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AbstracGDark- and photo-current measurements are used to study trap 
characteristics and optical de-trapping processes in anthracene samples 
provided with alkali and alkaline-earth metal contacts. The spectral 
response of the photocurrent yield in the entire photon-energy range 
studied (0.95-3.4 eV) originates from optical excitation of electrons from a 
single discrete set of traps which is continuously filled by electron injection 
from the active metal contact. The traps are 0.95 eV deep and are present 
with a density of about 1013 cm-3. De-trapping appears to occw by direct 
photoexcitation into the conduction band a t  long wavelengths and by 
interaction of occupied traps with triplet and singlet excitons a t  shorter 
wavelengths. The spectral yield curve exhibits considerable structure 
which can be advantageously used to study the various electronic-vibronic 
states in anthracene. 

Introduction 

The investigations reported here are mainly concerned with 
studies of the dark and photo-enhanced currents in anthracene 
samples provided with alkali or alkaline-earth metal contacts. 
Such contacts can inject electrons into anthracenelsa which are 
mostly trapped, and photocurrent measurements provide im- 
portant information on the trap characteristics and on the optical 
transitions involved in the de-trapping process. The spectral 
response of the photocurrent yield varies over seven orders of 
magnitude in the photon energy range 0.95-3.4 eV. Starting 

The research reported herein has been sponsored in part by the Euro- 
pean Research Office, U.S. Army, Frankfurt-am-Main, Germany. 
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274 MOLECULAR CRYSTALS 

from a threshold of 0.95 eV, the yield exhibits a slightly undulating 
linear rise up to a photon energy of about 1.75 eV. This is followed 
by a series of four well defined peaks in the range 1.8-2.7eV 
leading, after a very steep rise, to a multi-structured peak centered 
at about 3.1 eV. 

It has been established that the entire spectral yield curve 
observed originates from optical excitation out of a single discrete 
set of traps situated 0.95 eV below the conduction-band edge and 
present with a density of about 1013 ~ m - ~ .  Direct optical ex- 
citation from this trapping level into the conduction band appears 
to be responsible for the initial, nearly linear response of the 
photocurrent yield. The small structure apparent in this range 
suggests that excitation takes place into a system of narrow bands, 
about 0.2 eV apart, resulting probably from the interaction of 
molecular vibrations with a narrow electronic band. The four 
peaks in the range 1.8-2.7 eV and the one at -3.1 eV very likely 
arise from d e - t r a ~ p i n g ~ . ~  by triplet and singlet excitons, respec- 
tively. The fine structure exhibited by the latter peak must be 
due to electronic-vibronic levels of the singlet state involving 
many vibrational modes. 

Experimental 

The single-crystal anthracene platelets used were grown by the 
following procedure. The starting material is first dissolved in 
ethylen glycol and the solution is distilled twice. After precipita- 
tion, the anthracene powder is zone refmed 30-40 times in an 
atmosphere of argon ( P I 0  cm pressure). The purified material 
is then placed at one end of a closed tube in an atmosphere of 
12 cm argon. The tube is moved at a rate of about 2 mm per hour 
through a furnace having a very strong temperature gradient 
(peak temperature 150-2OO0C). At the end of the growth pro- 
cess (about 24 hours), many crystal platelets are sublimated 
at the other end of the tube. Out of these, several platelets 
of high perfection having typical dimensions of 10 x 10 mma in 
area and 20-100 microns in thickness can be selected. 
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P H O T O - E N H A N C E D  E L E C T R O N  EMISSION 275 

CRYSTAL.LEADS 

Figure 1. Vacuum chamber and part of optical system used for photo- 
cwrent measurements. 

Fig. 1 is a schematic diagram of the vacuum chamber used in the 
measurements. The anthracene platelet is enclosed in a sandwich- 

. type cell which consists, on the one side, of a teflon block having 
an L-shaped cavity of circular cross section, and of a conducting 
glass electrode on the other. Illumination of the sample is 
effected through the glass electrode which is almost completely 
transparent in the spectral range studied ( A  > 0.38 p). The 
anthracene sample is tightly pressed against the cavity. Any 
deformation caused by such pressing is confined mostly to the 
periphery of the crystal plate. Thus, the central region of the 
crystal, which is the only region of interest, remains essentially 
undamaged. At this stage an amalgam of the alkali or alkaline- 
earth metal or a 50% Na-K liquid alloy is introduced through the 
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276 M O L E C U L A R  C R Y S T A L S  

upper end of the L-shaped cavity, filling most of it. The cell is then 
shaken lightly so as to ensure that an unoxidized layer of the active 
metal is in contact with the crystal surface. The large quantity of 
amalgam present acts as a protecting medium against oxidation of 
the interface layer. It was found that when the cell is kept under 
vacuum of lop, the injecting properties of the contact do not 
deteriorate even a few weeks following the assembly of the cell. 

The area of the metal contact in the sandwich-type cell is 0.1 
cm2. All current values reported below correspond therefore to 
current densities that are numerically ten times larger. 

The cell is mounted inside the vacuum chamber which is simply 
a Leybold T-shaped junction (A in Fig. 1). The lower end of the 
junction is connected into a vacuum system. The cell holder is 
attached to a metal plate at the upper end of the chamber, which 
contains also the vacuum-tight lead seals. The right-hand side 
of the chamber is sealed by a quartz window. This end is adjacent 
to another chamber (B) which, in turn, is attached to the mono- 
chromator slit. A lens is used to image the slit onto the anthra- 
cene sample. There are provisions (not shown) to interpose 
between the slit and the lens selective filters in order to eliminate 
stray light, as well 8r8 grey filters to vary the light intensity. 
Chamber B includes an air-cooled reflector lamp with a suitable 
filter which can be moved up to face the lens for direct (poly- 
chromatic) illumination of the sample. In  this position the light 
from the monochromator impinges on a germanium filament which 
is used to measure the spectral light intensity. 

The optical system consists of a 160 W Tru-flector Sylvania 
lamp and a Hilger D246 monochromator. The do  voltages 
applied across the sample are derived from a battery bank. The 
dark currents and photocurrents are measured by a Cary Model 
31 electrometer and are recorded by 8 Sunvic recorder. 

Results 
With a dc voltage applied, of a polarity such as to make the 

metal negative, appreciable photocurrents are observed in the 
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Figure 2. (a) Photo-enhanced emission-current yield Y vs. photon energy 
hv for Na-K alloy and for Na and Mg mercury-amalgam contacts on 
anthracene. (b) d Y / d ( h v )  vs. h~ for the Na-K contact. Margin of error 
marked off for each point. 
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278 MOLECULAR CRYSTALS 

range 1.3-0.38 p.  That these originate from the active metal is 
established by the fact that the photocurrents for a pure mercury 
electrode are at least one to two orders of magnitude lower. 
Typical results of the spectral response of the photocurrent yield 
Y (current per incident photon) are shown in Fig. 2(a) for three 
metal contacts. Similar curves were obtained with mercury 
amalgams of Li and Ca. A strikmg feature of the data is the 
similarity in shape of all curves: the energy positions of the 
photocurrent threshold and of the various peaks are the same to 
within f 0.03 eV, being independent of the alkali or alkaline-earth 
metal used. The reason for this is that all the contacts used are 
injecting and, as will be shown below, the photocurrent response 
is solely determined by the anthracene trap characteristics. The 
logarithmic scale used in displaying the large variation in the 
yield is too condensed to reveal all the features present in the 
curves. The structure is better seen by plotting the derivative 
of the yield with respect to photon energy, as shown in Fig. 2(b) 
for the case of the Na-K alloy contact. Starting from a threshold 
of 0.95 eV (see also Fig. 3 below), the derivative reveals first a 
broad undulating plateau. This is followed by four pronounced 
peaks which are clearly seen also in the yield curve itself (Fig. 
2(a)). The rapidly rising portion of the curve leads to a multi- 
structured peak centered around 3.1 eV (see below). 

The logarithmic scale used in Fig. 2(a) is inadequate also to 
describe conditions near the threshold energy. Plots of the 
spectral response of Y in this range are shown in Fig. 3 on a linear 
scale for the same three metal contacts. The experimental points 
are seen to lie on nearly straight lines which extrapolate to a 
common threshold of 0.95 eV. This threshold is independent of 
the applied voltage over the entire voltage range studied (typically 
50-300 V) and does not vary from sample to sample. 

The results described above were a t  fist5 interpreted as due to 
direct photoemission from the alkali or alkaline-earth metal con- 
tact into the conduction band of anthracene. Similar results by 
Baessler et aZ.6 and by Dressner' were interpreted on the same basis. 
However, the data presented below show conclusively that in our 
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Figure 3. Photo-enhanced emission-current yield Y v8. photon energy near 
threshold. 
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280 M O L E C U L A R  CRYSTALS 

case at least photo-excitation out of bulk traps, which are con- 
tinually being filled by injected electrons, rather than direct 
photoemission from the active metal is the dominant underlying 
process. As pointed out by MehP in connection with the work of 
Baessler et aL6 we believe that bulk traps play the major role in the 
results of these authors as well as in those of Dressner,8 but this 
question will be discussed elsewhere. Here we shall be mostly 
concerned with the characteristics of the traps and with the 
mechanism of de-trapping by light. 

It was observed that after a spectral yield curve of the type 
shown in Fig. 2(a) had been taken, the photocurrent measured in 
the reverse direction (active metal positive) exhibited a spectral 
response of almost identical form. Furthermore, just the applica- 
tion of a “ forward ” voltage is sufficient to give rise to such a 

reverse ” photocurrent. (The terms “ forward ” and ‘‘ reverse ” 
will be used throughout &s corresponding to the active metal being 
negative and positive, respectively.) It is thus immediately 
obvious that the reverse photocurrent must be due to photo- 
excitation of electrons from traps which have been filled up by 
injection from the active metal during the prior application of the 
forward voltage. 

Emission of electrons from the traps into the conduction band 
by thermal processes is extremely slow, as indicated by the 
observation that if the sample is kept in the dark the magnitude 
of the reverse photocurrent decreases by less than 10% over a 
period of 15 hours. As expected, however, the reverse current 
decays with time of illumination. Such bleaching is a result of the 
gradual de-trapping of electrons by the light, and by the time all 
the previously injected electrons have been photo-excited into the 
conduction band and swept out, the sample returns to its virgin, 
non-photoconductive state. Bleaching experiments axe depicted 
in Fig. 4. The top curve represents the spectral yield of the photo- 
enhanced emission from a Na/Hg contact in the forward direction, 
and is very similar to the corresponding curve in Fig. 2(a). The 
curve below (“ unbleached ”) is the spectral yield obtained from 
the reverse current following injection (in the forward direction) 

6 6  
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PHOTON ENERGY h\3 (eV) 

Figure 4. Spectral response of photocurrent yield in forward direction 
(upper curve) and in reverse direction (lower three curves). 

at 180 V. Very low light intensities had to be used in taking such 
curves because of bleaching. The measurements could be ex- 
tended in this case all the way to the absorption region since the 

E M.C. 
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282 M O L E C U L A R  CRYSTALS 

occurrence of bleaching makes it easy to differentiate unambiguously 
between the photocurrent due to de-trapping and the photo- 
current that may arise in this region from intrinsic bulk processes. 
(Actually, under the conditions of the experiment, the former 
photocurrent is at least ten times larger.) It is seen that the spec- 
tral response of the reverse photocurrent yield reproduces quite 
closely, both in form and in structure, that of the forward photo- 
current. That essentially only one discrete set of traps is involved 
in the de-trapping process follows from the observation that 
bleaching by light of 1.3 p (hv M 1 eV), or in fact by monochromatic 
light of any other wavelength in the range of 1.3-0.38 p, lowers the 
entire spectral yield curve by practically the .same factor. This is 
shown by the two lower yield curves of Fig. 4, which represent 
the spectra1 response of the reverse current folIowing partial 
bleaching at two extreme wavelength values. (As was pointed 
out earlier, the measurements were carried out pnder sufficiently 
low light intensities, so that negligible bleaching occurred during 
the measurement of each curve.) The fact that bleaching by 
photons of energy l e v  is able to uniformly reduce the reverse 
photocurrent at higher photon energies immediately indicates that 
deeper traps do not contribute to the process. Traps shallower 
than 0.95 eV are ruled out by the absence of any photocurrent at 
waveleiigths longer than - 1.3 p. 

The reverse photocurrent in the photon-energy range of 2.9- 
3.4 eV tiisplaya considerable structure which is not revealed on the 
condensed scale of Fig. 4. In  Fig. 5 the unbleached and partially- 
bleached spectral-response curves obtained (from a Werent 
experiment) for this range is shown on a much more expanded 
scale. The measurement of the unbleached curve was taken with 
a monochromator slit width of 0.02 mm so that the spectral 
resolution is better than several hgstroms. The fine structure 
revealed, although small in amplitude, is definitely real. 

More detailed results of the bleaching efficiency under illumina- 
tion at different wavelengths have been obtained by the following 
experiment. The traps were Grst filled by injection in the forward 
direction at 180 V for a fixed period of time. Next, the sample is 
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283 PHOTO-ENHANCED ELECTRON E M I S S I O N  

Figure 5. Spectral response of reverse photocurrent in the singlet absorption 
region. 

illuminated by a$xed dose of incident photons at a given wave- 
length. The bleaching efficiency at this wavelength is then obtained 
by measuring the relative reduction in the reverse photocurrent (at 
1 p) withrespect totheinitid, unbleachedvalue. In Fig. 6, the bleach- 
ing efficiency (as measured at 1 p )  is plottedaghst the photon energy 
of the bleaching light. As to be expected for the case of a discrete 
trapping level, the curve again reproduces the shape and structure 
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0.8 1.2 1.6 2.0 2.c : 
BLEACHING PHOTON ENERGY (ev) 

Figure 6. Bleaching efficiency (as mearmred at 1 p)  against photon energy 
of bleaching light at constant dose of photon flux. 

of the spectral yield of the photo-enhanced emission current and of 
the reverse photocurrent Figs. 2 and 4). 

The voltage dependence of the reverse photocurrent a t  two 
wavelengths is shown in Fig. 7. The photocurrent at zero applied 
voltage arises from the polarization field set UP bv the prior 
injection. Both curves are seen to start out linearly and to 
saturate a t  higher voltages ( 2  150 V). The field E, at which the 
transition from linear to saturation conditions occurs is about 
4 x 104 V/cm. This means that at this field the electron Schubweg 
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Figure 7 .  Voltage dependence of raveme photocurrent at two wavelengths. 

pnEcr, where pn is the electron mobility and T the trapping time, 
is comparable to the sample’s length L. Using the values of 
0.4 cm2/V sec for pn, one obtains an estimate of 0.2 p e c  for the 
trapping time. 

The light-intensity dependence of the saturated reverse photo- 
current measured at  two wavelengths is shown in Fig. 8. The 
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Figure 8. Light-intensity dependence of saturated reverse photocurrent at 
two wavelengths. 

direct proportionality between photocurrent and light intensity 
in#cates that no non-linear photo-generation effects are involved 
in the de-trapping process (see below). 
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PHOTO-ENHANCED ELECTRON E M I S S I O N  287 

A fairly accurate determination of the density of traps respon- 
sible for the reverse photocurrent is provided by the data in Fig. 9. 
Here the time decay of the saturated reverse photocurrent is 
followed during the bleaching process and is plotted on a semi-log 
scale for bleaching at h = 1 ,U and ath = 0.46~. The light in- 
tensities for the two wavelengths have been adjusted so as to give 
comparable photocurrents. The experimental points are seen to  
lie on straight, nearly parallel lines, indicating that the decay is 
exponential and that the decay constant is essentially the same 
for both wavelengths. 

This behavior can be accounted for as follows. On the assump- 
tion that there is only one type of traps, the rate of electron de- 
trapping can be expressed as dNldt = - CFN,  where C is a pro- 
portionality constant, F is the incident photon flux and N is the 
number of occupied traps in the sample at  time t. The linear 
dependence of dNldt on F follows from the observed proportion- 
ality between the reverse photocurrent and the light intensity 
(Fig. 8). One thus obtains that N = No exp( - CFt), where N o  
is the initial number of occupied traps in the sample. The results 
in Rg. 9 were obtained following prior injection at  180 V. At this 
voltage, the electron Schubweg is larger than the sample length 
(see Fig. 7 above), so that the trapped electrons are nearly uni- 
formly distributed within the sample. Moreover, the reverse 
current is measured under saturation conditions, so that essentially 
all electrons that are de-trapped are entirely swept out of the 
sample. Under these two conditions the saturated photocurrent 
is given by I = - iq(dN/dt) ,  where q is the electronic charge. 
Hence I = I ,  exp( - CFt), where I ,  =+qN,CF, which accounts 
for the observed exponential decay. Furthermore, the fact that 
both the initial values and the slopes of the two straight lines in 
Fig. 9 are, respectively, nearly the same, indicates strongly that 
No is equal in the two bleaching experiments. (Obviously, if more 
than one type of traps were involved, one would not have expected 
an exponential decay to begin with.) The use of the relation 
N o  = ZI,/qCP, with CF determined from the slopes of the straight 
lines and I, given by the initial value of the current, yields 
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,043l I I I I 1 I I I I I I I 
0 1  2 3 4 5 6 7 8 9 1 0 1 1 1 2  

BLEACHING TIME (MINUTES) 
Figure 9. Semi-log plot of reverse-phot.ocurrent decay under bleaching at 
two wavelengths. 
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N o  = 4.5 x 109. Dividing this value by the volume of the sample 
(0.1 x 40 x 10-4 cm?) one obtains for the trap density N ,  M loL3 

An independent determination of the trap density is provided 
by current-voltage measurements. The middle curve in Fig. 10 
describes the voltage dependence of the dark current injected 
from a Na/Hg contact. The superlinear relation is typical to 
space-charge-limited currents10 and is similar to  the curves 
obtained by other workers”2J’ with alkali-metal contacts. At 
low voltages the current is controlled by traps, the effective value 
of the ratio 0 of free to trapped electron densitylO being very small 
compared to unity. Starting at  about 80 V, however, the current 
rises much more steeply. The steep rise signifies the rapid filling 
up of a set of deep traps which, as will be shown in a moment, is 
the one responsible for the forward and reverse photocurrents. 
The trap-filled limit10 VTFL ( m  80 V) associated with these traps 
provides a good estimate for their density N , .  To within a factor 
of two or so, N ,  is givenlo by ( d c o K / q L 2 ) V T F L ,  where co is the 
permitivity of free space, K is the relative dielectric constant and 
L the sample’s thickness. Using the values K = 4, L = 40 p and 
VTFL -880 V, one obtains N ,  M 2 x 10x3 ~ m - ~ ,  which is in good 
agreement with the value derived above from the decay charac- 
teristics of the reverse photocurrent. 

The upper curve in Fig. 10 represents the voltage dependence 
of the current measured under (weak) illumination at  0 . 6 8 ~ .  
Illumination enhances the current by reducing the charge localized 
in traps as discussed above. The total space charge present in the 
sample under a given voltage is not changed by illumination, 
being essentially determined by the applied voltage only, but the 
ratio 6 of free to  trapped electron density is increased, leading t o  a 
higher current. Thus, the photocurrent in the forward direction 
is in effect a photo-enhanced emission current from the active 
metal contact and has so been termed in the discussions above. 
It should be noted that the photo-enhancement a t  voltages 
exceeding the trap-filled limit V T F L  is negligible. This is just as 
expected since for V > VT,, the space-charge-limited current is 
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Figure 10. Log-log plots of dark and photo-enhanced emission current and 
of reverse photocurrent &B functiom of injecting voltage. 
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no longer controlled by the set of deep traps giving rise to the 
photocurrent. 

More direct evidence that the deep traps discussed above are 
responsible for the reverse photocurrent is provided by the 
bottom curve of Fig. 10. This curve represents the reverse photo- 
current a t  a j k e d  reverse voltage (180V) as a function of the 
forward voltage used for prior injection from the Na/Hg electrode. 
The marked saturation reached a t  high injecting voltages by the 
reverse current, and hence by the number of trapped electrons, is a 
clear indication that all available traps contributing to the photo- 
current had been completely filled up. Moreover, the transition point 
between the linear and saturation regimes (- 80 V) matches quite 
well the trap-filled limit determined from the dark-current curve. 

Discussion 
The data presented above show that in the anthracene samples 

used the photo-enhanced emission currents from alkali or alkaline- 
earth metal contacts as well as the reverse photocurrents originate 
from photoexcitation out of a single discrete set of traps. These 
traps are situated 0.95 eV below the lowest conducting state of 
anthracene and present with a density of approximately 1013 
~ m - ~ .  There has been some evidence,ll derived from space- 
charge-limited current measurements, pointing to the existence 
of an exponential rather than discrete electron trap distribution 
in anthracene. In fact the data in Fig. 10 can be analyzed on this 
basis as well. We believe, however, that the other data presented 
are much more reliable in determining the trap distribution. 
The results of Figs. 3, 4 and 9 indicate that (a) the threshold 
photon energy is independent of applied voltage, (b) bleaching 
at  any wavelength lowers the entire spectral-yield curve by prac- 
tically the same factor and, what is perhaps most indicative, (c) the 
decay of the reverse photocurrent with bleaching time is exponential 
and yields the same density of occupied traps for all bleaching 
wavelengths. These combined observations show conclusively 
that in the samples studied the trap distribution is essentially 
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discrete. The origin of the traps is not known. Our hdings do 
not rule out the presence of shallower traps having sufficiently 
short thermal release times so as not to affect appreciably the 
forward and reverse photocurrents. 

The important question to answer is by what mechanism are the 
trapped electrons excited into the conduction band. One can 
envisage4J1 two possible mechanisms in anthracene : (a) direct 
photoexcitation into the conduction band and (b) de-trapping by 
interaction with triplet or singlet excitons. In principle, the entire 
spectral response of the photocurrent yield (Figs. 2, 4 and 5 )  can 
result from direct photoexcitation from the discrete set of traps 
into various sub-bands of the conduction band (mechanism (a)). 
However, one notes that the positions of the four peaks in the 
range 1.8-2.4 eV very nearly coincide with those of the main 
absorption peaks of the vibrational spectrum of the first excited 
triplet state,leJ3 while the main peak around 3.1-3.2 eV (Figs. 4 
and 5) matches well the prominent singlet absorption peak14 
(3.15 eV). This strongly indicates that de-trapping by mechanism 
(b) is dominant in the range 1.8-3.4 eV. The wealth of detail in 
the structure of the yield curve at the higher energy range depicts 
the interaction of the singlet state with diverse modes of molecular 
vibrations. Analysis of such curves should yield more detailed 
information on these electronic-vibronic levels than has been 
possible by absorption measurements.1s 

Obviously, the photocurrent at  photon energies less than 1.8 eV 
cannot arise from either singlet or triplet excitons. Mechanism 
(a) is the most likely one in this range. The undulations in the 
plateau of Fig. 1 (b) should then reflect the structure of the lower 
portion of the conduction band of anthracene. Measurements of 
intrinsic photoconductivityl6J' and of external photoemissionl* 
have established the presence of a broad, free-electron conducting 
state in anthracene, starting at 4.OeV above the valence band. 
Theoretical calculations and the small measured electron mobility 
indicate that electron transport occurs in a n&rrow (0.01-0.1 eV), 
tight-binding conductivity band.lsS8O Its precise position is not 
known-it must be lower than 4.0eV and is probablyIe above 
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3.45 eV Quite likely the broad continuum of states (0.95-1.6 eV) 
into which the trapped electrons are photo-excited by direct 
transitions comprises both the tight-binding and the free-electron 
bands. With the presently available resolution, the differentiation 
between the two cannot be reliably inferred from the data. One 
notes, however, that the energy separation between adjacent peaks 
in the plateau of Fig 2(b) is approximately 0.2 eV, which is just 
the value to be expected from the interaction of the principal 
mode of the molecular vibrations20 with a narrow electronic band. 
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