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The tensor of the hole drift mobility is determined in monoclinic tetracyanoethylene by the transient photo- 
conductivity technique. The principal tensor components amount to p, - - 0.21, pz = 0.10 and px = 0.15 cm2/‘V s at 
room temperature. Above 250 K the mobility is a decreasing function of temperature and follows an exp(.E/kT) 
dependence (E = 0.08 eV) which is inconsistent with both band and hopping models. Below 250 K the mobility is 
conirolled by a hole trapping level of 028 e\i deep. The photogeneration efficiency is found to be independent of 
temperature~and proportional to the light intensity. 

1. Introduction 

The understanding of charge transpozt in 
molecular crystals is still incomplete despite of a 
number of both experimental and theoretical studies 
hitherto reported_ Much of the theoretical interest 
has been the temperature depeudence of the charge 
carrier mobility in those materials. The scarcity of 
reliable mobility data measured over a wide tempe- 
rature range renders it difficult to test the validity of 
diiIerent theoretical models. 

The most extensively studied organic crystals 
have been polyacenes and their derivatives, 
especially anthracene and naphthalene. It is only 
recently that a careful study of the electron mobility 
in naphthalene [I] revealed au unexpected 
behaviour at low temperatures giving an impetus to 
theoretical speculations [2,3 J_ In order to get 
further insight into the problem of charge transport 
in molecular crystals, extensive studies of a tiider 
range of substances are needed. 

The measurements of the mobility are hindered 
as a rule by the predominance of trapping effects 
which may drastically reduce the value of the 
observed mobility and alter its temperature 
dependence or even render the measurement 

impossible_ Unfortunately, it is not always clear 
whether the observed temperature dependence of the 

mobility is an intrinsic property of the crystal or is- 

affected by trapping states. 
The aim of the present paper is to report on the 

transport of holes in monoclinic tetracyanoethylene 
(TCNE) studied by the transit time technique. 
TCNE is known as one of the strongest acceptors 
forming numerous molecular complexes with various 
organic donors, little is known, however, about the 
electrical properties of TCNE itself. It should be 
noted that the relative simplicity of the TCNE 
molecule makes it a promising object of theoretical 
studies. 

Two crystallographic mod&cations of TCNE 
have been reported; the high temperature phase is 
monoclinic [4], P&/n with two molecules per unit 
cell whereas the low temperature phase is cubic [Sj, 
Im3 with six molecules per unit cell. The transition 
between these two phases is extremely sluggish so 
that cubic crystals may be easily overheated well 
above the transition temperature - 292 K and 
monoclinic crystals can be supercooled down to 
77 K without any discernible change in perfection 
of the crystal [6]. 
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2. Experimental 

Commercial TCNE was purified by a muItipIe 
vacuum sublimation through a layer of activated 
carbon_ Faceted single crystals of monoclinic TCNE 
were grown by a slow sublimation at ca. 330 K. 
The crystals were large enough to cut several 
differently oriented plates with a wire saw_ Typical 
dimensions of the samples were 0.3-l cm’ in area 
and 1 mm in thickness_ The crysta1 plates were 
polished using various solvents, usually ethyl acetate. 
It has been found that the mobility values were not 
affected by this treatment whereas both the magni- 
tudes and shapes of photocurrent pulses depended 
on the solvent appiied. 

The mobility measurements were carried out 
employing the standard “time-of-flight” techmique. 
The sampIe was mounted between a transparent 
(SnOl coated quartz) front electrode and a brass 
plate which served as the rear electrode. Short 
polychromatic light pulses (ca. 1 ps) were generated 
by a discharge of a 44 nF capacitor through a quartz 
capiIIary tube. The exciting light was passed by a 
cut-off filter to eliminate radiation of ener7 higher 
than 4-7 eV which could give rise to spurious photo- 
currents due to photoemission from eIectrodes_ 
Current pulses were fed into a wide band preampli- 
fier (input resistance 200 kQ overal time constant 
z 0.6 p, noise less than 1 x lop9 A) and displayed 
on an oscilloscope screen 

Photocurrents couId be observed for both the 
positively and negatively biased front eIectrodes. 
The shapes of the oscilIoscope traces (cf. fig I) and 
observed transit times for both polarities were prac- 
ticaIIy the same. This put in doubt our initial 
conjecture that hole and electron currents were 

observed_ The shapes of the transients suggest the 
surface generation of the charge carriers, whereas. 
on the other hand, ir is known [7] that TCNE is 
transparent to the Iight used in our experiment_ 
Thus, it was necessary to establish which type of 
charge carriers’was involved. 

As the magnitude of the photocurrent depends 
strongly on the way the sample surface has been 
prepared, we have performed a series of experiments 
in which the surface was treated with solutions of 
various complexing agents (aromatic hydrocarbons, 
amines etc). When one of the crystal faces was 

Fig. 1. Typical example ofa photocurrent transient_ 
Sample thickness = O-96 mm, T = 271 K, voltage 
applied = 350 V- 

treated with a cyclohexane solution of pyridine a 
dark, non-transparent layer of the reaction product 
was formed_ With this surface illuminated only 
positive photocurrents could be observed, the transit 
times being identical to those recorded for the non- 
treated sample. Hence,we infer that the charge 
carriers involved are holes, the generation of which 
is enhanced by the presence of surface reaction 
products_ ApparentIy, electrons cannot be injected 
from this layer. The negative photocurrents could 
have been produced by holes photogenerated at the 
rear surface, as it is the case for non-treated samples, 
ifit were not for the comp!ete absorption of light in 
the dark surface layer. 

On the other hand, the treatment with a cyclo- 
hexane solution of fluorene made it possible to see a 
kink in the tail of the dominant hole signal_ This 
kink has been attributed to the transit of electrons 
generated at the rear sensitized surface_ The mobility 
of electrons has been estimated to be about half of 
that of holes. 

3. Results and discussion 

3.1. Charge-carrier generation 

To the best of our knowledge, the energetic 
structure of the TCNE crystal is unknown; therefore 
it is difficult to arrive at any definite conclusions 

concerning the charge gmeration mechanism. In 
order to get some insight into the processes involved 
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we have kade a study of the light intensity, electric 
field and temperature dependences of the generation 
efficiency. 

The collected charge is proportional to the light 
intensity (fig. 2).wbich precludes biphotouic and/or 
bimolecular generation paths. A typical example of 
the electric field dependence is shown in fig. 3. At 
low fields the dependence is sublinear whereas it 
becomes superlinear at higher fields, the magnitude 
of the electric field at which the _transition occws 
varying from sample to sample_ Similar hehaviour is 
predicted by the Onsager theory of charge separa- 
tion [S-lo]. However, our results do not comply 
I@ the universality of the “slope-to-intercept” ratio 
as expected by the theory. 

The photogeneration efficiency has been found to 
be practically temperature independent (fig_ 4). Such 
behaviour is uncommon for organic materials in 
which, as a rule, the photogeneration of charges 
involves activation steps. 
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Fig. 2. Light intensity dependence of the collected charge. 
Sample thickness = O-76 mm, voltage applied = 1600 V. 

Fig. 3. Electric Geld dependence of the collected charge. 
Sample thickness = O-76 mm. 
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Fig. 4. Temperature dependence of the collected charge. 
Sample thickness = 0.76 mm, voltage applied = 500 V. 

As can be seen from fig. 1 there is a delay in the 

generation of holes reflected by a relatively slow 
increase of the initial current. This delay has been 
found to be almost independent of temperature. 
Hence, the following mechanism can be suggested. 
The exciting light is absorbed either by impurities or 
by TCNE molecules due to the forbidden singlet- 
triplet transition. Subsequent creation of electron- 
hole pairs results from interactions between excited 
molecules and surface impurities which act as 
electron traps. The delay is due to the migration of 
triplet excitons to the surface. One should note that 
shallow trrpping of holes in the surface region may 

also lead to a slow build-up of the current sign& 
[ll, 121, however, in this case a strong temperature 
dependence of the current rise should be observed_ 

3.2. Temperature dependence of hoie mobility 

The temperature dependences of the mobility of 
holes have been determined for eleven differently 
oriented samples cut from two large single crystak 
Some typical results are presented in fig. 5. At low 
temperatures the mobility is an increasing function 
of temperature exhibiting a maximum at about 
230 K and falling off for higher temperatures. The 
same data are replotted on a log-log scale in fig. 5b. 
It is seen that the high temperature mobility values 
do not follow a simple T-” relationship. 

A mobility versus temperature dependence 
exhibiting a maximum can be explained in terms of 
a hopping model leading to-a fl oc T-” exp (- EjkT) 
relationship (for a review see ref. [ 131). However, 
hopping models cannot rationalize the steep 
decrease of the mobility with increasing temperature, 
as the value of n should not exceed 1.5. Moreover, 
the temperature at which the maximum occurs is- 
somewhat different for the two examined crystals. ‘~ 
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fig. 5. Examples of temperature dependenccs of the hole 
mobility in two differently oriented TCNE samples. 
(a) ResuIts pIotted in Iinear coordinates. (b) Descending 
part of the dependences plotted on a log-Iog scale. 

Hence, we conclude that transport of holes in TCNE 
crystals is trap-controlled at low temperatures. 

For muhipte trapping at a discrete levei the 
following reIation hoIds 

where p” and err arc the iattice and effective 
mobility, respectively, Nt and N, denote the concen- 
trations of trapping and conducting states, 
respectively and ~5, is the trap depth. 

This formula allows us to evahmte trapping 

parameters employing extrapolated values for p” as 
shown in Gg 6_ E, has been found to amount to 
cd_ 0.28 eV and NJN, = 3 x IO-‘_ For such a Iow 
concentration of traps the average number of 
trapping events occurring during the transit of a 

Fig 6. Illustration of derivation of trap parameters from 
the activated part of the a versus T dependence_ 
(a) Experimental data -circles (mobilities were measured 
in the 6 direction), broken line shows the extrapoIation of 
the lattice mobility # from the high temperature region. 
(b) Semi-logarithmic plot of the low temperature data 
arranged according to eq. (I). 

carrier may be of the order of unity. If this is the case 
the current pulses display long tails, traait times 
being poorIy resolved (see e-g_ ref. [14]). Such 
disperse transients have been observed for several 
samples at low temperatures; in some cases two 
distinct transit times could be distinguished (fig 7)_ 
The first kink corresponds to the arrival of holes 
which reached the rear electrode without being 
trapped, the other kink is related to the elfective 
mobility_ This corroborates our assumption that 
hole transport at low temperatures is limited by 
shallow traps. It is tempting to assess the frequency 
factor v and the capture-cross-section G of the traps 
involved For transients similar to that shown in fig 7 

Fig. 7. ExampIe of highly disperse transient observed at 
low temperatures in some sample% SampIe thickness = 
036 mm. voItag,e applied = 509 V, T = 214 K. 
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the trapping time r is approximately equal to the 
trap-free transit time: T = tr_ From the relation 
7I = (Iv, U,h a)-‘, where U, is the thermal velocity of 
charge carriers, one can estimate the capture-cross- 
section G_ = (rr N, u,h)-l and the frequency factor 

Inserting typical experimental vahres~one obtains 
v = 101o-lO1r s-r and, for lack of further knowl- 
edge, taking LQ, = 10’ cm/s and IV, = 4 x 102’ 
cm-s, W r IO-r6 cm2. 

ively. Although a slight anomaly. in the temperature 
dependence of lattice parameters of supercooled. 
monoclinic TCNE at 270-285 K has been reported 
[6], we feel that the change in the value of rr has 
probably no physical significant as replotting the 
same data in log ,u versus T-’ coordinates gives 
linear dependences for the whole lattice controlled 
mobility region (fig. 8). Hence it follows that the 
temperature dependence of mobility may be 
described by p cc exp (E/kT), where E N O-08 eV 
(650 cm-‘)_ 

Above 250 K the temperature dependence of the 
mobiiity suggests that transport of holes is lattice 
controlled_ AItbougb the mobilities for all crystaho- 
graphic directions are well below 1 cm2/V s (which 
is a generally accepted lower limit of the validity 
of the band representation) the mobility is a steeply 
decreasing function of temperature_ Such behaviour 
is in apparent disagreement with any existing models 
(cf. ref. [133). 

Schein et al. [l] have observed a similar depen- 
dence of the electron mobility in naphthalene 
crystals (the value of E was 47 cm-r) and attributed 
it to the scattering by optical phonons. However, 
Efi-ima and Metiu claim in ref. [3] that “the theory 
gives no physical significance to this exponential 
behavior- which “is probably accidental”_ 

As most coherent transport models predict a 
T-” dependence it is common to present mobility as 
a function of temperature on a log-log scaIe_ Such 
presentation (tig. 5b) suggests the existence of two 
temperature regions corresponding to n z 5 and 
n z 3 for Iower and higher temperatures, respect- 

3_4_ Anisotropy of the hole mobility 

The tensor of the hole mobility in TCNE has 
been determined using a least-squares fit for mobility 
values obtained for ten differently oriented crystal 
plates. The principal tensor components plr p2, ps 
as well as the angle rp (taken From o to c) which 
makes the tensor x1 axis with the crystallographic 
o axis are shown in table 1. As the b axis is a twofold 

symmetry axis it coincides with the tensor x, axis 
[15]. The lowest hole mobility corresponds to the 
b direction, the highest mobility direction is close to 
the a axis. 
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Fig 8. Temperature dependence of the hole mobility 
presented on a semi-logarithmic scale Different symbols 
refer to differently oriented samples. For only one sample 
(out of eleven samples studied) the plot deviates signi!ic- 
antly from linearity-these results are shown as full circks. 

A comparison of the experimental data with 
theoretical calculations carried out by Jodkowski 
and Chojnacki [16] is shown in table 2 The calcula- 
tions of the anisotropy have been based on the tight- 

Table 1 
Principal components of the hole mobility tensor 

Temperature pt 
W (cm’/Vs) rZn2/V s) r&‘/V s) zeg) 

273 026 0.14 0.19 -24 
293 0.21 0.10 0.15 -15 
313 0.16 0.084 O-13 -37 
333 0.13 0.066 0.11 -38 
averageerror 0.01 0.01 0.01 10 
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Table 2 References 
Comparison of theoretical and experimentally determined 
anisotropy of the hoIe mobility 

Theoretical Exoerimental 

[If L-B. Schein, C.B. Dukeand A.R. McGhiiPhys. Rev. 
Letters 40 (1978) 19X 

[2] H- Sumi, Solid State Commun_ 28 (1978) 309; J. 
Chem. Phys. 70 (1979) 3775. 

[3] S. Efiima and H. Met& Chem. Phys. Letters 60 
(1979) 226. 

binding model within the lrelectronic approxima- 
tion (for details of the method see ret [16]). 
Although the theoretical approach does not take 
into account the anisotropy of phonon interactions 
it Ieads to good agreement with the experimental 
values_ As the caIculations reflect the anisotropy of 
the overlap of molecular wavefunctions one can 
infer that the overIap is a decisive factor in electronic 
transport in TCNE. 
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