
PH YS ICAL RE VIEW 8 VOLUME 15, NUMBER 2 15 JANUARY 1977

Temperature independent drift mobility along the molecular direction of As2S3

L. B. Schein
Xerox Corporation, Rochester, ¹wYork 14644

{Received 30 March 1976)

Electron drift mobilities have been observed in As, S, crystals along the molecular direction by transient
photoconductivity techniques. The mobility is 1.0 cm'/Vsec, independent of temperature from 207 to 465 K.
This result is consistent with a trend among inorganic and organic molecular crystals, all of which have drift
mobilities on the order of 1.0 cm'/Vsec {within an order of magnitude) and weak temperature dependence. It
is argued that the observed temperature dependence of the mobility appears to be inconsistent with the
temperature dependence predicted by narrow-band theory. This result is in agreement with, and more general
than, standard arguments used against band theory in molecular crystals which depend on a comparison
between the intermolecular spacing and the mean free path based on calculated bandwidths, and reinforces the
view that the charge carriers should be regarded as localized.

I. INTRODUCTION

p, ~ T" with ~z=1. (2)

Such data remain to be understood in terms of a
microscopic theory of charge transport.

Attempts to explain these data have been formu-
lated in terms of band theories, in which the elec-
trons interact weakly with the lattice resulting in
mean free paths much larger than the lattice con-
stant, and hopping theories in which the hop dis-
tance is comparable to the intermolecular spacing.
The difficulties that arise in attempts to make
these theories consistent with the data appear to
be related to the fact that the observed mobilities
are extremely close to the theoretically esti-
mated" "borderline value of p, between band and
hopping theories, 1 cm'/V sec. For example, in
anthracene the application of band theory" " led
to an inconsistency: Given the magnitude of p, and
calculated values of the bandwidths (0.1 eV), the
resulting mean free path X [using the expression
for p, from tight-binding theory, Eq. (14)] is ap-
proximately equal to the intermolecular spacing
a, inconsistent with the assumed weak-scattering
formulation inherent in a band theory.

The direct determination of microscopic drift
mobilities in high-resistivity materials became
experimentally accessible with the introduction of
transient photoconductivity techniques by LeBlane, '
Kepler, ' and Spear. ' Since then data have accumu-
lated' "which suggest that for relatively pure or-
ganic and inorganic molecular crystals a remark-
able trend exists (see Table I): Independent of the
particular material the drift mobility p, is

p, =l cm'jVsec

within an order of magnitude, and p. is weakly
temperature T dependent

This inconsistency led to serious consideration
of hopping theories. "" However, hopping theo-
ries generally predict activated temperature de-
pendence at room temperature, "~' and estimates
of the activation energy suggest it should be large
with respect to kT at T= 300 K. (The activation
energy for small polaron hopping" under appro-
priate conditions is half the polaron binding energy
E~ which occurs only for E~» W, where W is the
bandwidth, estimated in anthracene to be 0.1 eV. )
More recent attempts at explaining the data with
hopping theories which assume quadratic electron-
phonon coupling" have been unsuccessful in ex-
plaining the observed T "temperature dependence
and have predicted hopping mobilities at least an
order of magnitude too small. And no attempt has
been made using any of the available hopping theo-
ries to explain the trend apparent in Table I.

Perhaps the weakest link in the above logic is
the elimination of band theories based on the mag-
nitude of calculated bandwidths. An error of a fac-
tor of 5 would satisfy the necessary inequality A.

» a; indeed, early calculations" of the bandwidth
were an order of magnitude lower than the pres-
ently accepted ones (0.01 eV versus 0.1 eV) leading
to the conclusion that band theory was acceptable.
With due respect for the care with which these cal-
culations mere done, it is worth recalling" that
first-principles calculations of band-structure fea-
tures such as bandgaps and bandwidths even in
germanium and silicon were in error by factors of
at least 2; it was only with the introduction of
semiempirical techniques, where some of the pa-
rameters were determined from experimental
data, that agreement for other para. meters (effec-
tive masses) within 20% was achieved. An addi-
tional difficulty is that while bandwidths and band-
gaps can usually be determined experimentally (by
optical measurements) in semiconductors, the
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TABLE I. Mobilities of molecular crystals. '

Crystal

Benzene

Naphthalene

Anthracene' '

Perdeute rated
anth racene

Pyrene

Tetracyanoquinodimethane
(TCNQ)

N-i sop ropyl
carbazole

P-diiodobenzene

P -Phthalocyanine

Phenazine

1,4 dibromonaphthalene

Azulene

Phenolthiazine

Carrier Orientation

A
B
c'
A
B
C'

A
B
C'

A
B
C'

A
B
C'

A
B
C'

A —B
C'

A-B
C'

-L(001)
i(001)

C
C

A
B
Cl

A
B
C'

A
B
C'

in clev.
planei to
plane

p (cm2/V sec)
(x=300 K)

1.5 (V'= 5'C)

0.51
0 ~ 63
0.68
0.88
1.41
0.5, 0.99

1.6
1.0
0.4
1.2
2.0
0.8

1.7
0.99
0.35
1.1
2.0
0.78

0.7
0.5
0.7
0.5

0 4
0.4

1.0

12

2

1.1
1.4
0.29
1.1
0.5

0.017
0.013
0.034
0.66
0.25
0.87

0.15

1.7

5.0

—2.0
—0.1

—0.9
—1.0
—0.8
—2.1
—1.0

-0.2, -0.6
+0.8) 0

—1.0
—1.0
—1.0
—1.8
-1.4
—1.7
—1.4
—1.0
—1.5
-2.0
-1.6
—1.3

—0.5
0

—0.8

-1.3
—1.5

0
—0.65
—0.1

Range ('K)

173-278

220-300
220-300
220 —300
220-300
220-300
220-300

77-300
170-380
80—450

300-400
300—400
170—450

280-400
280—400
280-400
280-400
280-400
280-400

260-350
260-350
260-350
260-350

204-306
204-306

244 —370

240 —310
240-310
240—310

290—600
290—600

180-360
230-360
230-360

270-300
270—300
270—300
270—300
270—300
270-300

220-360

300-350

300-400

Reference

8, 11
ll, 12
8, 11,16,21
2, 29
12, 16
9, 12, 16,21

22

23, 24

25

27

28

29

29, 30

Se8
(Mono clinic)

i(101)

all 1O-4

10

—1.5

exp
(—0.17/A. z')

—1.5

300-400

220 —413

300-400
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TABLE I. (Continued)

Crystal

As4S4

As&S3

P -N2

y-02

Carrier Orientation

~(010)

-L to
layers

p (cm2/V sec)
(T= 300 K)

12

0.7

1.0

1.7 x10 3

(36 K)

2.3 x10
(43 K)

p cc T
n

—2.5

—1.2

exp
(—0.007/k T)

exp
(—0.014/k T)

Range ( K)

280 —400

230-340

207—465

36—67

43-55

Reference

35

Measured microscopic mobilities (by time of flight measurement) for organic and inorganic molecular crystals, in-
cluding the carrier sign (electrons or holes), orientation in the crystal, room-temperature mobility, temperature de-
pendence of p, the temperature range over which the temperature dependence was determined, and references. In-
spection of this table reveals the following trend: independent of the particular material, j(L =1 cm /V sec (within an or-
der of magnitude) and p, is weakly temperature dependent. The only exception is electrons in S8 for which the observed
experimental temperature dependence was demonstrated to be an intrinsic property, independent of impurities. Spear33
has suggested this may be an example of small polaron motion. Electrons in N& and holes in 02 may also be exceptions
if the exponential temperature dependence is confirmed to be an intrinsic property of the crystals. Recently, measure-
ments on solid H2 have been reported. 3~ Excluded from this table are those measurements of the drift mobility which
were demonstrated to be determined by impurities (holes in Se8,3 n-terphenyl, 5 phenanthrene, 3~ rubrene, and holes in

As2S3), or measurements in which the temperature dependence or the impurity dependence was not determined, making
it impossible to determine whether the microscopic mobility has been observed (stilbene, 4' m-terphenyl, 4' ferrocene,
triphenylamine, 4 trans-stilbene, 4 tetracene, 43'44 violanthrene, 45 electrons in3 As484). Rare-gas solids, 46 4 which are
not molecular, are also excluded.

situation is different in molecular crystals. " Here
exciton effects are strong (exciton binding energies
are approximately half the one-electron "bandgap")
resulting in optical absorption curves dominated
by the effects of electron-electron interactions
and phonon emission and absorption. In fact, the
"conduction band" has not been identified defini-
tively in any molecular crystal by optical mea-
surements. Only internal-photoemission mea-
surements have been used" to determine band-
widths in molecular crystals; however, doubts
have been expressed concerning the interpretation
of these measurements. " Recent reviews of the
subject of charge transport in molecular solids
and more detailed discussions of these points are
available. "'"

The purpose of this paper is twofold. First,
data on the temperature dependence of the drift
mobility in a layered crystal As, S, in its molecular
direction (perpendicular to the layers) are pre-
sented. Second, it is argued that the observed
weak temperature dependence appears to be in-
consistent with the predictions of narrow band
theory using a single (or a combination of) scat-
tering mechanism. These arguments are more
general than and complement the standard argu-
ments against the band-theory approach for molec-

ular crystals. Therefore, we strengthen the case
against the band-theory approach to charge trans-
port in molecular crystals and bring together for
the first time the predictions of the temperature
dependence of various scattering mechanisms in
the na. rrow-band approximation (bandwidth less
than kT where k is the Boltzmann constant).

Previous work"'" on As, S, has revealed that it
has a relatively large, electric-field-dependent
quantum efficiency for photogeneration, between
0.1 and 1.0. ac conductivity, "photoemission, "
photoluminescence, "x-ray photoemission, "and
infrared" measurements have been made on sin-
gle-crystal As, S,. As, S, is a layered compound,
molecular in one dimension and covalent in two
dimensions. " It has been suggested that the aniso-
tropic mechanical properties of layered crystals
should be reflected in their electrical properties. "
Studies" of transport properties of layered crys-
tals within the layers have produced evidence for
normal semiconductor behavior. Only recently
have mobility measurements been made on this
class of materials perpendicular to the layers. '""
The results (p, » 1 cm'/&sec) surprisingly again
suggest semiconductor behavior. Therefore, the
transport measurements reported here on As, S,
crystals (p, =l cm'/Vsec) represent the first lay



TEMPERATURE INDEPENDENT DRIFT MOBILITY ALONG. . . 1027

ered crystal to exhibit transport behavior perpen-
dicular to the layers like a molecular crystal,
e.g. , p. = 1 cm'/V sec.

II. EXPERIMENTAL PROCEDURE

The technique used for determining the drift
mobility is the standard"'" transient photoconduc-
tivity experiment, see Fig. 1. The sample is pro-
vided with electrodes and is the capacitor in an
RC circuit. A short (with respect to the transit
time) flash of highly absorped light photogenerates
a sheet of charge carriers which drift across the
sample in the applied voltage V in a time v

7 = L/ pE= L'/, ll. V,

where L is the sample thickness and E is the elec-
tric field (V/L)

This experiment requires a pulsed source of
highly absorbed light and appropriately fast elec-
tronics. The light source used in these experi-
ments was a 20-nsec, 2650-A light from a quad-
rupled Nd:glass laser, Holobeam model 331. The
electronic equipment consisted of a Tektronic os-
cilloscope model 547 and a Polaroid camera for
recording the transient signals. Since the absorp-
tion coefficient" of As, S, at 2650 A is approxi-
mately 10' cm ', most of the light is absorbed
within 10' A of the surface.

LIGHT

SCOPE

CRYSTAL

IDEAL OUTPUTS---- WITH DEEP TRAPPING

and the voltage across the sample V, is

1
V =—

S (6)

both the current and voltage mode curves merge
into exponentials (Fig. 1) a,nd the asymptote of a
plot of (estimated transit time) ' versus the applied
voltage V is the deep-trapping lifetime at V=O
(Fig. 2). To reduce field distortion due to these
trapped carriers the front and rear electrodes
were shorted between each measurement and sev-
eral light pulses were flashed on the sample caus-
ing generated charge to neutralize trapped space
charge.

Blocking electrodes are necessary for these
measurements. In this work several kinds of
electrodes were used and tested by the following
criteria: In the absence of field distortion and
deep trapping, the "current" mode should approach

Deviations from the ideal behavior shown in
Fig. 1 can be due to several sources (e.g. , the
light pulse not short compared to the transit time,
space charge limited behavior") but the most seri-
ous problem (for these crystals) was carrier life-
time effects. A carrier is deep trapped if it can no
longer contribute to the measured current, i.e. , if
the release time from the trap is large compared
to r. As electron release times (in a, band model)
are exponential in the energy depth of the trap be-
low the conduction band and more than one trap
level can exist, one would expect the deep-trapping
lifetime to monotonically decrease as the tempera-
ture is lowered. In the absence of deep trapping
the current flowing in the sample is

t =N/7, t&r,

where N is the number of carriers photogenerated
per cm'. Deep trapping reduces N exponentially
with time constant ~„

Vs

IDEAL

TIME ~ TIME

ING

FIG. 1. Schematic of the experiment and "current"
and "voltage" mode outputs with and without deep-trap-
pirg effects. A short light flash photogenerates a sheet
of carriers which drifts across the sample in time v.
The current mode measures the current flowing in the
capacitor, constant until time 7, zero afterwards. The
voltage mode measures the change in voltage across the
capacitor, a ramp function.

V (VOLT)

FIG. 2. With no deep trapping in inverse transit time
z ~ is linear in the applied potential V. With deep
trapping the asymptote of the curve is the deep-trapping
lifetime at V = 0.



1028 L. B. SCHEIN

N,.A, = 2Ln, (7)

where n is the (wavelength-dependent) index of re-
fraction (available from Ref. 80), was used to cal-
culate L. This technique allowed determination of
L within 0.1 p, m, the limitation being the value of
L determined along the two different crystal axes.

No attempt was made to study the electric field
or temperature dependence of the quantum effi-
ciency, although it was qualitatively consistent
wjth the Onsager model. 6s, s2-s5

The temperature was varied by placing the sam-
ple in a Statham SD14 temperature chamber with
an added quartz window for optical access and the

the ideal curve shape, rectangular in shape, and
the same results should be obtainable for different
electrodes. Such curves were approximately ob-
served, as shown in Fig. 3, along with the corre-
sponding voltage mode ramp. Identical values for
p, were obtained for a variety of ionic electrodes,
0.1 and 1 M NaCl aqueous" electrodes, methanol
saturated with NaCl, as well a.s evaporated (=300-
A thick) Au-Au electrodes. Au-A electrodes gave
unreproducible results.

The crystals were cleaved by touching an edge
of the crystal with Scotch tape and gently removing
a layer, usually 5-15-ILI.m thick. The thickness
was determined interferometrically as follows":
The optic axis was aligned along a linear polarizer
by observing extinction with the crystal between
two linear polarizers. Then the wavelength X,.

spacing between the Ã,.th and N,.„th peak in absorp-
tion (using a model 14 Cary spectrometer) caused
by constructive interference between light waves
reflected from the front and back face which is
given by

temperature was monitored with a chromel-con-
stantan thermocouple. The samples were checked
for any evidence of a.morphousness (there was
none) and for impurity content by optical emission
spectroscopy via a dc arc. The impurities present
in the samples were Si, Sb, and Bi. Only in those
samples in which the Sb (Si) impurity concentration
was less than 10 ppm could electron (hole) transit
times be observed, suggesting the Sb impurity may
be associated with the electron deep traps and the
Si impurity may be associated with the hole deep
traps.

III. EXPERIMENTAL RESULTS

Shown in Fig. 4 are data of the inverse transit
time w

' versus the applied potential V. According
to Eq. (1), the curve should be linea. r under ideal
conditions with a, slope equal to )JIL'. Linearity is
observed at high V indicating a field-independent
mobility. At low V, the curves asymptotically ap-
proach a finite time, the deep trapping lifetime,
as expected (see Fig. 2), which is tempera. ture de
pendent. It is also clear that within experimental
error there is no dependence of p. on temperature
(for clarity data taken at only a, few temperatures

0.04

ASKS~ ELECTRON MOBILITY

0.03—

0.02—

6 207.2
o 238.4
c) 295.7
x 376.4
~ 465.7

I

IO

I

20
V (VOLT)

30 40

50nsec

FIG. 3. "Current" and "voltage" mode data on As&S3
for electron motion with Au contacts. The applied volt-
age was 10 V across the 11-pm-thick sample. The time
constant for the initial rise of the current mode is due
to the duration of the light pulse; the fall of the current
suggests some dispersion of the sheet of photogenerated
charges is occurring. The transit time, marked by the
arrow, can be determined with +10%.

FIG. 4. Inverse transit time for electrons vs the ap-
plied voltage for an 11-p,m-thick sample, with tempera-
ture as a parameter (same sample used for Fig. 3). At
high V the inverse transit time is linear in V giving a
temperature-independent drift mobility within experi-
mentajL error, At low V the curves asymptotically ap-
proach the deep-trapping lifetime which is temperature
dependent, decreasing as T decreases. The applied
voltage was purposely kept as small as possible (con-
sistent with obtaining p) to avoid catastrophic dielectric
b reakdown.
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are shown). Fitting p, to a, functional form of

P, cf-T"

the data of Fig. 4 give n&0. 16, given the experi-
mental error in determining v'. The value of p. of
approximately 1 cm'/V sec is in excellent agree-
ment with previous" room-temperature measure-
ments. This result was reproduced on a dozen
samples cleaved from four separate crystals.

Hole drift mobilities were also measured, as
shown in Fig. 5, where the inverse transit time is
plotted against the applied potential. Linearity is
again observed. For the holes, the mobility is
clearly sensitive to the temperature. Figure 6
is a semilog plot of p, vs T ' for two samples,
indicating that the hole mobility is activated (a.c-
tivation energy: 0.14 eV) and that the magnitude
of the mobility varies among samples.

The fact that the hole drift mobility varies among
samples strongly suggests that the measured mo-
bilities are not determined by an intrinsic property
of As, S,. Using the language of band theory, these
data may be described as shallow-trap-controlled
drift mobility, i.e. , the drift mobility is deter-
mined by the time a carrier spends in a shallow

0.020

O.OI 5

trap produced by, for example, an impurity. Such
effects have been observed in anthracene doped
with naphthacene by Hoesterey and Letson. " Vfhat-
ever microscopic theory is eventually used to ex-
plain transport in molecular crystals, it will have
to allow for "shallow-trapping" effects.

IV. NARROW-BAND THEORY

These measurements on As, S, are part of an ef-
fort to understand on a microscopic basis the data
shown in Table I. As a first step, we have at-
tempted to establish hopping theories as the most
likely candidates. To that end, a more general
argument than is presently being used in the liter-
ature has been constructed to demonstrate the in-
adequacy of the band-theory approach. We proceed
by assuming a band-theory approach is applicable
and then investigating the predicted temperature
dependence. This predicted temperature depen-
dence is then shown to be inconsistent with the
data.

If we assume a band-theory approach, transport
properties can be calculated using a relaxation
time 7~ approximation to the Boltzmann equation. "
In particular the mobility for a nondegenerate
semiconductor is given by

p, = (e)kT)(7~v, '), .

where v,. is the electron velocity in the ith direc-
tion and ( ) indicates appropriate thermal aver
aging. Usually one takes the kinetic energy in the

I.O

I

cu O.OI

Oc
As&S& HOLE MOBILITY

0.1

0.005

0
0 IO 20 30 40 50 60

V {volt)
O.OI

2.6
I

2.8
I I I

3.0 3.2 3.4
T-~ (IO-~ K-')

I

3.6 3.8

FIG. 5. Inverse transit time for holes vs the applied
voltage, for a 5.4-pm-thick sample using 1 M NaC1
aqueous electrodes. The mobility is independent of the
electric field and is sensitive to the temperature.

FIG, 6. Semilog plot of mobility vs T ~ showing the
hole mobility is activated and the magnitude of the
mobility varies among samples.
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ith direction equal to

and obtains

(taking rs out of the average), where m is the ef-
fective mass.

However, in the narrow-band approximation,
when the bandwidth is less than kT, the effective-
mass approximation becomes invalid simply be-
cause all k states in the band are thermally oc-
cupied instead of just the states at the minimum
of the band. In this case Frohlich and Sewell"
suggested that the magnitude of v,. be estimated as
some fraction of the maximum velocity in the
band, which from the tight-binding approxima-
tion, is"

/v, /
=J'a/h, (12)

using Eqs. (9) and (12), or

eA, Ja
kT (14)

where X (= v;v„) is the mean free path.
The essential difference between the usual semi-

conductor and narrow-band theory is the loss of
temperature dependence of v, , as expressed by
Eqs. (10) and (12). This changes the predicted
temperature dependence of p, both directly [since
p, ~ v', , Eq. (9) ] and indirectly (the relaxation time
for some scattering mechanisms is velocity de-
pendent, see below). [Temperature-independent
electron velocities are also characteristic of met-
als, where the electron velocity is the Fermi ve-
locity. However, in this case Eq. (9) is not valid
since the T ' dependence of Eq. (9) arises from
the derivative of the Boltzmann distribution func-
tion. The temperature dependence of p, for a met-
al arises solely from the temperature dependence
of ~s]

As the temperature independence of v,. is im-
portant to these arguments, careful consideration
has been given to the assumption inherent in de-
riving Eq. (12). In fa.ct v,. does have some tem-
perature dependence, v,. o= 1 plus terms of the or-
der W/kT, which is second order in temperature
dependence in the narrow-band limit W'«kT and
is ignored here. The temperature dependence
arises from the necessity for the electron energy

where J is the electron overlap integral (the band-
width is 6J in a three-dimensional cubic crystal),
a is the lattice constant, and 5 is Planck's constant.
This gives

Rew J2a2

distribution to obey Fermi-Dirac statistics; the
weakness of the temperature dependence arises
because the Fermi-Dirac distribution function for
any energy relative to the quasi-Fermi level
changes very little over a, range W if W«kT (the
narrow-band limit), e.g. , the energy states in the
narrow band are almost uniformly occupied at all
temperatures.

Using Eq. (14) one can understand the standard
arguments that have been advanced against band
theory. Katz et al. ,

"Silbey et al. ,
"and Glaeser

and Berry" have estimated %=0.1 eV and J= 0.01
eV for anthracene. With the measured value of p. ,
X can be calculated from Eq. (14). The result is
X =4 A which is approximately equal to the lattice
constant, inconsistent with the band approach.
Note that this argument depends critically on the
calculated value of J; (Katz ef al. , Silbey et al. ,
and Glaeser and Berry actually calculate a band
structure from which correct averages were nu-
merically calculated for the velocity components. )

The approach being used here is different than
the standard arguments. We construct a qualita-
tive argument based on the temperature depen-
dence of p as given by Eq. (13). Temperature de-
pendence of p, can be attributed to the temperature
dependence of a, J, and 7~.

The temperature dependence of the lattice con-
stant is

a = a,(l+ PT),

where

P =10-' K-'

(15)

(16)

which is sma. ll"' and can be ignored for our pur-
poses.

One source of the temperature dependence of J
is the temperature dependence of a: As the lattice
expands, the electron overlap integral decrease.
Delacote" has shown this is small for anthracene,
5% in 200 K. Another source is the modification
to the bandwidth due to the formation of polarons.
The effective (polaron) bandwidth" is We ~, where
S is a vibrational overlap integral which is expo-
nential in the phonon occupation number and there-
fore in T. In either case a,s T increases j(or the
effective bandwidth) decreases; the temperature
dependence of J is at least

Jcc T"& P&0

It rema. ins to establish the temperature depen-
dence of the relaxation time 7„ for various scat-
tering mechanisms. Consider, for example,
acoustic phonon scattering. The cross section
0. is linear"'" in T and therefore the inverse of
the mean free path (the product of o and the num-
ber of scattering events per unit volume N) goes
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as T

No o- T.
The relaxation time therefore goes as

7=(Ivva) '~v 'T '.
For normal (wide band) semiconductors, Eqs.
(10), (11), and (19) give

(18)

(19)

ly 1CCy 3/2
'm

(20)

which is the temperature dependence found in the
familiar Bardeen-Shockley" formula. In the nar-
row-band case, neglecting the temperature depen-
dence of J for the moment, Eqs. (12), (13), and

(19) give

p, ocp (21)

a result obtained by Glarum" and Friedman" in-
dependently. The different temperature depen-
dence of Eqs. (20) and (21) is directly determined

by the temperature dependence of v,. as given by

Eqs. (10) and (12) for wide- and narrow-band
semiconductors.

This result is shown in Table II along with re-
sults obtained similarily for two-phonon acoustic,
Coulomb, neutral impurity, one- and two-phonon

optical, and dislocation scattering. The column
labeled "usual semiconductor" are the standard
results arrived at by Shockley and Bardeen"
(acoustic scattering), Conwell and Weisskopf"
(Coulomb scattering), Erginsoy9' (neutral im-
purity), Petritz and Sca.nlon" (optics, l phonon),
and Read" (dislocation). Some of the narrow-
band results have been obtained before. The one-
phonon acoustic scattering results have been ob-
tained by Glarum' and Friedman, "and Frohlich
and Sewell" derived the two-phonon acoustic scat-
tering temperature dependence. Frohlich and Se-

well" also derived the neutral impurity scattering
using a cross section of wa'(v') instead of the usual
v ' [which, however, does not change the predicted
temperature dependence because of Eq. (12)].

The structure of the results is clear: from Eq.
(13), at least T ' is obta. ined. If phonons are in
volved extra temperature dependence is obtained
in the dominator to account for the thermal occu-
pation of the phonon states. Including the tempera-
ture dependence of J (ignored in Table II) only in-
creases the temperature dependence in the domi-
nator, i.e. ,

(22)

for narrow-band theory.
Equation (22) is clearly inconsistent with the

data obtained on electron mobilities in As, S, ( p,

~ To) and some of the other crystals shown in
Table I, a result which suggests that band theories
cannot explain these data. Hopping theories, in
which the charge carrier is pictured as localized,
would seem a more profitable path to explore fur-
ther. We note for completeness that a tempera-
ture independent mobility within +10% from 207
to 465 K is not necessarily inconsistent with the
predicted temperature dependence of hopping mo-
bilities if one is willing to admit a sufficiently
small activation energy, i.e. , the temperature de-
pendence of Ref. 58 is T '~'exp(-E~/2kT) which is
constant within 7% between 207 and 485 for E~= 75
meV.

The above argument is based on the narrow-band
expression for the mobility which appears to be
universally accepted as applicable to molecular
solids. Similar conclusions are reached, how-
ever, by considering the usual semiconductor re-
sults: only neutral impurity scattering predicts
a temperature-independent mobility but the number
of impurities required" to give p, = I cm'/V sec is

TABLE II. Temperature dependence of p (ezcluding temperature dependence of &).

Scattering 7&
——(Nm )

p,

Usual

p,

Narrow band
(Wa kT)

Acoustic
one phonon
two phonon

Coulomb

Neutral impur ity

T
T2

v 4

v-1
v'

(v T)
(v T2)-i

V

v'
V

T-3/2

T3/2

To

T 2

T3

Optical
one phonon
two phonon

Dislocation

T [ezp(h v/k T) —1]
T [ezp(h v/k T) —1]

(T/v ) [ ezp(h v/kT ) —1] T [ezp(h v/k T) —1]
(T/v) [ezp(hv/kT) —1]

v ' T- f/2

[ezp(hv/kT) —1]
[ezp(h v/k T) —1]



1082 L. 8. SCHEIN

7 x 10" cm ' (for an effective mass of one) or 7
x 10" cm ' (for an effective mass of 10) which is
approximately equal to the density of atoms in
these crystals and is 10' higher than the measured
impurity concentration. Combining two scattering
mechanisms might give a temperature-independent
p, over a narrow temperature range, but not over
the observed temperature range of 207-465 K.

V. CONCLUSIONS

A complete (to the author's knowledge) bibliogra, —

phy of mobilities measured by time of flight tech-
niques on organic and inorganic molecular crystals
has been assembled and a remarkable trend is
noted: that, independent of the particular crystal,
all molecular crystals have room-temperature
mobilities of 1 cm /V sec (within an order of mag-
nitude) and weak temperature dependence (T "with
0&n&2) with the exception of electrons in S,.

An additional material has been added to the list
of measured microscopic mobilities, electrons in
As, S„and it has been found that its mobility is
in conformity with the above-mentioned trend

p, =1.0+0.1 cm'/Vsec

T-", 207&T&465K

8 &0.16.

As, S, appears to be the first layered compound
to exhibit molecular transport behavior perpendic-
ular to the layers. The determination of the tem-
perature dependence is made over one of the larg-

est temperature range yet reported for a molecu-
lar crystal.

Hole drift mobility data is also presented but the
magnitude of the mobility varies among samples
suggesting that the observed mobility is not an in-
trinsic property of the As, S, crystals.

It has been argued that the observed temperature
dependence of p, appears to be inconsistent with
the predictions of band theory, suggesting that the
charge carriers should be regarded as localized.
This argument is more general than, and in agree-
ment with, standard arguments against band theory
which depend critically on calculated electron
overlap integrals. The essence of the argument
is that for narrow-band theory the temperature
independence of the electron velocity leads to the
prediction that the mobility p, ~ T '" ' with m posi-
tive, whereas the data gives p, ~ T'. These argu-
ments equally well apply to those organic crystals
which have temperature-independent mobilities
suggesting the term "organic semiconductor, "
sometimes used to describe transport properties
of organic molecular crystals, may be a misnom-
er.
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