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We present data for the electron trapping lifetime measured in the ¢’ direction of
anthracene over a wide range of temperatures (81-374 K} and applied electric fields
(0.10-4.73 V /um). Over these ranges the lifetime is activated and the activation energy
is independent of the field. We have considered several trapping models. Only one of
these, a model consisting of a deep trap level and associated shallow “pre-trap” level,
can adequately account for our data. We discuss briefly the possibility of a temperature
dependent trapping cross-section.

I. INTRODUCTION

In transient photoconductivity (TPC) experiments it has been ob-
served that the apparent electron trapping lifetime decreases rapidly
with decreasing temperature. This effect has been well-known, but to
the authors’ knowledge, has only been briefly mentioned in three
papers (refs. 1, 2, and 6). The decay is so fast at low temperatures that
an important feature, the transit time, which is used to calculate the
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carrier mobility, is obscured. The effect determines the lowest temper-
ature at which a mobility may be determined (31 K in naphthalene!
and 78 K in anthracene?). Understanding this trapping effect may
allow mobility measurements to be extended to lower temperatures.
This is particularly important in anthracene, where a band-to-hopping
transition is expected analogous to that which has already been
observed in naphthalene.!

Understanding the temperature dependence of the charge carrier
trapping lifetime is also important in its own right, as both the
theoretical understanding of trapping mechanisms and the experimen-
tal techniques used for trap characterization in high-purity molecular
crystals are incomplete at best. From a practical point of view, traps
can limit the speed and efficiency of devices incorporating organic
materials (e.g., electroluminescence devices>*).

While TPC experiments have been used extensively to measure
carrier mobilities,” in some cases®~!® molecular crystals have been
doped with a particular impurity to study how that impurity acts as a
trap. Sometimes the transport becomes trap limited, resulting in an
effective electron or hole mobility which is activated with temperature.
Analysis of the mobility data yields trap depths and concentrations.
Traps that limit the transport in this way are referred to as shallow
traps, and the corresponding mobility is labeled shallow trap con-
trolled mobility. Sometimes the mobility remains unaffected, but the
charge carriers exhibit a reduced lifetime. These are called “deep”
traps; they have been studied to a much smaller extent with the TPC
experiment. Surface roughening has been found to introduce shallow
hole traps and deep electron traps.!! Mechanically induced disloca-
tions l;ave no effect on hole transport but do act as deep electron
traps.!

Two other experimental techniques, thermally stimulated currents
(TSC) and space charge limited currents (SCLC), have been applied to
the problem of trap characterization in molecular crystals. The two
techniques have been used together to study deep hole traps in pure
anthracene.'># TSC experiments have also revealed deep hole traps,'’
shallow hole traps,'® and both deep and shallow electron traps'’ in
pure and doped anthracene, and deep electron traps induced by
surface photo-oxidation.!® SCLC experiments have shown evidence of
bulk hole traps with a distribution of trap depths in pure anthracene.'’
Current understanding of trapping processes relies heavily on the
theoretical work of Silinsh,?® Sworakowski,?! and a few others.?>2

It is the purpose of this paper to present a detailed experimental
and theoretical study of the behavior of “deep” traps in molecular



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:46 21 February 2013

ELECTRON TRAPPING IN ANTHRACENE 201

crystals using TPC measurements. After discussing experimental de-
tails in Section II, our results of the electron trapping lifetime in
anthracene as a function of temperature and applied electric field are
presented in Section IIL. In Section IV the predictions of several
existing trapping models are compared with our results and we present
our conclusions in Section V.

Il. EXPERIMENT

The experiment that has been performed is the transient photoconduc-
tivity experiment, which has been well-established as a tool for de-
termining charge-carrier mobilities in organic crystals (a complete list
of references for molecular crystals is given in Ref. 5). The anthracene
crystals used were grown with the Bridgman technique and zone-refined
for high purity. Individual samples were cleaved parallel to the ab
plane to the desired thickness (100-500 pm). Typical cross-sectional
areas were 0.05-0.5 cm?. The samples were mounted with one face
pressed against Nesa-coated quartz (the front electrode), the other
surface having been painted with silver paint. A brass plunger made
electrical contact between the silver paint and the detection electron-
ics. A DC bias voltage (—50 to —2000 V) was applied to the front
electrode and a Q-switched Nd- g,lass laser (FWHM ~ 20 nsec,
frequency doubled twice to 2650 A, energy demsity ~ 1 mJ]/cm?)
illuminated the front surface creating a sheet of free electrons. The
drifting electrons induced a current which flowed across a load resistor
to ground. The resulting voltage waveform was amplified (Comlinear
Corp. #E103 high-bandwidth op-amp) and recorded on a Nicolet
2090 digital oscilloscope (maximum sampling rate 20 MHz).

Transient responses were recorded for a wide range of applied
voltages and sample temperatures (temperature was controlled to
+0.1 K by a Ransco SD14 nitrogen-flow temperature chamber). In all
cases the response time of the electronics was much faster than the
time scale of the experiment.

Several effects may be neglected in terms of their contribution to the
decay time of the current (from which electron trapping lifetimes were
obtained). We have determined that electron current injected by the
silver paint is negligible for fields below ~ 8 V/um. The Nesa-coated
quartz is a more efficient injector of holes, creating a current density
J ~107% A/cm? at a field of 2 V/um. This current density is two
orders of magnitude smaller than the amplitude of our current tran-
sients and falls off rapidly with decreasing voltage.
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Space charge effects occur when the self-induced field of the photo-
generated charge is large enough to distort the externally applied field.
The effects have three trademarks: i) the amplitude of the current
transient becomes independent of the photon flux, ii) the shape of the
transient is distorted in a well-known way,?* and iii) the apparent
transit time of the carriers is reduced. In all cases our experiment was
performed well below the space-charge regime.

Finally, diffusion? of the charge sheet may be neglected. The effect
of diffusion and other sources of dispersion of the charge sheet is to
spread out the charge packet spatially and hence smear out the
observed transit time, not significantly affecting the time-dependence
of the current before the transit time.

lll. RESULTS

Figure 1 shows a typical transient response. Also shown is an ex-
ponential fit to the data in the time-span indicated by the arrows. At
times shorter than ~ 4 psec the current is nonexponential. If the
response time for the circuit is made less than 20 nsec, then the leading
edge of the current may be resolved into a current spike that follows

T T T T T T T T T T
L =330 um
V- -60V
T=300K
l T* 74 188C

I(t) (ARBITRARY UNITS)

1

1 1 i 1 i 1 1 i 1
5 10 15 20 25 30 35 40 45 50
t {usec)

FIGURE1 Typical electron transient response in anthracene. The heavy line is a fit of
a pure exponential function to the data, with decay constant r = 74 psec.
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the laser pulse superimposed on the exponential decay. This current
spike has been observed in the past?¢ and its origins are not well
understood.

The shoulder in the current at ~ 47 psec indicates the transit time.
This feature is not sharp but somewhat rounded, which suggests that
diffusion or other spatial dispersion of the charge sheet is occurring.
For this reason data near the transit time have not been included in
the exponential fits. The remaining feature, the long tail in the current
beyond the transit time, which may reflect detrapping of trapped
carriers from shallow traps, has been ignored in our analysis.

To test whether the current decayed to a steady-state (non-zero)
value (a prediction of the shallow trap model, see below), the applied
field was reduced. This increased the transit time and allowed longer

1000,
800

T 17

600

400

200

T usec)
100
80

60

40

¢ = SAMPLE M10; € =57TmsV
x = SAMPLE Mic; £=84meV

20+

0 1 I L l 1 1
25 30 35 40 45 5.0 5.5

1000/T
FIGURE 2 Electron trapping lifetime in anthracene (¢’ direction) versus inverse
temperature for two samples from crystal M1, indicating the activated behavior. The

applied field is 0.20 V/pm for sample Mla and 0.18 V/um for sample Mlc. ¢ is the
activation energy.
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time scales to be investigated. With very low fields and transit times of
several msec, no steady-state currents were observed within experi-
mental error.

All transient signals could be fit well (R? coefficient ~ 0.96-0.99)
with a single purely exponential decay. Our observed results of the
decay time 7 as a function of inverse temperature and applied field are
shown in Figures 2-5. The notation, M1 and M2, is used to dis-
tinguish two different crystals grown under approximately the same
conditions. Subscripts a, b, etc. refer to different samples taken from a
particular crystal.

Figures 2-5 demonstrate that in all cases the observed decay time
exhibited an activated behavior. Figures 2 and 3 show the typical
variation of activation energies within a particular crystal. The activa-

100

80

* = SAMPLE M2a; £=28meV
x s SAMPLE M2c; £260mesV

3 35 40 48 50 55 60
1000/T
FIGURE 3 Electron trapping lifetime in anthracene (¢’ direction) versus inverse

temperature for two samples from crystal M2. The applied field is 0.24 V/um for
sample M2a and 0.32 V/um for sample M2c. € is the activation energy.
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tion energies varied from 30 to 84 meV, indicating that the observed
behavior is extrinsic in nature. These data were repeatable upon
temperature cycling. Figure 4 shows data over a wider temperature
range for two different applied fields. Finally, 7(T) is plotted in
Figure 5 for a wide range of temperatures (81-374 K) and fields
(0.10-4.73 V/um). The data may be fit with a single activation
energy, indicating that the activation energy is not dependent on the
applied field within experimental error. The data are summarized in
Table I.

Another very important observation (not shown) is that the electron
mobility, calculated from the observed transit time, is nearly indepen-
dent of temperature (p, ~ T%') for all samples reported here. This

100

801

60

40

T{usec)

20

SAMPLE M2a; €£=30meV

«= 24 V/pm
x=z 48 V/pm
x
10 i 1 [ —_—l 1
3 4 5 6 7 8 98

1000/T

FIGURE 4 Trapping lifetime versus inverse temperature for two different applied
fields, 0.24 and 0.48 V/um, over an extended temperature range. € is the activation
energy.
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FIGURE 5 Trapping lifetime versus inverse temperature for a wide range of tempera-
tures and applied fields, indicating the invariance of the activation energy .

TABLE 1
Summary of 7(T') Results
Sample Field (V/pm) Temp. Range (K) €(meV)
Mla 020 213-374 57
Milb 0.20 222-374 68
Mlc 018 234-374 84
Mi1d 0.10-4.70 81-374 38
M2a 0.24-0.48 130-370 30
M2b 0.26 190-370 46

M2c 0.32 230-370 60
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indicates that the transport is intrinsic in nature? (i.e., not shallow-trap
controlled).

IV. DISCUSSION

A number of trapping models will be reviewed in terms of their ability
to account for our experimental results. Within these models, based on
the justifications given above, dark-injection, space-charge effects, and
diffusion will be neglected. The effect of the diagonal and off-diagonal
components of the mobility tensor on the apparent trapping time will
also be discussed.

The simplest model that can be proposed is a collection of monoen-
ergetic traps distributed randomly throughout the crystal.® This model
has had wide application in the study of impurities in molecular
crystals, where in most cases crystals such as anthracene or naph-
thalene have been doped with a known concentration of the impurity
of interest (i.e., perylene,® acridine and phenazine,” anthraquinone,
anthrone, and naphthacene®). In the trap-free case, the ideal current
response is

I(2) = nevyy, t<
=0 t> 1 (1)

where n is the number of photogenerated charges, e is the electronic
charge, v, is the drift velocity in the presence of an electric field, and
7, is the intrinsic transit time given by 7, = L?/uV, where L is the
sample thickness, g is the carrier mobility and V' is the applied voltage.
In the first approximation the effect of traps is to make n a time-
dependent parameter, as it is only the free (mobile) carriers that
contribute to the current. It is also assumed that the traps may be
characterized by two trapping parameters, the average time 7, between
trapping events (the “trapping time”) and the average time spent in a
trap 7, (the “detrapping time”)*1°:

7, = (N,0Upg) )
Ty = (N oDy ) le/*T (3)

where N, is the trap density, o is the trap capture cross-section, v,,, is
the maximum carrier velocity, N, is the conduction band density of
states, and ¢, is the trap depth (relative to the conduction band edge).
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The pre-exponential factor in the definition of 7, comes from detailed
balance arguments.?’

The differential equations connecting the free-carrier population
n(t) with the trapped-carrier population n,(t) (for times shorter than
the transit time) are

n+n,=n, (4)
on(x,t)/0t =n(x,t)/7,— n,(x,t)/7, (5)

where n, is the number of photogenerated charges at ¢ = 0. For times
beyond the transit time the loss of carriers to the external circuit must
be taken into account, and the solution does not have an analytical
form.?® The above equations are easily solved, and the current observed
is proportional to the number of free carriers:

I(t) @ n(t) =no/(7y + ":){"': + 'TdeXP[_("'d—l + 1_’—1),]}. (6)

Care must be taken in properly defining the effective carrier mobil-
ity. In the cases of interest here the trapping time 7, is much smaller
than the intrinsic transit time 7, (in the opposite limit of 7, < 7,
trapping events do not occur during a transit and trap information is
not obtained). The mobility is modified because the effective transit
time is now the sum of the intrinsic transit time plus the average
amount of time that carriers spent in traps:

T = To + N1y =15 +(7/7) 75 = 15(1 + 7,/7,) (7)

where N is the average number of trapping events (1,/7,). This gives
an effective mobility p ¢ of

P = Bo(l + "d/‘rx)_l (8)

where g, is the intrinsic mobility.

Three different transport regimes may be defined. At high tempera-
tures, defined by 7,/7, < 1, we have n(¢) = nyand p4 = p,. Trapped
carriers are immediately released and trapping has little effect on the
current and mobility. At intermediate temperatures, defined by 7,/7,
> 1, the familiar shallow trap controlled mobility model is obtained
which predicts: 1) the mobility is activated, ii) the current is the sum of
a constant term plus a decaying exponential, and iii) the explicit
temperature dependence of the decay time in the exponential term of
the current (Eq. 6) decreases with increasing temperature. We have
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observed a temperature-independent mobility, no indication of a
steady-state current, and an exponential decay time that increases with
increasing temperature. Clearly, this model in this temperature regime
cannot account for our results. Finally, in the low-temperature regime
defined by 7,/7, > 1 the deep trap model is obtained. Specifically,
with 7, < 7, and 7, >> 7, free carriers are trapped and are not released
on the time scale of the experiment. The current will be a pure
decaying exponential with time constant r = 7,. No “kink” or transit
time is observed because no carriers reach the rear electrode; all are
trapped within the bulk of the crystal. The effective mobility, if it can
be defined in such a case, is identically zero (Eq. (8) is still valid).
(However, under conditions in which 1, < 7,, there is a finite probabil-
ity that some carriers will reach the other side of the sample, an effect
ignored in Egs. 4-6. In this case, a small kink may be observed in the
current determined by the intrinsic mobility.?®)

In the applications of this single-trap model to date in anthracene
the terms contributing to 7, in Eq. (2) have been assumed to be, at
most, weak functions of temperature.’~1° More will be said about this
assumption later.

The next step in increasing complexity of trapping models is to
consider the possibility of several sets of discrete traps, each of a
different depth. The simplest example of such a model is one shallow
trap and one deep trap, with k,, = shallow trap rate (the inverse of the
trapping time), k. = shallow release rate (the inverse of the detrap-
ping time), and k4, = deep trap rate. The two traps in this example are
“in parallel”, meaning that there is no direct transition of an electron
possible between them. In this case the differential equations coupling
the free carrier population n,(r), the shallow trap population n (1),
and the deep trap population n () are:

anf(t)/at = _nf(t)kst - nf(t)kdt + n.r(t)ksr (9)
ony(1)/9t = —n (t)ky + n(t)k, (10)
ony(2)/0t = n (1)ky (11)

The solution of these equations in terms of the free carrier population
is

n/(t) = no/za{(ksr - ksl - kdt + a)exp[(a - B)t/z]
+ (ko + kg — kg + a)exp[—(a + B)1/2]}

a= (B - dkoky) "l B=(kythke+ky) (12)
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This model is interesting for the following reasons: the shallow trap
is ineffective at high temperatures (k. > k) and only the deep trap
contributes to the current decay; i.e., J(t) ~ exp(—kg4t). At low
temperatures (k,, << k) the shallow trap becomes a deep trap and
I(t) ~ exp[ — (k4 + kg)t]). Theoretically, the current decays with a
shorter time constant at lower temperatures, which qualitatively agrees
with our 7(T") data. However, the model also makes a prediction for
the observed mobility. As seen in the previous paragraph, deep traps
do not contribute to the mobility and shallow traps contribute accord-
ing to Eq. (8), which in this case may be written as

Begr = “'0(1 + ksl/ksr)_1 (13)

The effective mobility and the time dependence of the current are
strongly coupled through the term k,/k . We observe (see Figure 5)
an exponentially decaying current whose decay time constant varies
smoothly by two orders of magnitude over a wide temperature range.
The model predicts that this should be accompanied by a similar
behavior in the observed mobility; i.e., the mobility is expected to vary
by a large factor over our experimental temperature range to satisfy
the inequalities, k,, > k, at high temperatures and k, < k at low
temperatures. The model also predicts that the general form for the
current in the intermediate temperature range is the sum of two
decaying exponentials. Both of these predictions are inconsistent with
our results.

The model is easily extended to include several independent discrete
traps. In general, each new trap introduces an additional exponential
term into the current and an additional ratio k,,;/k,; into the expres-
sion for the effective mobility

I(t) ~ nOZAje"‘f‘ (14)

e = o1 + T,/ h = 1 (15)
J

where the k,;’s and k,;’s are the trapping and release rates for the jt
discrete trap and the 4;’s and k,’s are convolutions of these rates. The
model predicts currents which are the sum of exponential terms and
effective mobilities which are, in general, dependent on temperature.
These predictions are contrary to our results.

In a recent paper on exciton transport in tetracene-doped anthra-
cene, Braun, et al.?® invoked shallow “pre-traps” in the vicinity of the
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tetracene molecules (deep traps) in order to account for the observed
temperature dependence of the exciton transfer rate. Such a model,
identical with the two-trap model described above with the traps in
series rather than in parallel with each other, may account for our
data. The differential equations connecting the free-carrier population
n.(t), the shallow-trap population n(¢), and the deep-trap population
n,(t) are:

an (t)/dt = —n (t)ky + n(t)k, (16)
ans(’)/atzn/(t)ksl_ns(t)ksr_ns(t)ksd (17)
any(1)/0t = n(t)ky (18)

where k, is the shallow trapping rate, & is the shallow release rate,
and k4 is the transfer rate from the shallow to the deep traps.
Equations of this type are common in chemical kinetics problems, and
their solutions are well known.**~3? The free-carrier solution is*

”/(t) = nO/Za{(ksr thyg— kgt a)exp[(a - B)1/2]
+(ksl - ksd - ksr + a)exp[_(a + :B)[/zl}

12,

a=(B—Akyky)' s  B=(kgt+ko+ky) (19

In general, the presence of the shallow trap will induce an activated
behavior in the effective mobility (e.g. Eq. 13). In order for the
predictions of this model to be consistent with our experimental
results (temperature-independent mobility), we confine our considera-
tions to the case of k, < k. for all temperatures of experimental
interest. Free carriers will come into quasi-equilibrium with the shal-
low traps after a time 7., = (k, + k)" (see Eq. 6). For times
t > 7,0, the first exponential term in Eq. 19 will dominate the decay,
and the decay rate may be approximated by a truncated binomial
expansion:

(a - B)/2 = (kst + ksd)/(kst + ksr + ksd)
+(ks( + ksd)z/(kst + ksr + ksd)3 e (20)

The necessary condition for the first term to adequately represent the
series is that 4k ky/(ky + kg + kgy)? be small compared to one,
which is true when k, < k. If we further restrict our considerations
to the case of k4 < k,, and retain only the first term in the binomial

sr?
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expansion, then Eq. 19 simplifies to

ny(t) = neexp(—Kt) (21)

K= kslksd/ksr = }vs(NcNdodvmax)_le(’/” (22)

where N, is the shallow trap density, N, is the conduction band density
of states, Ny is the deep trap density, o4 is the deep trap capture
cross-section, v, is the maximum velocity, and ¢ is the shallow trap
depth. This model predicts a deactivated decay rate for the current
and a temperature-independent mobility. Both of these predictions are
in agreement with our experimental results. According to Eq. 22, the
observed activation energy is to be identified with the depth of the
shallow trap. In the previous section we noted that observed activation
energies varied widely from sample to sample for any particular
crystal. It is not clear to the authors how known shallow trapping
mechanisms could account for this wide variation of apparent trap
depths among samples. This model also requires a strong association
between the shallow and deep traps, suggesting that they are in the
same vicinity. Such a configuration might result from lattice distor-
tions in the neighborhood of an impurity or dislocation, or the shallow
traps may correspond to vibronic levels of an impurity molecule.?

It has been suggested that the field and temperature dependence of
the transient current in anthracene can be explained by a dispersive
transport model.>> Such a model assumes a continuous distribution of
traps in the band gap with the exact form of the distribution being
somewhat arbitrary. The theory was originally worked out by Scher
and Montroll** for hopping transport with a wide range of hopping
times, and has been shown to be formally equivalent to the case of
band transport with a wide range of trap-release times.>* The theory
has been successfully applied to explain transport in a number of
amorphous semiconductors.>*-3° If an exponential trap distribution of
the form g, (¢) = N,exp(—¢/kT;) is assumed, the theory predicts

I(Ha G- r<q
a I s g (23)

W (E/LYY* Y < em/T, ¢ = kTyln| L(2p0E7) ")
(24)

where 7/ is the effective transit time, p’ is the corresponding effective
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mobility, and a = T/T, is the dispersion parameter. Our transient
currents may be fitted reasonably well with a power-law decay, and
the resulting power is linear in temperature, confirming the first
prediction. However, we have seen no evidence of a field* or tempera-
ture dependent mobility, indicating that this model is not appropriate
for transport in crystalline anthracene.

We have calculated the effect of the anisotropy of the diagonal
components of the mobility tensor in anthracene on the apparent
electron trapping lifetime. In the ab plane, the mobility increases with
decreasing temperature, i.e., p, ~ 7% and p, ~ T8, while the
mobility in the ¢’ direction remains nearly independent of tempera-
ture.’ If the off-diagonal components of the mobility tensor are
ignored (these will be discussed below), then it can be assumed that
with the electric field in the ¢’ direction (perpendicular to the ab
plane) there are no electric field components in the ab plane and hence
no contributions from drift velocity in that plane. Hence, any velocity
components in the plane are diffusional. Diffusion has been neglected
until now, but as noted above, the mobilities in the ab plane at low
temperatures can be quite high and hence two-dimensional diffusion
in that plane may be significant. The diffusion constant is connected
to the mobility through the Einstein relation p = eD/kT. This then is
the picture we present: at high temperatures the diffusion constants in
all directions are small and diffusion may be neglected. At low
temperatures, 1, and p, have increased significantly and therefore a
free charge packet suffers diffusional spreading in the ab plane. With
this spreading out of the charge packet at lower temperatures, the
electrons encounter more lattice sites and hence more trapping sites,
which would be observed experimentally as an increase in the trapping
efficiency (i.e., shorter trapping time). The magnitude of this effect
may be calculated as follows: we have calculated the average trapping
time based on a three-dimensional anisotropic hopping model with
deep traps. The function of primary interest is the number of new sites
sampled as a function of time. If we assume for simplicity that the
mobility is isotropic in the ab plane, then this function has the form*

S(t) = (47W,,t) /log[32W,,/ W, ] (25)

where W = hopping rate = pkT/ea’ (a is the lattice constant). The
probability that a free electron will become trapped when it encoun-
ters a new site is ¢ = N,/N,, the molar concentration of traps. Hence
the total probability that a free electron will be trapped is P,(¢) = ¢S(2).
The average trapping time is defined as the time it takes for this
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probability to reach unity. Therefore

cS(t=1)=1-1=clog[2W,,/W./4nW,,  (26)
<7 ~ Tlog(T17) @7

where we have made use of the Einstein relation and have assumed
B, = g, SO that Eq. (27) represents the strongest possible tempera-
ture dependence of . If the data in Figure 5 is replotted log-log, then
the activated behavior of 7 may also be interpreted as a power-law
behavior with 1 ~ T26, Although this model can account for a tem-
perature independent ¢’ mobility and simultaneously a trapping time
that increases with temperature, clearly the strong temperature depen-
dence of 7 that we observe cannot be accounted for.

We have also considered the contribution of the off-diagonal com-
ponent of the anthracene mobility tensor to the apparent trapping
time, which may be significant at low temperatures.*>** According to
the experimental results of Karl,*? p . is approximately zero at room
temperature, but its magnitude increases to nearly that of the diagonal
¢’ component at 150 K (g, and p,. are zero at all temperatures
because b is a principal axis of the crystal). In other words, with an
electric field in the ¢’ direction the drift velocity vector points along
the ¢’ direction at room temperature. At 150 K, however, the ¢’
component has changed very little, but a new velocity component v,
along the a direction has been added. In a sandwich configuration
with the electrodes parallel with @b and E parallel with ¢’, the
electrons will drift diagonally across the sample. If we assume that the
velocity v,,,,, in Eq. (2) for the trapping time is the magnitude of the
drift velocity, then we can calculate qualitatively the relative change
in 7, due to the increase in vy, = v + v,(T) at lower tempera-
tures. Using Karl’s results [p (300 K) = 0.39, p (150 K) = 0.35,
(300 K) ~ 0, u (150 K) = 0.32 cm*/V sec],*? we have

vdlift = p‘c'c’Ec’ + “"r:’aEa (28)
which gives
2 2112
loaanl = [(Bee)® +(pea)] °E (29)
where a is a unit vector in the a direction and ¢’is the unit vector in the

¢’ direction, and we have assumed that the trap density and capture
cross-section are independent of temperature. Using Karl’s numbers,
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we obtain 7,(150 K)/7,(300 K) = 0,4;,,(300 K) /0451, (150 K) = {[(0.35)?
+ (0.32)*)'2E} /(0.39)E = 0.83. We see that the change in the ap-
parent trapping efficiency due to the off-diagonal contribution of the
mobility tensor is only ~ 17% from 300 K to 150 K, much too small a
change to account for our results.

Finally, we must return to the question of whether or not the other
factors contributing to 7, in Eq. (2) may themselves be temperature
dependent. The strongest possible temperature dependence in v, is
accounted for if we assume it is the thermal velocity. The thermal
velocity may have at most a T"'/2 behavior if one invokes the equipar-
tition theorem, and this dependence obviously has the wrong sign and
is not strong enough to account for our data.

A trap density that decreases in a reversible way with increasing
temperature does not seem reasonable to the authors. Point defects are
equilibrivm imperfections and their density increases with tempera-
ture.* Point defects created during crystal growth might anneal, but
their concentration is not reversible with temperature. Dislocations are
introduced during solidification of the crystal from the melt and their
density may be significantly reduced by annealing.*® Our 7(T') data
was recorded beginning at high temperatures and hence the disloca-
tion densities present were minimized. We have considered the possi-
bility that our experimental configuration (brass spring-loaded plunger
pressing the crystal against Nesa-coated quartz) may be exposing the
crystals to an external temperature dependent strain. The experiments
have been repeated using an absolute minimum of physical contact
between the brass plunger and the crystals. An identical strong tem-
perature dependence of the apparent trapping time was observed,
discounting this hypothesis. Qualitatively similar results were obtained
with sublimation flakes (in which dislocations are believed to be
significantly reduced).

A temperature dependent trap capture cross-section is an interesting
possibility,. Within the realm of the more familiar (and correspond-
ingly better understood) semiconductors a number of mechanisms
have been used to explain observed temperature-dependent trapping
lifetimes. O, Cu, Fe, and Cr impurities in GaAs have been studied and
the process of multi-phonon emission has been invoked to yield
6 ~ exp(—e,/kT), i.e, a cross-section that increases rapidly with
temperature.*® Although the sign of the exponent does not agree with
our results, the example is useful in demonstrating an established
mechanism for a temperature dependent cross-section. Another exam-
ple is the phonon cascade process, which explains trapping lifetimes
that increase rapidly with temperature in the case of As and Sb
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impurities in Ge.*” This trap model depends on the trap being
represented by a long-range attractive potential well, with many
discrete levels within the well, which is easily justified for a positively
charged trap, less easily for a neutral trap, and not at all for a
negatively charged trap*®4° (assuming electron trapping). In our ex-
periments, the electrodes were grounded between transients and the
crystal exposed to several laser pulses in order to neutralize trapped
charge. On the first of such shots after a recorded electron transient,
we always observed a positive, quickly decaying current. This indi-
cated that the trapped electrons created their own self-induced field,
attracting free holes created by the laser pulse. We conclude that the
empty traps were neutral, while the filled traps were negatively charged
by the electrons residing in them. Most known neutral trap mecha-
nisms cannot be represented by a long-range potential and have only a
few excited states at most. Therefore, we conclude that the phonon
cascade process is not operative in our experiment.

A deep trap with associated shallow “pre-trap” model, or a single
trap level with a temperature dependent cross-section are the most
promising directions that the authors can suggest for a possible
explanation of our results. We note the need for more work on the
development of trapping theories, the understanding of trapping
mechanisms, and the interaction of these mechanisms with the unique
transport properties characteristic of organic semiconductors.

V. CONCLUSIONS

We have presented data for the electron trapping lifetime in the ¢’
direction of anthracene over a wide range of temperatures and applied
electric fields. We conclude that the trapping lifetime is activated and
that the activation energy is independent of applied field (0.10-4.73
V/pm) and temperature (81-374 K). The variation in the activation
energy from sample to sample (30-84 meV) indicates that the trapping
is an extrinsic process.

We have considered several trapping models and have compared
predictions of these models with our results. A system of parallel
discrete traps with temperature independent densities and cross-sec-
tions cannot account for our results. A model consisting of a shallow
“pre-trap” in series with a deep trap, under the constraints that the
trapping rate into the shallow trap and the transfer rate from shallow
to deep trap are much smaller than the detrapping rate from the
shallow trap to the conduction bond at all temperatures of interest,
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predicts a temperature independent mobility and a temperature
activated effective trapping time constant, which is consistent with our
results. It is not clear what trapping mechanisms in such a model
could account for the wide range of activation energies that we have
observed. A continuous distribution of traps can account for the
temperature dependence of the lifetime that we observe, but the field
and temperature dependent mobility predicted by this model have not
been observed. We have considered the effect of the anisotropy of the
diagonal mobility components, as well as the contribution of the
off-diagonal components to the apparent trapping efficiency in
anthracene. Either of these effects can qualitatively explain both our
p(T) and 7(T) data, but cannot quantitatively account for the strong
temperature dependence of 7(7'). We note that a temperature depen-
dent trapping cross-section may play a role in our experiment, and we
recognize the need for the development of specific trapping mecha-
nisms that take into account the band structure, lattice structures, and
phonon interactions peculiar to organic semiconductors.
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