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The calculation of two-center transfer integrals (Tls) has been critically examined and closed
form analytical expressions have been obtained for them. It has been found that the Tl
between similar molecules (0,0,0) and (/.m,n) [molccular center located at 1:*mb+nc| is
not the same as that between (0,0,0) and (/,m,). This necessitates a reformulation of the
band theory of charge transport in organic semiconductors. The revised theory has been
applied 10 a number of aromatic hydrocarbon crystals belonging to the space group £2,/a
(Z=2). In view of the Munn-Siebrand theory of charge transport in anthracene, an attempt
has been made to predict the likely mechanism of charge transport (coherent or hopping) 1n
various directions in these crystals. Effect of the molecular size on semiconduction has also
been discussed.

INTRODUCTION

There have been several attempts at understanding charge transport in aromatic
hydrocarbons in general and anthracene in particular. One approach has been to
calculate increasingly more reliable carrier band structure.! 7 In these studies
the electron-phonon interactions are introduced phenomenologically through an
adjustable mean free time or mean free path. The second approach®:® considers
the electron-phonon interactions explicitly. Depending on the relative magni-
tudes of the electron-exchange, electron-phonon and the phonon-dispersion
energies, three limiting cases arise in this approach:

a) Slow-phonon coherent (band) transport, where electron-exchange ener-
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gies dominate over both the electron-phonon and the phonon dispersion ener-
gies. Mobility decreases exponentially with temperature.

b) Slow-phonon hopping, where electron-exchange energies are small com-
pared with the electron-phonon energies but larger than the phonon dispersion
energies. Mobility shows a slight increase with temperature.

c) Slow-electron hopping, where the electron-exchange energies are small
compared with both the electron-phonon and the phonon-dispersion energies.
The temperature dependence of mobility is essentially the same as for slow-
phonon hopping.

Clearly the calculation of conventional carrier band structure is valid only under
the applicability of case (a). Though the Munn-Siebrand theory is not com-
pletely worked out for the intermediate regions, by qualitatively interpolating
between the above limits, these authors were able to show® that the transport of
electrons in the C{lab) direction of anthracene could be ascribed to the slow-
electron hopping or its extension into the intermediate region with slow-phonon
hopping whereas all the other diagonal mobility components for carriers of both
signs could be described by coherent transport or a mode intermediate between
coherent and hopping transports in the slow-phonon limit. This explains why the
band structure approach! =% could not predict the correct temperature depen-
dence of the drift mobilities in anthracene, although it did explain fairly well the
mobility anistropies. Changes in crystal parameters with a change in temperature
might also be important” !°) for the temperature variation of mobility.

At the heart of the calculations in either of the two approaches (Munn-
Siebrand or the conventional band approach) lies an evaluation of the inter-
molecular transfer intergrals (TIs) which describe the electron-exchange inter-
actions. We have therefore critically examined the calculation of the two-center
Tls and obtained closed form analytical expressions for them. We have also
reformulated the band structure calculations for the space group P2, /a(Z=2) and
applied them to the case of naphthalene, anthracene, § -perylene, biphenyl,
p-terphenyl and p-quaterphenyl. In the absence of accurate information about
the electron-phonon interactions in these hydrocarbons, we have taken them to
be of the same magnitude as that estimate by Munn and Siebrand,® for anthra-
cene. Under this perhaps not too unreasonable assumption, we have compared
the electron-exchange interactions in these hydrocarbons with those in anthra-
cene and thus attempted to predict the mode of charge transport in different
directions in these crystals.
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TRANSFER INTEGRALS

Tls are integrals of the form

En = <¢c (r-ra) 1V (r=rp) 19 () > 8y

where Pneut js the potential of an isolated neutral molecule, ¢. the one-electron
molecular orbital (MO) appropriate to the excess carrier (hole or electron) and
1, the vector to the center of the molecule 7. Obviously the accuracy of the Tls
depends on the accuracy of the MOs, ¢, and the molecular potential ¥neut used
in the calculation. Therefore, before coming to the actual calculation of the Tls
themselves, an examination of the MOs and the molecular potential is in order.

Molecular orbitals

The MOs, ¢, used in Eq. (1) are represented by a linear combination of neutral
carbon 2py atomic orbitals (AQs), u; as

¢ = IE Cei Uj 2)

where C,; is the coefficient of the ith AO in the MO describing the cth energy
level of the molecule. Two types of AOs have been used for TI calculations in
the past — Slater-type orbitals (STOs) and self-consistent-field (SCF) AOs. Use
of SCF AOs has to be preferred because of the poor description provided by a
STI at large distance. Recently Morris and Yates'! have used in their calcula-
tions for coronene and ovalene, STOs with a reduced screening parameter and
claimed their results to be comparable with those to be obtained with SCF AOs.
However, in the present study we have chosen to work with SCF AOs, which in
turn are expressed as a linear combination of three STOs

u 0) = (i) I% & (of/m 1% exp (—o;7) 5)

where n; is the unit vector in the direction of 2p, orbital and g; and o; are
respectively the coefficients and the exponents given by Mulliken et al. 2 The
three-STO combination for SCF AOs has been preferred over an available four-
STO combination, '3 because our preliminary calculations showed no significant
differences in the values of TIs for the two cases while the former has the
advantage of being economical in computer time.

Once it is decided to use SCF AOs, the question of making a proper choice of
the MO coefficients C arises. That is, the choice of SCF AOs as basis should also
be reflected in some way in the construction of MOs. Since SCF AOs have a
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much larger overlap than STOs, particularly so at the large distances, it is no
longer proper to neglect overlap integrals in the calculation of MOs. This point
has been very well demonstrated by Devaux' who found that Hiickel MOs
taken along with STOs, implied an electronic charge of 1.09 over MO describing
the hole band and of 0.67 over the electron band, both of which are different
from unity. Ruedenberg’s analysis'® further stresses the importance of overlap
integrals: he found that for AOs with neighbor overlap greater 0.3, not only
neigbor but non-neighbor effects as well have to be considered. Since neighbor
overlap for AOs defined by Eq. (3) is 0.34, the need to retain all the overlap
integrals in MO calculations is obvious. Further in the calculation of inter-
molecular Tls, interatomic Tls between all the atoms which are closer than 10A
are to be included, so that it is hard to justify the neglect of non neighbor
resonance integrals in the MO calculation. These points have already been dis-
cussed by us earlier. 16,17

MOLECULAR POTENTIAL
The potential of an isolated neutral molecule is written as*
vieut _r,) = ZVi  +23xJi - TK, (4)

i=atoms i=occ i=orc

summation extends over all the carbon nuclei in the molecule (the effect of the
hydrogen atoms has been shown to be negligible)® and the other two summa-
tions over all the occupied MOs, ¢,; of the molecule n. J, are the Coulomb and
the exchange operators respectively. V; is the common GMS neutral atom
potential '® used by Katz et al.? Using Eq. (3) for u;

Vi = = (€*Ir) (San an®/* ap a®'? [ Bfn)™" E exp(~2Bkn i)
k.n k.n (5)
X (ax ok */?1Bkn) [%(ﬁknri)a + 4 (Bknri}® + 6 (Bknri) + 4]
where
Bkn = (cx + an) /2.
Substituting from Egs. (2) and (4) into Eq. (1) and neglecting the three-center

integrals, the final expression for TI becomes!®

ij>

{
E, = ECciCci{<i |V,|]> + (q,'—l)<ii| —
iJ T2
qi 1 (6)
- P <if) — ij>}
2 T2



Downloaded by [Tomsk State University of Control Systems and Radio] at 07:11 23 February 2013

CHARGE TRANSPORT 59

where |> is centered on the atom i of the molecule 0 and |>> on the atom j of
the molecule n. g; are the charge densities. The three terms in Eq. (6) are
respectively the GMS contribution, contribution due to a non-uniform charge
distribution over the molecule and the exchange contribution. Of these, the
contribution due to the non-uniform charge distribution vanishes with HMOs
(g:=1), but with the present choice of MOs it has some finite value as all g; are
different from unity.

EVALUATION OF <i| V;|j>

Integrals <i|V;|j> can be expanded in the form''?°
<i| Vi I j> = - [(n,'.R,',') (n,'.R,'i)I Rz,','] (S,'I' Iﬂ) (7)

+{ - [ i) i) IR?,-] bcy|om
where R;; is the vector from atom i to atom j and

Sii =f’i’/' cosy; cosy; V; [IE a; qu/zexP ( —azr.')] (8)

[2 G0 3/ 2exp (—a,,,v,)] dr
m

Gij= fr, r siny; siny; V, [E ajoy® exp (-W'Yi)J )

[E A 2exp (—amvj)] dr
m

7i and 7; are the angles that r; and r; make with R;;.
At this point, attention may drawn to an error present in all the existing band
structure calculations. It is easy to see that for any atom (x,y,z) on the mole-

2+1 2m+1

cule0 and an atom (x’ +T ,y+ ,z'+n) on the molecule

(21+1 2m+1

,n) one can always find, because of the reflectional relationship,

. +
another pair of atoms (x,y,z) on the molecule 0 and (x+2izﬂ, y+2”21 l, z+n)

?J+I 2m+l
22

on the molecule (~—— n) which gives the same value for (V;, R;)
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(Vj, Rjj) in Eq.(7). This makes the center molecules (@,z’n—ﬂ,n) and

2
(gl—;—l, 2’;—“, n) equivalent. However, there do not exist such equivalent pairs of
atoms for the comner molecules (/,m,n) and (/,m1) so that these molecules are
not equivalent as assumed by the earlier workers.

Katz et al.? reduced the three dimensional integrals in Egs. (8) and (9) to one
dimensional integrals by utilizing the cylindrical symmetry of S;; and Cj; and a
certain choice of coordinates. Then the resulting one dimensional integrals were
solved numerically. However we have obtained closed form analytical expres-
sions for S;; and Cj; in a manner similar to that of LeBlanc' for STOs.

The computation is best effected by transforming polar coordinates of the
two atoms to spheroidal coordinates £, 1, ¢ given by

£= it |Ri. m= ) |Ry, b=6=9 (10)
The coordinate § ranges from 1 to oo and 7 from —1 to +1. Substituting from
Egs. (5) and (10) into Eq. (8),

Siiln = (Rij |2)" 2¢? (E an 4 ®/? oy 512 ’Bi,,)“

n

X 2 (ax ok /% ap 0,312 ,Bin)al a2 af/?

k.nlm

3
X {‘g [ (B2A¢—BsA;) + 2 (B3As—BsA3) + (BsAo—BoAa)
+ 2(B3A4,-B,A,3) ]

+ 2 [(ByAs—BsA;) + (B3Aa~BsA3) + (B3Ao—BoA3)

+ (B,4,-B,4,)]
+3t [ (B2As—BsA,) + (B;Ao—BoA,) ]

+4[(B:43-B34,) + (BIAO“‘BOAI)]} (11)
where
Axtuy= [ ettt =est 5 i furp (-t 12

1
*! —vt vkt
Br(vt) = f"" e ViMdn=_¢ z:zlk!/[(vr)“ (k—u+1)!]

-1

(13)
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il %f,l(—l)"-“k! ey Ge—pt 1) ]
t=Bkn Rij, u=1Hay+om)/20kn, v=1Haj-am)/ 2Bkn (14)
Similarly, the expression for C,~,~/2 7 becomes
G ' 2m = (Ryj | ) e’(Enanan’“akak’/’c BEn)!

/

X I (axoy *1 anon®'? | Bn) a1 amam S
k.nlm

2
X {z‘ [(B2As—BsA;) +2 (B3sAs—BsA3) + (BgAo—BoAe) + 2 (BsA1—B14s)

+ (BgAz"Bqu,) + (BoA4 “’B4Ao) +2 (BIAJ_B3A 3 )]
+1? [(ByAs—BsA;) + B3Aq—BaAs) + BsAg—BoAs) + (BaA,—B, As)

+ (BoA3—B3Ao) + (B A, —B,A,))

(15)
+3t [ByAa—BsAy) + (Bado—BoAs) + (BoA2—B3Ao)]
+4[(ByA3—B3A2) + (ByAo—BoA3) +(B1A;-B2A4,) + (BoAl‘“Ble)]}

Finally, defining
1 gl 1 oL
v u v u

_1 11
A=+ ; (16)

and substituting from Egs. (12) and (13) into Egs. (11) and (15)

Si |7 =Ry e? (Zanen™2axan®® |6i)" 2 (@ren®Panen®’* |Bin)
k,n k.nlm

X a1y 2apoum $12(CIE7) {e(B/ ONABK, + 12K, +3t(tB—2C) K5]
—~ Be~ (410} [_,::'—:GA +2°Ks + 'K + K,

+3 (242 +2tAC+2C’)K4]} a7
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and

Cif|2m= - Rfj € (% ane* *aey*? | Bin) "' £ (ak0s**anon®anen
k.n k.nim

X a101® 2 amam 32 (CI17) {e‘B/C” [PK, +1*BKy + 3 (tK,-BCK,))

+ Be=(A/ON [%:5 +20%Ko + PKyo + 2Ky +3(1A + C)K.,]} (18)

where

Ky =2—2C+34 - 3AC + 34 + 243

Ky =22C% - 14C +454C* - 334C + 44* - 5142C + 943 - 504°C
+124* + 1045

K3 =8C* - 4C+20AC* - 124C + A% - 224%C + 34% - 254°C
+54* + 545

Ke=1-2C+34 - 54C+54* +54°

Ks=—-C+A4+24?

Ke=—4C+34 — 13AC+94% + 1243

K7 =5C* = 3C+ 24 — 15AC + 94% — 304C + 1843 + 204*

Ks =4~ 6C+94 - 124C + 124* + 1043

Ko=1+24

K10 =3-5C+94 + 124*

Ki1=2-6C+94 - 184C+ 184% + 2043

For the particular case of a single STO, 4 =3/2, B=—1/2 and C= 1/2 in which
case expressions (17) and (18) reduce to those given by LeBlanc! provided the
e—(4/O)t terms are neglected.

Although Eqgs. (17) and (18) are most general, the present choice of SCF AOs
as a combination of three STOs presents one special problem. The exponents of
the three STOs have values ' a, =0.898, @, = 1.416 and a3 = 2.694, so that for
the particular case of k=n=1=1 and m =3, the value of ¢ in Eq./(14) be-
comes zero making the values of A, B and C infinite in Eq. (16). Hence it is no
longer possible to calculate S;;/m and Cy;/2m from Egs. (17) and (18) unless this
particular combination of k, n, / and m is dealt with in some other manner. This
can be accomplished by taking the following limiting values of Bg(vt) as vt
approaches zero,

;
Bkn
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By (0) =2/ (k+]) for k even, =0forkodd... (19)

Then the summatjons in Egs. (17) and (18) should be understood to exclude the
combination k=n=1=1 and m =3 and the following expressions be added in
its place,

to Sy lﬂ, R & (:3 o gt lﬁ/’m)4 ata?a30,%"?
n

-3p
2e (74+7_4 L6L o 187 4 257 . 26 o 4 6) (20)

27p% \81 27P T 45P T 45 P ThosP T35P T35
to G | 2%, - R}‘,' ez(E a,,(!,,”za,,at,,s/2 ﬁin)"aﬁa,s/za;a;s/z
2e'3p(74 74 431 , 61 5,34 4, 4 5)
= (S +=p+-—= = =t 4+ — 21
glpt \27 T 9P g P TP T3P Y ase (2)
where
p=a|Ri.

EVALUATION OF <ii|—l lif>
ry2

An exact evaluation of the integral <iil—rl—— li7> in Eq.(6) is quite involved,
12

therefore we use here an approximation given by Chen®! which, according to
him, is valid for interatomic distances in excess of 3A. Since the shortest inter-
atomic contact between two molecules found in the crystals studied here
exceeds this limit, we can justifiably use Chen’s approximation. Then the inte-
gral i — >

I

<ii

Ty

i> z<i|%|j> (22)
1

The latter integral can be evaluated in a closed form using just the same methods
as those used for evaluating <{| V;>>. The final expressions are

A T .

<i o j>==[(.Ry) (0j.Ryj) RIS | m)

1

+ {(“i ,m) = {(n; , Ry) (nj , Ryj) R } (Cij

2m) (23)
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with S}ilﬂ = (R} l4) e’ { T axei®’? ana,t’? C'[B (—2B'- 48’2

k,
k#nn

— 3B + 6B’2C'~ 2C' - 6BC'?) + Be= A (6A'C'+ 6C"* + 24’

—A
+347)) + Zajey® 28— L_ L ———1} 24
N kk2A, 3 47 4% (24)

and Cjj I 2m = (R}

4) 2 {z ako®’? anat’? C'[F (2 + 4B + 3B
k.n

k+n
1 P . , 2 2 e A4
— 3BC’) + Be 2+ 34 +3C)]+2)akoszA,2
1 1 1
x<—+ 1, —)} 5
3 Al Arz (2)

where ¢ =Bk, Rjj, A'=Rij, B'=anRi;, C'=2/t(A"+ B).

BAND STRUCTURE AND MOBILITY

Crystals studied in the present paper belong to the space group P2, /a with two
molecules per unit cell. One can look upon the crystal as comprising of two
interpenetrating monoclinic sub-lattices. Following Mathur and Kumar’ the
Bloch sums for the two sub-lattices can be written as

Vi) = V)2 %_lexp (K . 1) 61 (1) (26)
and
0 =W E exp @+ ra}) 6 Gonor) @n

where the two summations extend over all the N unit cells, and ¢, are the MOs
for the two molecules in the 1th unit cell and ry; the radius vector between
them. ¢, and ¢, are same except for their spatial orientation. We write

Hj k) =<y (k) |HIy;(kK)> ,i,j=12 (28)
then the energy eigenvalues are the solutions of

Hll"'E Hl2

Hy Hp—E
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or
1
E=§(Hn +Hp)t {%(Hn —Hn)}2+|H|2 2 1/ (29)

where + and — signs give two bands corresponding to the two molecules per unit
cell. We shall denote these bands by superscripts (1) and (2) respectively. Clearly
expression (29) can reduce to the usual expression for the symmetric and anti-
symmatric bands only if H,;=H 2 . In the earlier band structure calculations,
this condition was erroneously fulfilled by not differentiating between Tls for
the molecules (/,m,n) and (I,m,n). However, as pointed out in Section 2C, they
were really non-equivalent and hence the new expression. This point may be
further elaborated by writing out the explicit expressions for /{1, and H,; as
follows,

Hy, =2 FE, cosk, (at+2¢)
+2 E; cosk , (—a-b+c)
+2 E4 cos k , (—atb)

+ 2 E5 cos k , (~a+b+c)
+ 2 Eg cos k , (~2b+c)
+2 Eg cos k , (=b+c)
+2E,cosk,c

+ 2 £y, cos k, (b+c)
+2 Ey; cos k , (2b+c)
+ 2 Eys cos k , (a—b+c)
+ 2 E6 cos k , (a+c)
+2 E; cosk, (atb+c)
+ 2 Ey cos k , (—a+b)
+2FEypcosk,b
+2E; cosk,2b
+2F;,cosk,a

(30)
+ 2 E35 cos k , (atb)
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Hy=2E;[cosk.(—3a+ib+c)+cosk.(-3a—3b+0)
+2Eg[cosk.(—1a+ib+c)+cosk.(-3a—1b+c)]

+2E [cosk.(—3a+3b+c)+cosk.(—3a—3b+0c)
+2E;[cosk.(la+ib+c)+cosk.(a—4b+0)
+2E4fcosk.(3a+3b+c)+cosk.(Ga—3b+0)
+2Eg[cosk.Gatib+c)+cosk.Ga—4b+0)

+2Eyp fcosk.(Aa+ib)+cosk.(}a—10b)
+2E'23[cosk.(§a+§b)+cosk.(§a—§b)] 31

where the numbering of the molecules has been shown in Figgure 1. All those
molecules which have any interatomic contacts closer than 10A with the refer-
ence molecules, have been included. Molecules have been numbered arbitrarily in
the order of decreasing z-, increasing x-, and increasing y-coordinate, with z-
coordinate varying least rapidly and y- the most rapidly. Since a two-fold rota-
tion about the b-axis plus a translation that transforms the crystal into itself,
transforms type 1 molecules into type 2 molecules, the TI (I,m,n) for type 2

4

FIGURE 1 Schematic representation of the unit cell of space group P2, /a(Z=2) showing
the numbering of the molecules.
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molecules equals (,,m,n) for type 1 molecules and vice versa. Therefore the
expression for Hy, may be derived from that of H,; by just substituting
—b for b everywhere. Obviously H,; can be equal to H,; only if one does not
distinguish between the molecule pairs such as (3,5), (8,12) etc.

Expressions for the band structure in special cases when k is parallel to one of
the reciprocal lattice vectors, can be written as

Exla'y=[Hy tlHallx . b=x.c=0 (32)
E&IbY)Y=[Hy 21Hnllk c=k.a=0 (33)
Ekic'y={H, tI1Hallk . a=k.b=0 (34)

Components of the mobility tensor in the constant mean free time (const r)
and the constant mean free path (const A) approximations are respectively

wij = (ero/kT) < viv; > (35)
and
i = (eho/kT) <wpj/I (k)] > (36)

where the angular brackets indicate averaging over Boltzmann Distribution of
electrons in the energy bands and v; is the ith component of the velority vector

v(k).

RESULTS AND DISCUSSION

All the numerical calculations were carried out on IBM 360/44 and ICL 1909
electronic computers.

Charge densities and MO coefficients for the aromatic hydrocarbons studied
are collected in Table 1. The numbering of the atomic sites within the molecules
is shown in Figure 2. Crystal structure data for the hydrocarbons are collected in
Table 2 and the TIs obtained between molecule O and the other molecules are
presented in Table 3. Atom pairs separated by more than 10A were neglected.
Though, to save on space, contributions due to the GMS potential, non-uniform
charge distribution and the exchange potential are not listed separately, it may
be mentioned that the exchange contribution was more significant than the GMS
contribution. Table 3 shows the TIs for the non-equivalent molecules 3 and 5,
8and 12;9and 11; 15and 17; 19 and 25 to differ not only in magnitude but
very often in the sign as well, a fact which necessitates a reformulation of the
band structure calculations. Molecules 6, 10, 13, 20, 22 have large Tls and are,



D.C. SINGH AND S.C. MATHUR

68

PLTHT 0~ LTIET 0~ 709201 4
TSSTP 0 IPLIE O~ T62£6°0 L
6v9LE0 PITICO0— 708€0°1 ¥
TSPT1°0- S1€90°0~ 2086670 €
086L7°0~ L6£9T0 00L£0°T 4
("LQogsico (3Tg)L0s61°0 869060 1 o lAuaydia) <
¥SI6¥°0 y8E0P0~ 661€0°1 %
£2S81°0- L9911°0~ $0866°0 3
LY6EE 0~ 18€1€°0 161€0°1 [/
("LQ6spsy0 (LqoeLzeo T1806°0 I 2 1Auaydig
£8987°0- 0zL0T°0 01+76°0 (1]4
980260 61
756960 81
LY99€'0~ 069¥€°0~ 99£60°1 €€
I81¥1°0 89001°0~ 669101 4
(¥€9)000z€°0 ("0)z9vze 0 L08SO0'T 1 3 duajAiag
25001°0 1€201°0- L0926°0 1
8I8LY0- 1€SSY°0~ 60550°1 6
€8§LT°0- 69770 90§01 4
("a)zLeLeo (CEQLy90£0 €E120°1 1 q duddRIIUY
€£126°0 6
$8TTE0~ 907L2°0 99610°1 4
®Le)s£015°0 (")61414°0 89610°1 I g duareyiydeN
I'OW31 I"OWOH 1S
) o) 1h WOy uoqied0IpAH

‘(O Y2®2 JO 1U3Id1IJ203 IsI1) a3 apisduoe sasayiuered uim pajeoipul

u22q sey ‘s3uojaq OW Jenonted e yorym 01 ‘YTqg dnois juiod jo uonejussaidai apqronpaaly)
SUOQIBJ0IPAH JNBWIOTY SNOUBA JO)

STeIQIO 1BINIIOW (OWAT) Ardwy 1somoT pue (OWOH) PatdnodQ 1sayBiH ‘sanisuaq adzey)

19198L

€T0c Aeniged €2 TT:20 e [01pey pue sweisAS [04u0D Jo AisleAiun amels yswo 1 ] Aq papeojumoq



69

CHARGE TRANSPORT

‘suonemoes paystiqndury 2
‘(91) P8 q
(L1) J9y @

TLS0€0 L10ST0~ 6S6£0°1
16£60°0- 0S6£0°0— £0866°0
ISPET0- L6LIT0 878€0°1
850420 898Z1°0 96906°0
€TPLED $9€€€°0- 918¢6°0
0LS81°0~ L8691°0- $$ST0°1
LLSET0- £¥8€2°0 150€0°1
MQzerveo (3Tq)06£87°0 $S0€6°0

91
S1
14!
£l

- N

5 1Auaydiaend-d

€T0c Aeniged €2 TT:20 e [01pey pue sweisAS [04u0D Jo AisleAiun amels yswo 1 ] Aq papeojumoq



Downloaded by [Tomsk State University of Control Systems and Radio] at 07:11 23 February 2013

70 D.C. SINGH AND S.C. MATHUR

9 8 2 3
1" 12 & £
¥4 8 F14 12 2 3
/3 X
% 3 /0, 1, e
15 14 s 8 & 3
21 20 s 8 23 415
2 ’,
22 3 7! 4 '3, 16
25 24 ’ 72 é S 8 17

FIGURE 2 Numbering of atomic sites in various aromatic hydrocarbons.

therefore, expected to dominate the charge transport. Another point to be noted
is that the molecule 22 gives consistently a larger T1 for electrons than for the
holes, and hence it should contribute more to the electron-transport than to the
hole transport.

To compare the electron-exchange interactions in other aromatic hydro-

TABLE 2
Unit Cell Parameters of Various Aromatic
Hydrocarbon Crystals
Crystal a(A) b(A) c(A) 8
Naphthalene d 8.235 6.003 8.658 122°55'
Anthracene © 8.562 6.038 11.184 124°42’
g-Perylene f 11.27 5.88 9.65 92.1°
Biphenyl 8 8.12 5.63 9.51 95.1°
p-Terphenyl h ) 8.106 5.613 13.613 92°1°
p-Quaterphenyl ! 8.05 5.55 17.81 95.8°
4 Cruickshank, D.W.J., Acta Cryst. 10, 504 (1957).
¢ Mason, R., Acta Cryst. 17, 547 (1964).
' Tanaka, J., Bull. Chem. Soc. Japan 36, 1237 (1963).
ﬁ Hargreaves, A. and Rizvi, S.H., Acta Cryst. 15, 365 (1962).

N Rietveld, HM., Maslen, E.N. and Clews, C.J., Acta Cryst. B26, 693 (1970).
! Pickett, LW.,J. Am. Chem. Soc. §8, 2299 (1936).
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carbon crystals with those in anthracene, we may use the following expression
for mobility derived by Munn and Siebrand® from linear response theory,

u=1(e/kT) Z (En’n)2 Tn (37)

where summation extends over all the molecules and v,, is a complicated func-
tion of the model parameters. From this expression it is obvious that the relative
contribution of any TI, £, to the mobility varies as |E,r,!. The mechanism of
charge transport in a particular direction will then be determined by the TI
which gives the largest contribution in that direction. Table 4 lists the dominant
contributions |E,,r,) along a, b and ¢ (lab) directions in all the crystals. Com-
bining the results for anthracene with Munn and Siebrand’s assignment of trans-
port mechanisms in various directions, we may limit the three regions as

1Epr,l <125 X 1074 eV-A slow-electron hopping

125 X 107* eV-A < |E,r,1< 1225 X 107* eV-A  slow-phonon hopping

[Eqrgl > 1225 X 107% eV-A slow-phonon coherent transport.

On the basis of this criterion, the likely mode of transport in various directions
in other crystals is also indicated in Table 4. It is found that band theory is the
dominant mechanism of transport, with slow-electron hopping predicted for no
case other than the electrons in ¢’ direction of anthracene. However, in some
directions the transport is likely to occur by slowphonon hopping. It can also be
seen that the transport in the b-direction is always in bands except for the case
of electrons in naphthalene where it is by slow-phonon hopping. This is not
quite unexpected as b being the shortest axis (Table 2), electron-exchange inter-
actions are expected to be strong in this direction. The slow-phonon hopping
cases are most likely to occur for holes in the a direction and for electrons in the
¢ direction. Another feature to be noted from Table 4 is that, in general, the
transport mechanism in the a-direction is governed by the molecule 22, that in
the b-direction by 20 and in the ¢’ direction by 13 or 10.

Having established the general applicability of band theory of charge trans-
port to the crystals studied here, we feel justified to proceed with the band
structure calculations. However, the results in those directions where a different
transport mechanism is indicated in Table 4, should bh accepted with caution.
The calculated band structures are plotted in Figure 3 and the bandwidths and
the splittings along the c—! direction collected in Table S. An important point
to be noted about the band structure is that the hole bands along ¢~! in
biphenyl, p-terphenyl and p-quaterphenyl which were crossing (splitting zero) in
Katz et al. ’s treatment,? no longer cross because of the reformulation of band
theory. Since the new theory involves a sort of configuration interaction treat-
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FIGURE 3 Band structure of naphthalene, anthracene, ¢ -perylene, biphenyl, p-terphenyl
and p-quaterphenyl.
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ment, ' the (1) and (2) bands interchange their respective roles at the point of
intersection and the new bands just touch at that point, splitting still being zero.
No such cases occur for electrons, all of which show a splitting along ¢™! . Even
in the cases where both the hole and the electron bands do show a splitting, the
splitting for electrons is larger than for the holes. In conformity with the predic-

TABLE 5
Bandwidths and Splittingsinc~' direction (in eV) for Various Aromatic Hydrocarbon Crystals

Crystal a(l) a(2) b »(2) c(D) c(?) splitting
Hole
Naphthalene 0.03 0.02 0.15 0.16 0.11 0.15 0.01
Anthracene 0.06 0.05 0.24 0.13 0.11 0.13 0.11
8 -Perylene 0.03 0.03 0.51 0.45 0.06 0.07 -
Biphenyl 0.08 0.09 0.20 0.04 0.06 0.19 -
p-Terphenyl 0.02 0.03 0.14 0.09 0.08 0.06 -
p-Quaterphenyl 0.001 0.006 0.14 0.13 0.07 0.02 -
Electron
Naphthalene 0.10 0.11 0.06 0.15 0.02 0.02 0.18
Anthracene 0.22 0.21 0.09 0.34 0.01 0.02 0.43
g -Perylene 0.11 0.11 0.16 0.07 " 0.08 0.15 0.15
Bipheny! 0.17 0.17 0.05 0.35 0.08 0.05 0.21
p-Terphenyl 0.15 0.16 0.07 0.35 0.03 0.05 0.22

p-Quaterphenyl 0.17 0.18 0.10 042 0.01 0.04 0.29
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TABLE 6

Components in the constant r Approximation in Units of 10*® ¢m?[sec? and in the Constant
A Approximation (within parentheses) in Units of 10* cm/sec.

Crystal a? b? c'? ac’
Hole
Naphthalene 107.6 1214.2 293.4 -19.6
(2.6) (25.0) 6.7) (-0.6)
Anthracene 386.1 1399.8 727.5 -131.1
(7.4) (24.0) (13.6) (-1.9
8 -Perylene 10.2 45259 1005.3 -21.2
.1 (44.8) (17.8) (-0.5)
Biphenyt 130.0 963.6 2931.3 186.2
Q.7 (17.8) (36.2) (1.7)
p-Terphenyl 181.1 911.0 35215 -550.3
(3.3) (15.8) (42.5) (-6.2)
p-Quaterphenyl 186.5 1070.7 2990.3 -561.1
3.1 (18.1) (38.8) (-6.9)
Electron
Naphthalene 557.0 231.4 41.1 -18.1
(16.6) (7.6) (1.9) (-0.4)
Anthracene 1670.7 501.6 4.3 -1.1
(31.6) 9.4) 0.1) (-0.0)
g -Perylene 1163.5 239.8 28974 141.8
(17.1) 4.5 (40.0) (1.0)
Biphenyl 432.8 1129.6 358.4 69.7
(9.0) (21.4) (8.9) (1.1)
p-Terphenyl 313.0 1368.0 89.1 -30.7
(7.4) (25.9) (2.2) (-0.6)
p-Quaterphenyl 343.7 1782.6 834 11.8
(7.8) (29.5) (2.2) (-0.3)

tions about transport mechanism in Table 4, the bandwidths are also largest
along 5~ and smallest along a~! for holes and along ¢! for electrons. In
general, (2) bands are found to be wider than (1) bands except for holes along
the b direction.

The velocity components calculated at 300°K in the constant 7 and the con-
stant A approximations are collected in Table 6. Numerical calculations were
carried out by dividing the integration range along each axis into three equal
intervals and then applying a four-point Gauss quadrature formula?> to each
interval. Velocity components again follow the pattern of bandwidths. In a
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monoclinic crystal, the b-axis is a principal axis of the mobility tensor, hereas a
and ¢’ are not. Therefore, the off-diagonal components ;5 and yp.’ should be
zero. This condition is not exactly 10A apart, but does hold numerically to
within 1 part in 10°.

In Table 7, we have calculated the mobility anisotropies and compared them
with the experimental values where available. Although both the constant 7 and
the constant A approximations tend to exaggerate the mobility anisotropy, the
constant T approximation does it to a somewhat greater degree. This is in agree-
ment with LeBlanc’s observation 2 that for conduction in narrow bands, mean
free path is constant rather than the mean free time.

As the band theory is not applicable to any of the crystals in all the direc-
tions, we cannot hope for a quantitative agreement, but the qualitative picture
provided by the calculations must still be true. This is indeed the case for
electrons, but for holes only the direction of the highest mobility could be
correctly predicted. Experimental observations on naphthalene and anthracene
show the holes to be more mobile along a than along ¢, whereas calculations
predict otherwise. We suspect that the discrepancy may be because of an

TABLE 7

Mobility Ratios in Various Aromatic Hydrocarbon Crystals in the Constant 7 and the
Constant A (within parentheses) Approximations

Hole Electron
Crystal Halkp Be/ky Balby Befup
Naphthalene 0.09 0.24 2.41 0.18
(0.10) 0.27) 2.17) (0.25)
Exptl. 2 0.65 0.35 1.08 0.83
Anthracene 0.28 0.52 3.33 0.01
(0.31) (0.57) (3.36) (0.01)
Exptl. b 0.5 0.37 1.36 0.36
g -Perylene 0.002 0.22 4.85 12.08
(0.003) (0.40) (3.84) 8.99)
Biphenyl 0.13 3.04 0.38 0.32
(0.15) (2.04) (0.42) (0.41)
p-Terpheny! 0.20 3.87 0.23 0.06
0.21) (2.69) (0.29) (0.09)
p-Quaterphenyl 0.17 2.79 0.19 0.05
0.17) (2.14) (0.26) (0.07)

a2 Average of M. Silver, J.R. Rho, D. Olness and R. C. Jarnagin, J. Chem. Phys. 38, 3030
(1963) and D. H. Spielberg, A. 1. Korn and A. C. Damask, Phys. Rev. B3, 2012 (1971).

b Average of a large number of data; quoted from Ref. (8).
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assumed isotropic relaxation time as pointed out by Kubarev and Mik-
hailov. 25 They suggest the relaxation time in a particular direction to be
inversely proportional to the bandwidth in that direction. If that be the case,
then smaller hole bandwidth along a~! will make the relaxation time and hence
the mobility along a-axis larger than along c¢’-axis.

No experimental data exist on the mobility anisotropy of § -perylene or any
of the polyphenyls, but for p-terphenyl, Szymanski and Labes? have found
both the hole and the electron mobilities to be very small (~0.001 cm? V™!
sec™!) along c’. Hbwever, their data was taken for an amorphous film and is not
really characteristic of a single crystal. Also severe trapping was present for
electrons. An earlier estimate by Mark and Helfrich >’ puts the hole mobility
somewhere near 0.03 cm? V! sec™!.

The aromatic hydrocarbons studied here include members from two homolo-
gous series — mnaphthalene, anthracene from polyacenes and biphenyl, p-
terphenyl, p-quaterphenyl from polyphenyls — hence it is not out of place to say
something about the effect of molecular size on semiconduction. From a com-
parison of |Epy,| values in Table 4, it is obvious that the applicability of band
theory generally increases with the increasing size of the molecule except in the
¢’ direction where it decreases. This is so because the c'-axis gets increasingly
larger to accommodate the increasing size of the molecule, which results in a
weakening of the electron-exchange interactions in this direction. On the other
hand, the g and b axes remain almost constant or even decrease slightly so that
because of the increased size of the molecule the overlap and hence the elec-
tron-exchange interactions increase in these directions. A similar trend is exhibit-
ed by the bandwidths also (Table 5). As the molecular size increases, the hole
mobility along @ and the electron mobility along b increases whereas the electron
mobility along ¢’ decreases (Table 6). Hole mobilities become less anisotropic as
the molecule gets increasingly larger, but the anisotropy in the electron
mobilities increases (Table 7).

Finally we should stress the strong need of experimental data on mobility
anisotropies and the variation of mobilities with temperature. Predictions made
here about the mobility anisotropies should be very helpful in planning future
experiments as many earlier attempts at measuring the drift mobilities in organic
solids are known to have ended in failure because of an unfavourable choice of
the crystal direction dictated by the shape of the available crystals. Results of
such experiments in conjunction with the present predictions should provide a
much better understanding of charge transport in aromatic hydrocarbons.
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