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A study of the electron-bombardment induced conductivity at room temperature in 
crystalline anthracene was made using the dxift method. The observed low gain (~ 10) for 
the current induced by the electron beato is attributed to the short recombination lifetimes 

10-Ss and the low quantura et¡ (~, 4%) of pair production. These results are 
explained on the basis of a simple photoconductor model. The vŸ for the drift mobilities 
normal to the 'ab'  crystallographic plaxte viz., #e = 0.37 and #h = 0.98 cm2 s - l V  -1 agree 
well with other published values. 

1. In t roduc t ion  

A considerable number of discrepancies in the measurement of quantum yield 
under different modes of excitation has been reported by various investigators. 
Kepler and Merrifield [1] state that 10 -s  carriers are produced per square cen- 
timetre for total photon flux of 1014 cm 2 in a lps pulse, from which one deduces a 
quantum efficiency of about 10-4%, but no explanation is given of the method they 
used to calculate the number of excited carriers. Raman et al [2] estimate a quan- 
tum efficiency of the order of 10-2%. Batt et al [3] have reported that the quantum 
yield for single-photon bulk generation of charge carriers remains relatively constant 
at about 10-2% for photons over the energy range from 4.2 eV to about 6 eV. 
Geacintov and Pope [4] using uv, found yields of the order 0.4% of energy ab- 
sorbed. This yield is an order of magnitude greater than that reported for X-ray 
excitation [5], at least an order of magnitude greater than that obtained for intrin- 
sic excitation with red light of near uv [6] both involving exciton-exciton processes 
and also for intrinsic excitation with uv [7,8] ascribed to band-to-band transitions. 
tIowever, regardless of which value is correct, it is quite obvious that the quantum 
efficiency for carrier production is very low. 

The work reported here is aimed at studying the electron bombardment in- 
duced conductivity in crystalline anthracene at room temperature using the drift 
method essentially pioneered by Spear [9,10], and to explaln the observed low gain 
(induced current/bombarding current) on the basis of a simple photoconductor 
model. 
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2. E x p e r i m e n t a l  

2.1 Anthracene crystals 

Anthracene crystals were grown from the vapour phase, after the method of 
Sloan [11], under a vaeuum of less than 6.7 • 10 -4 Nm -~, following intensive puri¡ 
eation efforts, including liquid column ehromatography, sublimation and zone re¡ 
ing [12]. The apparatus used for zone-refining was a Sloan-McGowan zone-refiner, 
manufactured to the pattern of the original refiner designed by Sloan espeeially for 
anthraeene [13]. The erystal growth vessel was part of the zone-refining assembly, 
so that  it was possible to exelude oxygen from the anthrar from the time it was 
introdueed to the zone-refining steps [12]. 

All erystals for use were eheeked as single erystals by observing the extinetion 
between eross polaroids under a polarizing microseope. Typieal erystal thieknesses 
were between 200-250 pm and had surfaees of 1 cm • 1 cm, whieh were 'ab'  planes.* 
The erystals were equipped with evaporated aluminium eleetrodes on two opposite 
faces and the subsequent mounting was earried out as deseribed by Saleh [14]. 
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Fi9. 1. Schematic arrangement for the measurement of transit time of positive carriers in ah 
anthracene crystal 

2.2. Basis of ezperiment 

The experiment performed was essentially to irradiate the crystal specimen 
through a thin conducting electrode with a short pulse of electrons of energy between 

*The orientation of the planes was kindly checked by Professor J. W. Jeffery of the Crys- 
tallography Department, Bh'kbeck College, University of London, London. U. K. 
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20 and 60 keV, and to record the transient charges induced on the opposite electrode 
for various applied electric field strengths in the crystal specimen (see Fig. 1). The 
bombarding electron pulses may be envisaged as generating electron-hole pairs in 
the region penetrated, and the subsequent drift of these carries as inducing charges 
on the electrodes. A bias field is essential not only to produce the drift, but also to 
prevent immediate recombination. 
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Fig. 2. Elec t ron  a n d  hole t r ans i t  t ime vs  reciproca2 appl ied vol tage a t  293 K for spec imen  
No.12.12, th ickness  200 /~m 

In the present experiments precautions were taken to avoid space charge 
effects such as those discussed by Saleh and Zafar [15]. The bombarding dose never 
exceeded 2.5 • 10 -z4 C (1.5 x 107 electrons per cm2), and the bias was regularly 
reversed as explained by Saleh and Zafar [15]. The induced conductivity transient 
may thus be treated analytically in terms of the drift of a sheet of charge across a 
parallel plate capaeitor on which the field is uniform. When the back electrode is 
at a positive potential V with respeet to the front electrode , the end of the ramp 
(the "knee") corresponds to the electron transit time; when the baek electrode is 
negative, the knee marks the hole transit time. Provided the field is uniform, i.e., 
space charge is negligible, the carrier mobility is given by/~ = L2/TV. T was always 
found inverse]y proportional to V, thus confirming the assumption of a uniform fie]d 
as shown in Fig. 2. 
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3. Resul t s  and  in te rp re ta t ion  

Following the procedure described above, the values found for the electron 
and hole mobilities in anthracene single crystals at room temperature ate/~e -- 0.37 
cm2s-lV -1 and Ph = 0.98 cm2s-lV - l ,  respectively (Fig. 2). These values agree 
well with those given by Kepler [16], Pogus [17], Sansal and Schott [18], and Saleh 
[12,19]. 

Figure 3 shows the electron and hole charge collected as function of bias field 
and primary electron energy for specimen No.12.12 (representative of a group of 
specimens). Curves for primary energies of 50, 55 and 60 keV ate indistinguishable. 
The absence of saturation implies that ia the bombarded region the recombination 
current far exceeds the drift current. A simple photoconductor model is used to 
explain these results. 

It is assumed that (i) the excitation can be regarded as uniform in a layer 
o....x....b (Fig.1) where b y L, the crystal thickness; (ii) the longer of the carrier 
recombination lifetimes in this region is much shorter than the pulse duration so 
that a steady state may be assumed for the greater part of the pulse; there is no 
injection of space charge at the bombarded electrode (see Section 2.2). 

Let the direction of the applied bias field be as shown in Fig.1. Then during 
electron bombardment, the entire free electron population may be regarded as being 
displaced to the left by a distance (we F - l e ) ,  where we is the electron recombination 
mean free path per unit field and le the diffusion length for electrons, provided 
w e F  > le. This displacement creates a layer in which recombination may be neg- 
lected and which represents the predominant source of free holes. To this degree of 
approximation the hole charge Q0 + crossing unit atea of the plane at 'b' to the right 
during electron bombardment, and eventually collected at the back electrode, is 

Q0 + = q0wo(F - t , / ~e ) ,  (1) 

where q0 is the total charge of either sign excited by the bombarding beam per cm 3 
per pulse. If the voltage Vis  reversed, electron charge Qff per unit atea is collected 
and, therefore, 

Q~ = q0wh(F - lh/wh),  (2) 

where wh and lh are the hole recombination mean free path and diffusion length, 
respectively. 

Applying Eq. (1) of (2) to Fig.3, it is found that the intercept on the F-axis 
is F h = le/we of F: = ih /wh,  giving 

I 2 
we,h = kT/e (Fh ,e )  �9 (3) 

This simple model fails when F _< Fh, e as there is then no layer in which recom- 
bination may be neglected, and also when F > (b + lh,e)/wh,e in which case the 
electrons liberated by electron bombardment ate exhausted from the entire bom- 
barded region and Q+ or Q0 + should saturate at the value qob. This could not be 
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observed at bias field up to 25 kV cm -1. The crystal specimens break down at 
higher field strengths; this could be due to an intensive local field build up in the 
exhaustion region under these conditions. 

Figure 3 shows that at constant bias field the charge drawn out of the bom- 
barded region tends to saturate with primary electron energy; this is in confirmation 
with the idea that the charge originates from the end of this region. However, when 
the bombarding energy is reduced which in turn reduces the penetration depth 'b' 
a superlinear dependence of Q0 + of Q~ on F is obtained. A superlinear depend- 
ence of charge on field in anthracene excited by light has been reported by several 
iavestigators [2,7,20]. 
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Fig. 3. Field dependence of electron and hole induced dmrge at  293 K. Specimen No.12.12, 
thicknesa 200 /~m, Qb = 2.5 X lO-14C/I~ulse 

Therefore, applying this model to Fig. 3, the following approximate values 
are obtained, 

w h  = 1 . 6  x lO-Ucm2V - I ,  

rh = 1.6 x 10-8s, 

we = 0.4 x lO-Ucm2V -1, 

~'~ - 1.1 x lO-Us. 
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rh,e ate the recombination lifetimes; rh,e = wh,e/ph,~ where Ph,e ate the drift mo- 
bilities. Also from the slope of the straight lines in Fig. 3 and with the known value 
of Wh,e, qo can be calculated. Therefore, the quantum efficiency of pair production 
is given by the relation: 

= (qolQb)" Eh,el(dEbldx), 

where Qb is the charge deposited by the electron beam through 1 cm 2 of surface 
to form a free carrier pair, and (dEb/dx) the average tate of energy Iost by a 
bombarding electron per cm path. Substituting Eh,~ =5 eV [20], (dEb/dx) = 2 x 10 ~ 
eV cm -1 [21], in the above equation, quantum efficiency r/of pair production of the 
order of 4% is obtained and, therefore, an estimate of the current gain 'G' which 
is expected in such thin anthracene crystals can be calculated by the formula: 

G = TI [ ( ~ ) l E h , e ]  (w¡ § we)F. 

Taking half the value for (dEb/dx) to allow for incomplete excitation and F = 
10 kV cm -1, G ~ 16 which is of the orcler observed. 

4. Conclusions 

The field dependence of the collected charge and the small gain (~, 10) for the 
current induced by the electron beam is, therefore, attributed to the short recom- 
bination lifetimes of ~ 10 -s anda  quantum efficiency for carrier pair production of 

4%. The values found for the drift mobilities normal to the 'ab' crystallographic 
plane viz., Pe = 0.37 and Ph = 0.98 cm2s-lV-1 agree well with other published 
values. 
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