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Light absorption by d-dimensional organic semiconductors
under exciton transitions between broad bands
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Abstract. Within the framework of the dipole approximation the line-shape of light absorption for
exciton transitions between broad bands in one-, two- and three-dimensional organic semiconduc-
tor structures are calculated. Exciton damping due to lattice imperfections is accounted for as a
frequency independent parameter. The obtained analytical expressions allow analyses of the line-
shape for different space dimensions of structure depending on bandwidth difference, damping
parameter and temperature.
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1. Introduction

Various organic semiconductors (OS) have been a sub-  exciton energy losses usually comes from their interaction
ject of intensive studies for many years. Due to the num-  With phonons. Especially, it seems, the multi-phonon pro-
ber of physical effects and their potential applications in ~ cesses may play considerable role in the formation of broad
electronic and optical devices in newly available materi- bands. However, phonons not always can give the appre-
als [1]-[3] there has been increasing interest in the inves-  ciable contribution to the formation of the broad bands in
tigation of organic structures of low dimensionality [4]-  organic structurefd 0. At low temperatures the broad band
[6]. could be expected also due to inhomogeneous broadening
It is well known[7] - [8] that in contrast to the atomic of close located no-phonon lines, but for absorption the
spectra (or spectra of simple molecules) the spectra @intribution of such mechanism can practically be neglect-
organic compounds contain the discrete lines along widd[11].
the broad bandslL(>-10°* cm?). The nature of these bands  There arise a problem of interpretation of broad bands
attracts the attention of researchers during four last decada0S, which are not split on separate lines at low tempera-
Using a method of selective laser excitation, Persondures and not broaden with temperature rising.
has shown that at rather low temperatures the broad bandsAn attempt to examine this problem fdD-8rystals as
are caused by a non-uniform broadening and in them thvell as for the case of narrow exciton bands was under-
huge number of narrow no-phonon lines is hidden. At thtaken by us earlier ifil2-13. We treated the simple two-
same time it was observ§d| that some spectra of the or-band model, in which the distribution of excitons over sub-
ganic compounds embedded in frozen matricespdraf- levels of the lowest band was considered as established,
fins, remain a broadband even at sufficiently low temperand their photo-excitation to a higher band was studied. This
tures and are not split on numbers of fine lines as one midboks like a two-photon probleifi4-15, but differs only
expect from results dB]. by the fact, we consider the 1st exciton band as a band of
As a rule, the band broadening in the absence of an ¢iiermalized exciton states. This work represents an exten-
ternal action or dephasing processes is connected with gien of techniques previoud$2] applied to the bulk ma-
scattering of excitons on phonons, impurities, dislocationerials.
and other lattice imperfections reducing the lifetime of ex- In this paper, we apply the above stated approach to
citon. For the perfect OS one of basic mechanisms of thelculate the absorption in OS of low spatial dimensional-
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ity for another marginal case of broad exciton bands. Using o

the model mentioned above we have calculated here the o-5 B [1—k2-a-2 /2]
. . fofy j 17 ,

contour shape of light absorption for one-, two-, and three- ,Z

dimensional (D, 2D and D) periodic OS. We also have

lead comparison the line shapes of light absorption in QghereQ is the energy distance between the bottoms of the

of different dimensionality. first and second exciton bands.
The rest of the paper is arranged as follows. In Sec. 2 ayeraging the matrix element over an initial states,

we shortly describe our working model and the taskgnich are populated with the statistical weight given by Eq.

considered. In Sec. 3 we present the basic formulae {85 ang summing over all final ones, one finds the prob-
calculation. Section 4 is devoted to the discussion of resu Eility of transition between examined states. This prob-

and Sec. 5 to the conclusions. ability is directly proportional to the dimensionless fre-
guency functiorf12]

3)

2. Model and main assumptions

12
hZ
We study a periodic OS with simple nondegenerate bands Flw)=Qp T g X
o % B
whose extrema are located at the center of the Brillouin

zone. Every elementary cell contains only one molecule.

We assume that the exciton bands are sufficiently sepa- b

rated and that the configuration mixing of exciton states  x[] J’wdt glteo 1 IndXe_XZ(AJ +it8 B /2)
in each band is absent. The excitons are supposed to be 0 D m;a; J-n

capable to perform a Bloch-wave-like coherent motion.

In the media with the large dielectric constant exciton  which in general form defines the line-shape of light ab-
motion can be described by means of the effective mass  sorption by excitons for such transitions. Here
approximation [16]. According to this approach, the en-

“4)

ergy of an exciton in the lowest band may be written D _
down as follows QD=Q—Z5BJ-, Ep =wW-Q, +il/2,
&
0 n’k; H
—_ PR -
flo= JZ%” 2my, H =1z (1) A =n*l2m;atksT) (5)

The boundaries of the 1st exciton band are accounted
where §, k,, ...,k } are the components of the excitonby second integral of Eq.(4). The symbbmeans that the
guasi-momentum vectdr in the D-dimensional spac®,  real part of the expression should be taken. Beyond the ex-
is the bandwidth of theth band in thg-th direction, and ponent of Eq. (4) we have omitted the terms of the order of
m, is the exciton massn, is connected with the band pa-magnitude of equal to, or even higher thandB, . This
rameteiB, by means of the relatio; =7°/m;a?, where corresponds to the assumption that the energy distance be-
a is the lattice constant. Using Eq. (1) &ik), the distri-  tween the first and second exciton bands should much more
bution function of excitons over sublevels of the first exciexceed the difference of their width:

ton band one may to express in the form

Q >> 2D dB. (6)

h? 2 p 1 -2Z2T5ﬁ5 The damping of the excitons due to phonons or lattice

W(k,) = % rj ———e " o H, ) imperfections is accounted for by a frequency-indepen-
KeT i=1 N ,/my dent parameter I. We also have assumed that

wheren is the number of knots jrth direction and’ is the OB/ >>1, (7

temperature. Hence, in case of broad bands for any dime@- e considered that the difference of two band width is
sionality of OS, the excitons in the 1st band can be consigy, ., more than any possible damping in OS. It is necessary
ered as ordinary gas obeying usual Boltzmann statisticsy, keep in mind, that variabtes dimensional variable (in

The transition matrix element from the initial,{,> 10 ,ntrast to another one), and is measured in seconds.
the more higher quantum statef k> (f, describes some

other quantum numbers), in the dipole approximation log
similarly to that one derived [12]. The dipole approxima-
tion is valid provided the exciton coherence length is much

less than the wavelength in organic structure of the absordegt us consider the temperatures for whick»> 1. Then
photon. We will neglect the photon momentum as affie integration limits in second integral of the Eq. (4) may
infinitesimal value comparing with any other pulses in thee extended to infinity, and using the Poisson integral
system. Then for transition frequency we get

. Basic formulae

J'_me_uxzdxz vrla | equation (4) can be presented as
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the previous formulae it is necessary to put

/2
F(w)_QD%kTTED x B, =3B =8, Q,=Q-DB, a,=qa, (14)

whereD describes, as well as above, the dimensionality of

2 the OS. Next, taking in the Eq. (1) into consideration that

D o 1 E 2A B
x[1O[ dte"> ———Lt+—- 8
D IO aiw 5BJ H ®) |imLfX=i (15)
x-0 X \/E ’
It is easy to see, that the integral of complex conjugate
integrand is reduced to integral of Eq. (8) by changingy¢ obtain
t O -t. Formally, it allows the integral of Eq. (8) to be
represented as a half of the integral in the limits from - _
up tooo. Then the expression (8) may be considered as eﬁ—(w) lo== €2 Vo O
ponential Fourier transform. Determining the Fourier-im-
age for the casd3 = 1, 2, 3, we receive then:

—|a (w-Q,+l/2)
e

Jo-Q +ir/2: (16)

o F (@) oo = Qmr O €171, a”n
N
F(w)lDzlzgx\/me \/8— s (9)
* F (@) lps= 2QVrma®'? x

F(@) p-=TQ,y\Jo,a, % x0 Jow—Q, +ir /2 el@asririal, (18)

. Thus, the formulae (16)-(18) with accounting of damp-
] e_E‘(ax+ay)€w‘ | [g @, -a )] (10) ?ng describe the.band_ shape_, which ar.ise by light absorption

oLy y in 1D-, 2D- and in ® isotropic OS. This our result can be

reached by another way, when, foayle, at evaluating
_ of the second integral in Eq. (4) the saddle-point integra-
F(@) o= ZQ”D\/_GD\/— tion is used. The most simple expressions for the band
shape can be obtained in the absence of the damping
1 3 0 (T - 0). They are easily appeared from Egs. (16)-(18). In
%] \/a o oErl 1,:1%;_ —(a,—00)E ! (11) the other limit case, when the width of both bands coincides,
i.e. 8B = 0, the absorption curve takes the form of sym-
metric Lorentz with the half-width of I7/2.
where At last, extracting the real part from Egs. (16)-(18) we
obtain the expressions enabling to calculate immediately the

Q,=0Q-0B,, Q, =Q-0B, -3B,, U = % line shape of absorption for various dimensionalities of OS:
k

e Iy x|
F(X) |- \/ SV
£, =W-Q+38B, +0B, +il 12, k1=xy,z|.0, (12) %o )
I,(x) is the modified Bessel function of zeroth-order with
complex argumentF.(a,b,2) is confluent gypergeometric 0
function, which, in particular, @& =1/2,b = 3/2 takes the X E/V X +1+% _\/V X +1-x tany% (19)
form [17]:
3 1 |m Q -

FBE,_,_Xﬂz_\/:erf Jx F(X,) loep=—2 211y cosy el 20

11D22 g 2\x , (13) (2)|D2 r iy 4 ()

whereerf x is the probability integral. The formulae (9)- 0

(11) describe the shape of absorption bands for a generyx,) |,-,= 2—3@ y cosy eV *x

case of an anisotropic lattice: rectangular, as in the case of r

2D-semiconductors, or with the allocated symmetry axis,

as for D-case, for which the cylindrical symmetry was

chosen for instance. E/,/x3 +1+x, + \/,/x3 +1-X, tanyH_ 1)
In the case, when we deal with the isotropic organic

structure (the lattice has the square or cubic form) then in
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In these expressions

y=al /2, (22)
S
_w-Q _ 3
X, = r/21 , X =X +20BIT | x, = x +40BIT . (23) $ 5D
S
The region of variable change fay has restriction, - 3D
which follows from the condition 3 1D
LL | 1
tanzys\/,/xf+1+xl/\/,/xf+1—x1. (24)
For x, which do not obey the condition (24), the func-
tion F(x) = 0. Analyzing expressions (19)-(21), it is pos- 2D
sible to make a conclusion that with increase of the dimen-
sionality D of the OS the absorption band, as a whole, is D

shifted to the short-wave range of a spectrum proportion-
ally to the value of ROBI/T.

In order to compare the shape of the absorption band 3D
for OS of different spatial dimensionalities, we bring in
coincidence the origin of the different frequency scales, by

. -4 -2 o] 2 4 6 8
setting ©-9
I/
X =X =X3 EX, (25)
Fig. 1. The contour shape of light absorption under exciton
It means that we have chosen transitions between broad bands for 1D-, 2D-, and 3D-dimen-
— _ _ sional organic semiconductors, A = 4: OB = 8T (panel A); 6B=
Ql~ Qz - Q3 =Q. (26) _ 16I" (panel B).

Such approximation unsignificantly will affect relative
intensity of lines, because in accordance with our previous
assumption (6), the energy distances between the first and
following exciton band much more exceeds width of the

1st band in any of thee-directions. for one-dimensional structure, and for three-dimensional one
becomes even less (see lower panel of Fig. 1). Most simply
4. Discussion of results the relative intensity of lines could be estimated for one of

displayed frequencies. So, for examplex at 0, with in-

Using the Egs. (19)-(21), in Fig.1 (A, B) the curves of ligherease of dimensionality of OS, it will be described by
absorption for different dimensionality of OS are plottedatio of:
All curves correspond to the same certain temperature which
enters into parametgr The upper panel (A) of the Fig. 1is (1-tany): y/2ny : 2y(1+tany), (27)
consistent withdB/I' = 8, whereas its lower panel (B)
corresponds to the vald@®/l" = 16. Both parts of the figure which are applicable both for arbitrary temperatures and
clearly indicate that under band-to-band exciton transitiofigr any ratiodB/I" satisfying the condition of Eq. (24). An
with increase of the dimensionality of OS, first of all, thenhancement of the rad@®/I" at fixed temperature results,
long-wave wing of the absorption band is appreciablgs it is easy to see from Egs. (19)-(21), to reductioy) of
changed: the intensity of light absorption is increased ag@nsequently, the line intensity is increased in one-dimen-
becomes the highest one (for any frequency of this wingjonal case, whereas in two- and three-dimensional cases it
for 2D-semiconductors. For them, the maximum of intendecreases only. Moreover, in three-dimensional case this
sity corresponds to the transition frequency Q — 43B.  reduction is the most essential. Such tendency maintains
For both the D and D-0OS there is an additional shift also for frequencies close to the frequency of absorption
of the maximum (besides that caused by the difference pgak and varies only on wings of absorption (see Fig.1).
the width of two bands) in the direction of the violet spectr@omparing the absorption curves for the OS of different
range. For B-structure this shift somewhat exceeds onéimensions (for the same values of the assumed parameters),
obtained in D-structure. At giverdB/I' = 8, the relative it should be noted that the line appreciably broadens for
intensities of lines are the highest ones D¢2ructure and transitions from D- to 2D-OS. The opposite situation, i.e.,
become minimal for B-structure. If one chooses the valuea narrowing the line occurs for the transition from tbe@
3BIT twice large, then intensity of absorption gets highedie D case. However, the half-width of the absorption curve
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in the D case remains somewhat larger than one inhe Iof Eq. (29) passes in to the last integral of Eq. (4). If one
case (see Fig. 1, A-, B-panels). The line broadening in ttekes into account also that
2D case may be explained by the fact that for normal light

incidence the probability of the transfer of excitation be- { _gl(kl),kBT}_ 1 a5 /kT
tween molecules in a plane increases compared to that il B 7z € ’
linear chain proportionally to both the number of

neighboring molecules and to the wave function overlapvhereTr is the trace, and is the statistical sum) then it
However, in the bulk, this probability is decreased, and tH@comes clear that the expression for the funét{ajpkeeps
absorption curve is narrowed almost to the width of fhe 1the former kind as in Eq. (4). This means that for negative
structure. This effect is caused by the decrease of the efféciton masses the shape of absorption curves will be de-
tive bandwidth difference, which may be due to the increa§ged by the same formulae (9)-(11). Such conclusion is clear
of the effect of exciton dynamics. Influence of the excitoffom physical reasons as well: under simultaneous changes

motion on the line-shape of optical absorption was studi@ the signs of the exciton effective masses in the first and
in more deta", for examp|e, [[‘]_8] and results as a rule in N the second bands, in the case of direct transitions, the

line narrowing. energy distances between bands is kept for each of wave

Generally, the line-shape is the product of two factor¥ectors of Brillouin zone.
the probability for optical transitions between the first and For many organic compounds which in experiment dis-
second bands and the Boltzmann distribution of the exdlay preferentially the properties of individual molecules,
ton kinetic energies_ From Eqs (19)_(21) it follows that theur model is invalid. It seems it may hold for those OS which
line-shape of absorption under exciton transitions betwe&xhibit generally the crystalline properties that are associ-
broad bands depends in the same measure both on the @i@d with the coherent motion and the band stru¢fife
perature and the width difference of two bands. Moreovel 0 the last category one may attribute, for example, the low
both factors act in the same direction. For instance, tHénensional crystal structure of 1, 2, 4, 5-thetrachlorbenzene,
decrease of the difference o8 gives the same result asl,4'dibr0mnaphthalene, etc. For such OS there are both
temperature lowering: the intensity of absorption falls. Frofumerous experiments (e {£0]) and numerical calculations
the physical point of view, this is due to an equal probabi(€-9-,[21]) studying the light absorption due to the exciton
ity for an exciton with the defined value lof to scatter on transitions from the ground state to the singlet or triplet ex-
a phonon or an another exciton. The numerical evaluati§iion bands. But we are not aware of any data on the exciton
for 3D-0OS exhibits that twofold enhancement of 8@or  absorption caused by transitions between exciton bands in
temperature, results in the decreasing in the intensity of th€se OS. Moreover, we are not aware of any experiments
absorption as much. on transformation of the absorption line-shape with changing

This our result essentially differs from one obtainegdlimensionality of the same material.
earlier[13] for the case of narrow exciton bands.

The well known mechanism of inhomogeneous broad, Conclusions
ening due to static disorder in the quasiperfect crystal, seems

to play more important role for solutiofig]. An estima- Surmising, we can conclude that within the framework

tipn ma,y be done by comparing the Va!ues of the engrgy the two-band model the additional nonthermal broad-
dispersion of one of the exciton levels with the band-widt ing mechanism arises owing to the difference between

differencedB. The first one is found to be much less for thg, density of states of the bands under consideration.

considered system. _ _ _ In the case of broad exciton bands, the difference of their
The Egs. (19)-(21) describe the line-shape in the cagfiins and temperature of MC are two main comparable
when the effective masses of an excitopandm, in the  5.14rs responsible both for the contour shape and for the
first and second bands have positive sings. When effectiygansity of absorption. The increase of band difference gives
masses of an exciton are negative then the transition figs same result as an enhancement of the temperature of
quency, ak,= k, becomes OS: the intensity of light absorption decreases, and the ab-
5 sorption maximum shifts to the short-wave spectrum range.
L2 a2 The absorption contour essentially broadens at transi-
@y, HQ+ ZdBJ[l Kiya, /2], (28)  tions from D- to 2D-OS and is narrowed appreciably at
” transition from 2 to B-dimensionality. Thus, there is an
hence, replacing in the Eq. (4) the integral aeon the additional shift to the violet spectra range due to the differ-
integral ence of widths of two bands. This shift is proportional to the
dimensionality of the structure.
i n _ ) Simultaneous changing of the signs of the effective
ly =J‘_ndyexp{+ (A +itdB/2)y } (29)  masses does not change the form of an absorption contour.
If the state of the lowest band are evenly filled by exci-
one gets the general expression for the line-shape of #bRs, one can study the states density of higher-lying bands.
sorption with negative exciton masses. Further, it is easy to Benchmark applications to nonlinear exciton-to-
see that at replacement of variaple. Tex, the integral,  biexciton absorption are anticipated.

(30)
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