
discussed previously, the number of particles in an increment of
energy around kv which can surmount the potential barrier is pro-
portional to (hv — ®p). Thus, if the ith level is very narrow, the
quantum yield for this level is proportional to (hv — ®@%;). The
quantum yield, n, from all the vibrationally split levels is the sum
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Figure 6. Schematic depiction of photoemission from metal into insulator
with very narrow bands. (a) Energy diagram. (b), {(¢) quantum yield and its
derivative when the acceptance angle is not considered. (d), (e) quantum yield
and its derivative when acceptance angle is taken into account. (See text.)

of & number of linear ramps and has a quadratic envelope as is
shown in Fig. 6d. Figure 6e shows dn/dv to be a series of step functions
with a linear envelope.

Williams and Dresner argue that the fluctuations seen in the curves
of Fig. 4 are a manifestation of the vibrational splitting. To display
this structure better they plot dn/dv versus Av which isshown in Fig. 7.
As we anticipated, this seems to be better described as a series of
step functions with linear envelope than as a series of delta functions.
One should note the resolution on these measurements is only about
% of the splittings which are to be measured.
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Figure 7. Derivative with respect to energy of the quantum yield for photo-
emission for gold and aluminum on anthracene. The point marked O belongs
to the aluminum. It cannot actually be plotted on the logarithmic scale used
here because the slope was negative at this energy. It is put on the graph to
indicate that the curve for aluminum dips sharply at this point. Note that
the energy scales have been shifted with respect to one another to facilitate
comparison of the curves (Taken from Ref. 3).

Recent measurements by Dresner of hole emission from a col-
loidal platinum electrode are worth mentioning in this regard.® A
ten-fold increase in the quantum yield of this contact relative to
those employed in the above work allowed a resolution which varied
from 10 meV to 20 meV over the spectral range of interest. The
data shows an envelope which varies as (hv — @%)? as expected, but
superimposed on this envelope are definite peaks and valleys which
repeat with a period of 0.175 eV, the splitting of the principal ladder
of vibrational states. These clearly defined peaks and wvalleys
lend support to the idea that the vibrational splitting of the molecule
influences the photoemission structure, but this structure cannot be
explained in terms of simple transitions from a continuum to a series
of discrete states. One must invoke either discrete initial and final
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states or a two step process involving discrete intermediate and final
states to explain a structure of this type. Analysis of this pheno-
menon would appear to be a worthwhile theoretical problem. One
caveat to observe in interpreting this data is that the photoinjected
charge may also be photoassisted from traps while crossing the
anthracene crystal and hence the small dips near 1.1 eV and 1.4 eV
may have the same origin as those seen in the photocurrent-action
spectrum at these wave lengths.*® One must also take into account
the absorption by the anthracene vibration bands at 1.1 eV and
1.4 eV which reduce the light reaching the injecting back contact
(see Fig. 8) when one will analyze this data in detail.

Light

H

[;-EZ

18 Torr

H

-5
2*10 torr

e

=5

Figure 8. Vacuum conductivity cell. a crystal, b gold contact, ¢ short
circuit between the lower (Na) electrode and a contact for power supply was
provided by the evaporated Na layer spreading over part of the sample
holder, d guard ring system to avoid any contact between the evaporated Na
layer and the metal wall of the chamber, e evaporation vessel, f Keithley
pu-ammeter (taken from Ref. 5).
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3.2. ELECTRONS

The literature concerning electron emission is less clear than that
for hole emission. This may result from the greater apparent com-
plexity of the systems encountered and the different methods which
have been employed in attempting to explore the several phenomena
arising from this complexity. As should be apparent from the earlier
discussion, the natural choice of metals for electron emission experi-
ments is those with low work functions, the alkali metals. Un-
fortunately for physics, which deals most successfully with simple
systems, a consequence of low work functions is high chemical
reactivity. Faced with this possibility, some workers have chosen
to deliberately react the alkali metals with the anthracene and study
a system composed of anthracene ions on anthracene, while others
have chosen to investigate systems which were believed to be metal
in contact with anthracene crystals with at worst a monolayer of
ions between metal and crystal.

The chief exponents of the latter school, which we shall discuss
first, are Baessler and his coworkers. Their experimental arrange-
ment is shown in Fig. 8 to acquaint the reader with the techniques
generally used in these measurements.® The metal from which the
photoemission is to be measured is evaporated into one side of the
crystal and the photoresponse measurements are made without
disturbing the sample or breaking the vacuum. This type of arrange-
ment where the radiation which excites the electrons to be emitted
into the crystal passes through one electrode (the front contact) and
the crystal before striking the injecting electrode is often referred
to as a back walled cell. Such an arrangement is essential where the
emitting contact must be thick either because of the nature of its
manufacture (as in the case of reacted contacts) or because of a
propensity for the metal to react with the atmosphere (as in the case
of alkali metal contacts). In addition to using this rather ingenious
arrangement which avoids atmospheric deterioration of the alkali
contact, these authors evaporated the alkali contact in about 10 sec
in hopes of minimizing diffusion of the metal into the anthracene
which they envision as the mechanism involved in the formation of
a thick charge transfer complex layer.“) One should perhaps note
that a standard technique used by Baessler ef al. was the sublimation
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of several surface layers from their crystal prior to evaporation in
an attempt to insure a clean surface. (Williams and Dresner
employed the same technique in their hole emission studies). The
success of this technique depends upon the ratio of the sublimation
rate to the monolayer cover time for contaminants at the temperature
and vacuum employed. Lacking information concerning these
parameters, we cannot evaluate the efficacy in this instance.

The direction of their work was already determined in early
studies of Cs and Na contacts from which they reported observing
ambulatory photocurrents with two components, the lower energy
component having a zero intercept of 0.8 eV and 1.0 eV for Cs and
Na, respectively, while the higher energy component had an extra-
polated zero intercept 0.45 eV above the lower energy intercept.t-
The lower energy component is attributed to emission into a very
narrow (~ 1072 eV) conduction band while the higher energy com-
ponent is attributed to injection into a wider (0.6 eV) upper con-
duction band.® The dark current was reported to be less than
10712 A at 10% V across a crystal 2 mm thick with a contact area of
0.3 cm®. We calculate a dark current density of 4 x 107! amps/cm?
for the reported Na barrier of 1.0 eV and a dark current density of
3 x 1078 amps/cm? for the reported Cs barrier of 0.8 eV at this field
using Eq. (3). Although the reported dark current is a bit lower than
that calculated for Na and considerably lower than that calculated for
Cs (there is no indication in the paper whether this dark current is
for Na, Cs, or typical of both), this does not necessarily indicate scl
current. It may be that only a small portion of the contact area is
actually an active contact as has been observed by Dresner in the
case of gold.® That something of this nature may have occurred
and that space charge was not the limiting factor is made plausible
by the observation that the dark current varied linearly with the
applied voltage.® From these considerations and others which will
be discussed later it seems fairly certain that the observed photo-
currents are a result of photoemission from the contact and not
optical detrapping as suggested by Mehl. The measured zero
intercept for the low energy component (and thus the splitting of
the two bands) should be accepted with reservations since Dresner
has pointed out that water absorbs light strongly in the vicinity of
the measured zero intercepts. 2
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This early work on electron emission from alkali metals was soon
followed by a series of measurements on other metals. The results
are summarized in Fig. 9 where the barriers to emission into the
lower, @3, and upper, @z, conduction bands (s.5.8-11) gre plotted
as a function of metal work function. We consider the wide and
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Figure 9. Barriers to emission of electrons from various metals into upper
and lower conduction bands of anthracene. vs work function of metal. A and
X represent barriers to emission into lower and upper bands, respectively,
as meagured by Baessler and Vaubel (see Table 1 for exact references) while
O represents barriers to emission into the upper band as measured by Donnini
and Abetino (Ref. 30). The work functions were taken from Ref. 38, while
the error bars on the work function were estimated from the scatter of the
values reported in this compilation.

consistent variation of barrier height with work function as the best
evidence that this is a surface phenomenon and not photo-assisted
scl current in the bulk. Baessler and Vaubel further argue that since
they observe d.c. photocurrents of 1078 amps/em?2, the observed
currents cannot arise from photo-detrapping of current limiting
space charge because at the observed rate, the trapped charge must
soon be exhausted, an argument supported by our calculations of
maximum thermally injected current based on Eq. (3). Finally one
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may note that if the observed currents arose from photo-detrapping
then one should also observe photocurrent after reversing the polarity,
a phenomenon which was absent from the work under discussion,
but which has been observed in other cases.(32:33)

Several additional aspects of this work are worthy of discussion.
In the cases of Ce and Mg, it was possible to observe photoemission
into both the highest hole band and the lowest electron band.
Williams’ and Dresner’s value 1.97 eV for @3 for Mg was confirmed
while @3 for Ce was found to be 2.20 eV. Recall from Fig. 3 and
the accompanying discussion that the sum of the two barrier heights
allows an unambiguous determination of the energy gap, Eg, which
was found to be 3.72 + 0.03 eV.@1) As has been noted, this method of
determining the energy gap, which has been employed with success
on other materials, whose band gaps have been independently
determined by optical absorption measurements, 3% is independent of
any assumptions concerning presence of surface states, or inter-
facial layer, and of the work function of the metal employed.

One should also note that structure similar to that observed for
hole emission was also observed for electron emission.® In the case of
electron injection it was also interpreted as emission into vibration-
ally split bands. The resolution in these measurements is low so
that one would certainly wish for confirmation of these results with
higher resolution before attempting detailed analysis. :

Examination of Fig. 9 or Table 1 shows that the splitting between
lower and upper conduction bands is 0.58 e 0.03. The values for
@3, seem to have been obtained by extrapolating the upper portions
of the photocurrents to zero.® Although it is a minor matter, one
should point out that the components of current arising from pro-
cesses with lower thresholds should first be subtracted from the total
current and the square root of the remaining current plotted against
hv in & manner analogous to the classic work of MacFarlane et al.®%)
The values of @3, as determined from the zero intercept would then
be shifted to slightly higher energies and the splitting between the
bands would increase slightly.

Some confirmation of the work on upper bands may be found in
a paper by Donnini and Abetino.®® They also found photocurrents
whose spectral dependence could be described by I(v) < (Av  Dg)?
and whose intercept varied with the metal used. The barrier heights
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they determined from the zero intercepts are plotted as circles in
Fig. 9 and can be seen to be in general agreement with those deter-
mined by Baessler et al. Because of the paucity of information

TasLE 1| Compilation of values of barriers to injection of holes into the

valence band, @%, and to injection of electrons into the first, ®, and second,

@5, conduction bands. The superscripts indicate the sources. a, Ref. 3;
b, Ref. 9; ¢, Ref. 11; d, Ref. 5; e, Ref. 50; f, Ref. 36; g, Ref. 29.

Metal D}, D5, D3
Ag 1.20»
Al 1.862
Au 1.17#
Ba 1.63e
Ca 1.07¢ 1.65,¢ 2.0t
Ce 2.20b 1.520 2,10
Cs 1.25¢4
K 1.6f
Mg 1.97a 1.75¢ 2.30¢
Na, 1.0d 1.45,4 1.37¢
Pb 1.82 1.92¢ 2.60e
Pt 0.89¢

concerning experimental conditions given in this paper, we cannot
evaluate the reliability of the data except to remark that the barrier
heights seem to have been found from plots of 4 or 5 points.

The final point from this work to be discussed is the question of
the existence of surface states. It is well established that in covalent
inorganic semiconductors a high density of surface states exists near
the center of the bandgap. The fermi level in a metal contact is
pinned at the energy level of these states due to the Coulomb
potential arising from charges residing in the surface states.®?) A
small change in the position of the fermi level causes a large change
in the occupancy of these states and thus a large change in the
Coulomb potential. Baessler and Vaubel have suggested on the
basis of their data shown in Fig. 9 that the barrier heights follow
two linear relationships, one valid for higher barriers where there are
no surface states and a second which is valid for lower energy
barriers and which reflects some surface state pinning.0.11) In
compiling Fig. 9 we have used the same compilation of work functions
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as Baessler and Vaubel. ®® We have estimated the errors in the work
functions from the scatter in the values reported in this compilation.
It may surprise the reader that metal work functions are known so
poorly, but recall that this is a surface property which is very sensi-
tive to surface contaminants and that all of these work functions were
measured prior to 1954 (i.e. before the development of readily
available ultrahigh vacuum systems). We would suggest that Fig. 9
can be best fit with a single straight line. Baessler and Vaubel have
also suggested that surface state pinning may effect the Au and Ag
hole barriers. In this case the value of 0.89 eV which Dresner
recently measured for the hole barrier for platinum would argue
strongly against the two line hypothesis.

Simple arguments would not lead one to expect to find intrinsic
surface states associated with anthracene crystals. In a simple
model calculation Shockley considered the effect of the strength of
interatomic interactions on the surface states and showed that for
interactions weak enough that second order terms don’t mix the
atomic states, the surface states lie very near the band edges.(3®
Shockley’s argument is not dependent upon the basis states being
atomic so that it can easily be extended to molecular crystals.
Since the molecular basis functions are weakly interacting in the
sense of Shockley, one can conclude that anthracene should not
exhibit barrier pinning from intrinsic surface states.

One should note, however, the possibility that there are surface
states which arise from defects introduced in the crystal either
during growth, or during preparation of the crystal (cleaving,
polishing, etec.) or of the contact (surface heating by the evaporated
metals). This suggestion is supported by recent work of Baessler
and Vaubel which indicates that surface state pinning may depend
upon the manner of crystal growth.“® The ratio of the change of
barrier height to change of metal work function lies in the range 0.5
0.7 for both holes and electrons, a value consistent with a uniform
distribution of surface states of density ~ 1013/cm?-eV. We believe
the question of surface states is yet open and that further measure-
ments would help to clarify this matter.

Photoemission from reacted metal-anthracene complexes has
been reported several times in the literature.2-32:3%) In their second
paper, Many et al. state that *“ the entire spectral yield curve ob-
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served originates from optical excitation out of a single discrete set
of traps ”.®3) Since this is not a contact effect, this work will not be
considered further here. The work of Dresner is more ambiguous.
He states that in his measurements the dark current increases rapidly
with voltage in the range 400-600 V and increases proportional to
V2-® for voltages in excess of 600 V.02 This dark current-voltage
characteristic is very similar to those observed with injecting
electrolytic contacts where the dependence was attributed to scl
current in the presence of an exponential trap distribution.®1—43)
Since the ‘‘ photoemission ~’ measurements were made at a voltage
of 100 V in the presence of a dark current of 1071 amp/cm?, we find
it likely that the current was scl and the observed photoresponse
resulted from photo-detrapping, as in the work of Many et al., not
photoemission from the contact. This work is, therefore, also
excluded from further discussion.

4. Sedentary Photocurrents

In their earliest work on photoemission from Cs and Na contacts
Baessler and his coworkers-%) observed a peak in the photocurrent
occurring at about 1.8 eV. In later measurements this peak was also
observed for Ca contacts.® These photocurrents are shown in Fig. 1.
Since these peaks vary in amplitude with the work function of the
metal contact, the observed phenomena must involve the metal-
anthracene interface and since the current peaks can only be seen
with the metal contact negative, the charge carriers involved must
be electrons.

Three suggestions have been advanced for the origin of these
currents : sensitized charge injection from a charge transfer complex,
charge injection by triplet excitons striking the surface and charge
transfer from the first excited singlet state of the anthracene negative
ion. The first suggestion was put forth by Baessler and Vaubel in
their early work,®) but as they point out in later work, if the origin is
sensitized injection from a charge transfer complex, the peak should
be correlated with the CT transition which varies with the work
function of the metal.11.44) Thus this suggestion is eliminated. The
second suggestion originates with Mehl?” and is supported by Dresner,12
but Baessler reports a quantum yield of 10~% for Cs contacts.)
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Since the 8, - T, absorption coefficient is 3.4 x 10™% em~! at the
absorption at 6200 A and since the diffusion length for triplet
excitons is about 1072 cm ™), one can calculate an upper limit on the
quantum yield of ~ 3 x 10~7 which is clearly much too small to
account for the observations. The final suggestion is that there exists
a band of surface states extending upwards from about 1.3 eV below
the lowest conduction band.®) These states are filled when the fermi
level in the metal becomes equal in energy to a state. A filled state
is an anthracene minus ion which is opposed by a positive metal ion.
The absorption spectrum of an anthracene minus ion corresponds to
the observed photocurrent spectrum and is only weakly dependent
on the alkali ion with which the anthracene is associated (and, in
fact, is insensitive to whether or not the anthracene ion is associated
with a positive ion). 4®) It is suggested by Baessler et al. that the anth-
racene minus ion is optically excited to its lowest singlet state from
which the excited electron passes to the broad second conduction band
of the anthracene crystal by a process analogous to autoionization.
Since calculations of a quantum yield give a maximum value of
about 104,41 this seems to be the only proposed mechanism capable
of explaining the data.

This, of course, lends support to the suggestion that there may be
surface states lying below the conduction band. Indirect support for
the suggestion that the sedentary electron current comes from anthra-
cene negative ions is found in a paper of Mulder and de Jonge who
have found a hole photocurrent coming from gold contacts on
anthracene crystals which has the same spectrum as the absorption
of anthracene plus ions.®” This tends to support Baessler and
Vaubel’s suggestions that there exist surface states near the valence
band. The support would be stronger if the observation of Mulder
and de Jonge were confirmed and extended to other metals. If the
surface state ion explanation is correct in its entirety one would also
expect to find a broader valence band lying below the highest one.
A broader valence band lying below a narrow upper one has, in fact,
been invoked recently to explain measurements of Hall mobility in
anthracene.“®)

Dresner argues that the first dip in the quantum yield curve he
measures for holes from platinum is a confirmation of the existence
of this structure. We would suggest that this dip is of the same
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magnitude as the other dips which are also associated with peaks
attributed to vibration structure, and that there is, therefore, no
reason to attach a special significance to the first dip.

5. Summary

The conditions under which photoemission from metal contacts
into insulating crystals can be observed have been discussed. It has
been concluded that both electron and hole emission have been
observed from metal contacts on anthracene. From these measure-
ments the existence of a narrow highest valence band and a narrow
lowest conduction separated by 3.72 + 0.03 eV as well as a broader
second conduction band beginning 0.6 eV above the edge of the first
conduction band has been inferred. Structure in the quantum yield
curves has been interpreted by some authors as evidence for vi-
brational splitting of the high valence band and lowest valence band.
Evidence suggesting the possible existence of surface states in the
vicinities of the valence and conduction bands have been found.
The measured potential barriers to injection of carriers from various
metals into anthracene are summarized in Table 1.

In spite of the impressive results yielded by the photoemission
technique as summarized above much remains to be done to clarify,
confirm, and extend these results so that anthracene may serve as a
model system from which this powerful technique can be extended
to other organic crystals.
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