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Jerusalem. Israel 

(Received July 25, I973) 

Measurements are reported of the spectral yield and other characteristics of the photo- 
current arising from photoexcitation of holes out of bulk traps into the valence band of 
anthracene. Vapour-grown crystals were found to contain two main sets of hole traps: an 
essentially discrete shallow set, about I eV above the valence-band edge and present with a 
density of -1011 ~ m - ~ ,  and a deeper set lying 1..8 - 2.1 eV above the valence-band edge with 
a density of -5X10'2 The trap density in meltgrown samples is one to two orders of 
magnitude lower. 

The spectral yield of the photocurrent arising from photoexcitation of trapped holes 
injected by an ohmic contact revealed the following information. A well-defined peak near 
the photocurrent threshold (-lev) indicates clearly the presence of a narrow conducting 
sub-band at the top of the valence band of anthracene. The sub-band is less than 0.2eV in 
width and is separated from a broad continuum of lower conducting statcs by at most 
0.2eV. This structure is similar to that observed previously for the conduction band of 
anthracene except that vibronic splittings of the narrow sub-band are not apparent here. 
Also, de-trapping ofholes by photo-generated triplet excitons is much weaker than in the 
case of electron traps. 

INTRODUCTION 

In previous work * measurements of photocurrents arising from optical excita- 
tion of trapped electrons in anthracene were used to  study the energy distribu- 

The research reported herein has been sponsored in part by the European Research 
Office, U.S. Army, London, England. 
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32 2. BURSHTEIN AND A. MANY 

tion of the traps on the one hand and the conduction-band structure on the 
other. It was shown that the spectral response of the photocurrent yield in the 
photon-energy range 0.9 - 3.3 eV originated from photoexcitation of electrons 
from a discrete set of traps fdled by electron injection. The traps were 0.95 eV 
deep and present with a density of about l o i 3  Detrapping was found to 
occur by direct photoexcitation into the conduction band at  long wavelengths 
and by the interaction of occupied traps with optically generated triplet and 
singlet excitons at shorter wavelengths. In the long wavelength region 
(0.9 - 1.7 eV), the spectral yield of the photocurrent revealed steps and peaks 
separated by energy intervals ranging between 0.03 and 0.08 eV. This suggested 
that the structure of the lower portion of the anthracene conduction band arises 
from the interaction of one or possibly more narrow electronic bands with vibronic 
modes in that energy range. At higher photon energies (1.7 - 2.7 eV), where 
de-trapping occurs predominantly by photo-generated triplet excitons, many 
additional vibronic splittings of the triplet state were resolved. 

In the present paper we describe similar measurements carried out on the 
same type of anthracene crystals but involving optical transitions between hole 
traps and the valence band. The vapour-grown samples were found to  contain 
two main sets of traps: a shallow set lying about l e v  above the valence-band 
edge and having a density of -10'' ~ m - ~ ,  and a deep set lying in the range 
1.8 - 2.3 eV above the valence-band edge and present with a density of 
- 5 ~ 1 0 ' ~  ~ m - ~ .  The shallow set could be fairly accurately characterized. It is 
essentially discrete in energy, which is a valuable advantage in the study of the 
valence-band structure. As in the case of electron traps, the hole trap density in 
the melt-grown crystals was found to be considerably lower (-10" ~ m - ~ ) .  

The spectral photocurrent yield arising from the photoexcitation of trapped 
holes reveals a well defined, narrow peak near the.photocurrent threshold 
(around the photon energy of 1 .I 5eV). This peak is much more pronounced 
than in the analogous case of electron photoexcitation.' It indicates clearly the 
presence of a narrow conducting sub-band at the top of the anthracene valence- 
band. The sub-band is less than 0.2eV in width and is separated from the much 
broader continuum of lower conducting states by at most 0.2eV. The structure 
here is similar to that observed for the conduction band' except that no vibronic 
splitting of the sub-band are apparent. 

Contrary to  the case of electron de-trapping,' triplet excitons do not play 
any detectable role in the optical de-trapping of holes. The spectral yield curve 
in the triplet photonenergy range (1.7 - 2.8 eV) shows no structure character- 
istics of the triplet absorption spectrum. It arises, as at lower photon energies, 
predominantly from direct photoexcitation. Under these conditions the spectral 
yield curve can provide more meaningful information on the structure of the 
continuum of conducting states below the narrow sub-band. 
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STUDIES IN ANTHRACENE 33 

EXPERIMENTAL 

The measurements were carried out on anthracene crystals grown in this 
laboratory from the vapour phase and from the melt. In the former case the 
samples were thin platelets (10 - 100 /J in thickness), oriented parallel to the 
(a,b) plane, as directly obtained from the growth batch. In the latter case, the 
samples were cut out from the ingot by a wire saw and subsequently polished to 
the desired thickness (0.3 - 0.5 mm). Their orientation was parallel to the (a,c) 
plane. 

The samples were enclosed in sandwich-type cells, one electrode being a 
transparent conducting glass, the other a hole-injecting contact. The latter elec- 
trode consisted of Cul and was prepared as follows. A copper layer of about 
1000 A in thickness and 0.1 cm2 in area was evaporated onto one face of the 
sample. Subsequently, this face was exposed to iodine vapour for about 
5 minutes. The CuI electrodes so obtained were found to be very effective as 
hole injectors. They had the additional advantage of being practically trans- 
parent. This property has not been made use of, however, illumination of the 
sample having been made through the conductingglass electrode. 

The sample holder, the current and photocurrent measuring circuit, and the 
optical system were as described previously.’ 

RESULTS AND DISCUSSION 

In the dark, appreciable currents were observed only when the applied dc voltage 
was such as to make the CuI electrode positive. This polarity will be referred to 
as the “forward” polarity and corresponds to hole injection from the CuI elec- 
trode. As in the case of electron injection into anthracene,’ the injected hole 
current can be enhanced by illumination. Also after a forward voltage has been 
applied, a photocurrent is observed in the reverse polarity (“reverse photocur- 
rent”) which decays with time of illumination. Both characteristics are associat- 
ed with the photoexcitation of holes from traps filled up by injection. (In the 
case of the reverse photocurrent, the hole traps were filled by the prior applica- 
tion of the forward voltage.) 

We describe first the measurements obtained on vapour-grown anthracene 
platelets. In Figure 1 the forward and reverse photocurrents are plotted as a 
function of the forward (injecting) voltage on a log-log scale. The sample was 
illuminated with light of wavelength 0 . 7 5 ~  and of intensity of 1 . 4 ~ 1 0 ’ ~  pho- 
ton/cm2 sec. The forward photocurrent is in effect a photo-enhanced space-charge- 
limited current,’ photoexcitation of holes out of traps produced by the illumi- 
nation acting to increase the ratio of free to trapped charge. The reverse photo- 
current corresponding to a given forward voltage was obtained as follows. The 
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34 Z. BURSHTEIN AND A. MANY 
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FIGURE 1 Log-log plots of forward and saturated reverse photocurrent as functions of 
forward injecting voltage. Illumination at wavelength h=0.75C( with intensity F =  1 . 4 ~ 1 0 ' ~  
photons/cm* - sec. (Vapour-grown sample.) 

forward voltage is first applied for a few minutes (in the dark) to allow for a 
fraction of the traps to be filled by the injected holes. The voltage polarity is 
then reversed and the initial photocurrent following illumination is measured. 
(The reverse voltage is made sufficiently large so as to prevent re-trapping of 
photoexcited holes-see next Figure.) The reverse photocurrent measured in this 
manner is seen to saturate for an injecting voltage about 200 V. This voltage 
represents the trap-filled limit VTFL for which the injected space charge is 
sufficient to fill up all the available hole traps. To within a factor of two, or so, 
the density Nt of these traps is given by' (&oK/qf,*)I/TFL, where e0 is the 
permitivity of free space, K the relative dielectric constant and L the sample's 
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STUDIES IN ANTHRACENE 35 
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2 W In a 
W z 0 ,  

thickness. Using the value K = 4  , L  = 7 0 p  and VTFL =200 V, one obtains 
Nt = loi3 ~ m - ~ .  

The variation of the reverse photocurrent with reverse voltage is shown in 
Figure 2 for the same sample and under the same illumination. The forward 
injecting voltage applied prior to the measurement had been 100 V. The photo- 
current at zero reverse voltage, and also at small negative voltages, is due to  the 
polarization field set up by the prior injection. The curve is seen to start out 
linearly and to saturate at higher voltages. The voltage Vc at which the transition 
from linear to saturation conditions occurs is about 20 V. This means that at this 
voltage, the hole Schubweg pp(Vc/L)Tt, where/+, is the hole mobility and Ttthe 
hole trapping time, is comparable to the sample's thickness L. Using the value2 
of 0.Scm2/V. sec for 4, one obtains an estimate of 5 psec for the trapping time. 

The reverse photocurrent density plotted in Figure 1 corresponds to  the 
saturated photocurrent, as obtained under a reverse voltage of 60 V. Its mag- 
nitude is given by' 

VAPdUR-GkOWN i A M P L h  
(thicknos8 7 0 ~ 1 )  

* A - - z -  ' 
4 a- ? /  

/ I  

/ I  
/A I 

7"c*20" A 

a' 

where dpt/dt is the rate of photoexcitation out of traps. The photocurrent decays 
with time as the hole traps are being emptied by photoexcitation and field 
sweep-out. The decay (or bleaching) characteristics of the photocurrent will be 
discussed below. 

A good idea about the energy distribution of the hole traps was obtained by 
the folllowing experiment. The saturated reverse photocurrent a t  a given wave- 
length X was first measured directly following the prior application of a fixed 
forward voltage. The light intensity used was kept sufficiently low so that no 
significant bleaching occured during the brief measurement time. Next the 
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36 Z. BURSHTEIN AND A. MANY 

sample was bleached by intense and prolonged illumination at wavelengths 
h > 1 . lp such that all traps shallower than 1.14eV (the photon energy corres- 
ponding to 1 . 1 ~ )  were emptied out. The saturated reverse photocurrent at the 
wavelength h was then re-measured under identical conditions. The ratio of the 
reverse photocurrents after and before bleaching is plotted in Figure 3 as a 
function of wavelength A. This ratio is a measure of the relative contribution to 
the reverse photocurrent of traps that are deeper than 1.14 eV. This contribu- 
tion is seen to be small up to a photon energy of  about 1.6 eV (A zz 0.8 p), 
indicating that the energy range of 1 .I - 1.6 eV above the valence band is prac- 
tically free of traps. At higher energies, the trap density increases up to about 
2 . 3  eV (X ~ 0 . 6  p). The results thus indicate the presence of two sets of traps, a 
shallow set less than 1 .I4 eV above the valence band and a deeper set in the 
range 1.6 - 2.3 eV above the valence band. 

Estimates of the densities of traps responsible for the reverse photocurrent 
are provided by the bleaching characteristics of the reverse photocurrent. In 
Figure 4 the time decay of the saturated reverse photocurrent is plotted on a 
semi-log scale for bleaching at h = 1 . 1 ~ .  At this wavelength only the shallow set 
of traps can be photoexcited. Moreover, the traps are being emptied by direct 
optical excitation only, since no triplet excitons are photogenerated by the 
light.' For such direct photoexcitation, the reverse photocurrent decay should 
be exponential if the traps are discrete in energy.' It is given by 

where pt(0) is the initial density of trapped holes , F the photon flux, and Ah 
the cross section for photoexcitation of a trapped hole into the valence band at 
bleaching light of wavelength h. Since FAA is given by the decay constant of the 
bleaching curve and Jo by the initial value of the reverse photocurrent, both A h  

VAPOUR-GROWN SAMPLE 
(THICKNESS 70p) 

,& - -&- 
/ 

,[ 
/ 

d' 
& 

i.2 1.1 4. m .a .7 .a .s .4 

. &-+# , 

WAVELNGTH A ( p )  

FIGURE 3 
after and before prolonged bleaching at long wavelengths (2 1.lp). 

Spectral dependence of ratio I(h)/Io(h) of saturated reverse photocurrent 
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STUDIES IN ANTHRACENE 37 

).. , 
iu a I 

0 10 20 30 
BLEACHING TIME (sac )  

FIGURE 4 Semi-log plot of reverse photocurrent as function of bleaching time. Bleaching 
at h= 1.1I.1 with intensity F=5.6x1014 photons/cmz-sec. Resolution of curve into two 
exponential components depicte.d by dashed straight lines. 

and pt (0)  can be determined. Obviously the decay curve in Figure 4 is not 
exponential, indicating that the shallow set of traps is not strictly discrete. 
However, the decay curve can be resolved into two exponentials, as depicted in 
Figure 4 by the dashed straight lines. On the assumption that each exponential 
corresponds to a discrete sub-set of traps, one can apply eq.(2) to derive the trap 
density and cross section of each sub-set. The values so obtained are 
pt(o) X 5 ~ 1 0 ' ~  cm-3 and Ah= 2x10''  
cm-3 and A X  x 2 ~ 1 0 - l ~  cm2 for the other set. The forward injecting voltage 
was sufficiently large so as to fill up all the traps. Hence their values of pt(0) 
represent the trap densities of the two sub-sets. The average density of the 
shallow traps is about 10" cm-3 with an average cross section for photoexcita- 
tion at A =  1 . 1 ~  of about Sx10-16cm2. 

The reverse-photocurrent decay for bleaching with light of h = 0.55 p is 
shown in Figure 5. The triangles represent measurements after prolonged bleach- 
ing at X = 1.1 1.1 so that only the deep set of traps is involved. The decay is nearly 
exponential, yielding for the density of deep traps the value of about 5x10**  
~ m - ~ .  On the assumption that de-trapping of holes by triplet excitons is not 
significant (see below), one obtains for the cross section for direct photoexcita- 
tion by light of 0.55 I.( the value of 5 x 10 -I7 cm2. Also shown in Figure 5 is the 
decay curve obtained without prior bleaching at 1.1 p (.circies). The fast initial 
component originates from the shallow set of traps, which are now of course 
also photoexcited by the X = 0.55 1.1 light. 

An estimate for the depth of the shallow set of traps has been obtained by 
thermal bleaching experiments. A forward injecting voltage is applied as before, 

cm2 for one set and pt(0) 
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and the saturated reverse photocurrent at A =  1 . 1  p is measured at different 
times following the prior injection. The sample is kept in the dark except during 
the brief measurement intervals. Also the light intensity used was sufficiently 
low so that optical bleaching was negligible. Since the reverse photocurrent is 
directly proportional to the density of trapped holes, its decay with time re- 
presents the rate of reduction in the density of trapped holes due to thermal 
emission into the valence band. In Figure 6 the time decay of the ratio f(t)/l(O) 
('pt(t)/pt(0)) of the saturated reverse photocurrent at time t to that immediat- 
ely following injection is plotted on a semi-log scale for two ambient tempera- 
tures. In both cases the decay is seen to be exponential, indicating that essential- 
ly only one discrete set of traps is involved. The slope of the straight line at each 
temperature T represents the reciprocal of the thermal emission time constant re, 
which is given by 

T~ = (uTuNv)-' exp(AEt/kT) ; (4) 

here uT is the average thermal velocity of a free hole, u the hole capture cross 
section of the traps, Nv the effective density of states in the valence band, and 
aEt the depth of the traps. Taking for anthracene? VT = 3x I O5 cmlsec and 
N, = 7x102' cm-3 one obtains from the data in Figure 6 thatAEt = 1.leVand 
u = 5 ~ 1 0 - l ~  cm2. This value of AEt corresponds very well to the photon energy 
1.15eV of the light used in measuring the reverse photocurrent (A = 1 .lp). 

The thermal bleaching of the deep set of traps is not feasible since the 
emission time constants would be impractically long. 

Having obtained a characterization of the hole-trap distribution we now 

FIGURE 5 
bleaching at 1.lp (triangles). lllumination at  
tons/cmz - sec. 

Bleaching curves immediately after injection (circles) and following prolonged 
= 0.55p with iiitensity F =  3.2~1013 pho- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

7:
35

 2
3 

Fe
br

ua
ry

 2
01

3 



STUDIES IN ANTHRACENE 39 

TIME (hours) 

FIGURE 6 Semi-log plots of thermal bleaching curves at two temperatures. Ordinate 
represents Z(f) / I (O) ,  where I (0 )  and I(f) are, respectively, the saturated reverse photocurrents 
immediately after injection and after sample has been kept in the dark for time f. 

proceed to measurements of the spectral response of the reverse photocurrent. 
In Figure 7 the photocurrent yield (electrons per incident photon), as measured 
directly following injection (circles) and after prolonged bleaching at  X = 1 . 1 ~  
(triangles), is plotted against photon energy. The latter plot shows negligible 
photocurrent at photon energies less than about 1.6eV, indicating once again 
(see Figure 3) that the energy range between the shallow and deep traps 
(1.2 - 1.6 eV) is practically free of traps. Moreover, the thermal bleaching 
measurements described above (Figure 6) show that the shallow set of traps is 
essentially a discrete one. Thus for photon energies less than about 1.6eV, the 
unbleached spectral yield curve (circles) arises from photoexcitation of holes 
from a nearly discrete set of traps into various levels of the valence band. The 
most significant feature of the yield curve in this energy range is the occurrence 
right after the threshold energy of a well defined, narrow (-0.2eV) peak at 
photon energies around 1.13eV. This indicates the presence of a narrow con- 
ducting sub-band at the top of the valence band of anthracene, well separated 
from the continuum of lower conducting states. The presence of this sub-band is 
apparent also, even if in a less pronounced manner, in the yield curve obtained 
after the shallow traps have been bleached out (triangles). In this case the peak 
corresponds to photoexcitation from the deep set of traps (which is probably 
more spread out in energy) into the narrow sub-band. 
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40 Z. BURSHTEIN AND A. MANY 

D 
# 

# WAVELENGTH A ( p )  / 

I 
I 
I 

d 

PHOTON ENERGY (OV) 

FIGURE 7 Spectral response of reverse-photocurrent yield immediately following injec- 
tion (circles) and after the shallow traps have been bleached out by prolonged illumination 
at X =  1 . 1 ~  (triangles). 

The photocurrent yield in the photon energy range of -1.2 - 1.6 eV must be 
a result of direct optical excitation from the shallow set of traps into a conti- 
nuum of states below the narrow sub-bands. At higher photon energies, optical 
excitation from both sets of traps takes place. Here as well, the optical excita- 
tion is probably mostly direct since, contrary to the case of electron photoexcita- 
tion into the conduction band of anthracene,' no structure in the yield curve 
characteristic of de-trapping by triplet excitons is apparent in the photonenergy 
range of 1.7 - 2.8 eV. 

We describe now a similar set of measurements carried out on melt-grown 
samples. In Figure 8 the dark and photo-enhanced hole currents are plotted on a 
log-log scale as functions of the injecting voltage. The same plot is obtained 
during the increasing and decreasing direction of the applied voltage. This in- 
dicates that most of the traps controlling the dark current are fairly shallow, 
their thermal-emission time-constant being less than a few minutes (the time 
between successive measurements). 

In Figure 9 the reverse photocurrent (following a fixed injecting voltage) is 
plotted against the reverse voltage. An analysis similar to that above (Figure 2 )  
leads to a value of 5 psec for the trapping time T ~ .  
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STUDIES IN ANTHRACENE 41 

PHOTOCURRENT 

- 
SAMPLE 

(thickness 4 5 0 ~  

MELT-GROWN 

I 

\DARK CURRENT 
WITH DECREASING 

VOLTAGE 

CURRENT 
ASING VOL 

WITH 
.TAGE 

to' 2 5 lod 2 5 1  

INJECTING VOLTAGE ( V )  

FIGURE 8 
forward injecting voltage. (Melt-grown sample.) 

Log-log plots of dark and photo-enhanced (A= 0.55/.4) current as function of 

The reverse photocurrent is too low to permit meaningful measurements of 
the bleaching characteristics. All that can be said is that the trap densities in the 
melt-grown crystals are between one and two ordc:s of magnitude lower than 
those in the vapour-grown platelets. The spectral yield of the photo-enhanced 
space-charge-limited current (i.e., under a forward injecting voltage) could, how- 
ever, be measured and is displayed in Figure 10. The barely resolved peak (this 
time at photon energies around 1.4eV) is very likely here, as well, a result of 
optical excitation from a set of hole traps 1.2 - 1.4eV deep into the narrow 
sub-band of the valence band. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

7:
35

 2
3 

Fe
br

ua
ry

 2
01

3 



42 2. BURSHTEIN AND A. MANY 

- 1.5*1c 
"E 
Q 

> 
UJ 

- 
t 
g lb 

z 
t z 
w a a 

S x 1 0 '  
a 

a 
W In 
Y 
w W 
PE 

YELT-GROWN SAMPLE' ' ' 
(THICKNESS 450 p)  

6 

6 
I 

I 

1 d 
I 

I 
I . . . .  

REVERSE VOLTAGE ( V )  

I 500 1 oc 

FIGURE 9 Reverse photocurrent as function of reverse voltage. Illumination at 
x=O.SSy, intensity F =  3.5x10*3photons/cni* asec. Forward injecting voltage applied prior 
to measurement 1OOOV. 

FIGURE 10 
injecting voltage of SOOV. 

Spectral yield of photoenhanced spacecharge-limited current under forward 
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CONCLUSION 

A fairly detailed characterization of the hole trap distribution in vapour-grown 
anthracene samples has been obtained. The techniques used previousiy in 
characterizing the electron traps in anthracene, have proved equally effective for 
the study ofhole traps. Two main sets of hole traps, shallow and deep, were identi- 
fied. The shallow set lies about l e v  above the valence-band edge and is present 
with a density of - lox1 The deep set lies in the range 1.8 - 2.3 eV above 
the valence-band edge and is of density - 5 ~ 1 0 ' ~  ~ m - ~ .  The cross section for 
direct optical excitation is - 5 ~ 1 0 - l ~  and -5~10-l~ cm2 for the shallow and 
deep sets of traps, respectively. 

The trap density in the melt-grown crystals was found to be considerably 
lower (-10" ~ m - ~ ) .  As a result, their detailed characterization was not pos- 
sible. All that could be definitely determined was the presence of one set of 
traps located higher than -1.2eV above the valence-band edge. The nature and 
origin of the hole traps in either type of crystal is not known. 

Studies of the spectral yield of the photocurrent arising from optical excita- 
tion out of the shallow set of traps in the vapour-grown samples yielded valuable 
information on the valence band structure of anthracene. The occurrence of a 
narrow peak near the threshold of the yield curve constitutes strong evidence for 
the existence of a narrow conducting sub-band at the top of the valence band of 
anthracene. The width of the peak-about 0.2eV-is determined by the width of 
the sub-band on the one hand and by the spread in energy location of the 
shallow traps. Hence, the width of the sub-band can be at most 0.2eV, probably 
less. Similar arguments indicate that the sub-band is separated from the much 
broader continuum of lower-lying conducting states by at most 0.2eV. These 
findings are compatible with theoretical  expectation^^'^ and with less detailed 
indications for the existance of such a sub-band obtained by other 
These workers attributed their photocurrent data to photoemission from the 
metal contact, an interpretation that we question. Further discussion of this 
point is published elsewhere.'O 

It appears that de-trapping of holes by photo-generated triplet excitonsl' is 
far less significant than in the case of electron traps.' Since the same types of 
crystals were used in studies of both the electron and hole photocurrents (triplet 
lifetime of about 5 msec), one concludes that the ratio of the cross section for 
triplet de-trapping and for direct photoexcitation is considerably smaller for hole 
than for electron traps. 
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