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A study of the linear and nonlinear optical behavior of recently realized crystalline organic semicon-
ductor quantum wells is reported. Using the Davydov Hamiltonian, we find analytical solutions for the
optical response function, and we predict the existence of intrinsic optical bistability and two-beam-

coupling energy transfer in these materials.
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Current research in the optical properties of organic
materials has been directed toward the elucidation of the
dominant mechanism that gives rise to their nonlinear
optical behavior.! In spite of the many experiments per-
formed over the past decade,? little depth of understand-
ing has been achieved. The complications arise from the
competing effects between the delocalization of the pho-
togenerated charge carriers,® and formation of the exci-
tations or quasiparticles.* Recent nonlinear optical-
absorption experiments® performed on the quasi-1D
semiconductor polydiacetylene appeared to confirm the
concept® that excitons are responsible for the nonlinear
optical behavior of 1D organic materials.

In this work, we have extended the studies of semicon-
ductor multiple quantum wells (MQWs) to the case of
crystalline organic MQWs (CO-MQWs) (Ref. 7) and
have found that the response of the quantum-confined
charge-transfer (CT) excitons to external fields have
novel nonlinear optical properties. CT excitons are
known to exist in molecular crystals® and their electronic
structure can be described by means of the Wannier pic-
ture® with an appropriate static dielectric constant.
However, their interaction with the lattice is significantly
different from the Wannier excitons found in inorganic
semiconducting hosts. The CT exciton binding energy
lies in the few-eV range, making them less susceptible to
phonon-induced ionization as compared to Wannier exci-
tons in inorganic semiconductors.

In previous work, the linear optical properties of CO-
MQWs were measured in some detail.” It was found
that the lowest-energy CT exciton absorption line was
blueshifted with decreasing well width. This observation
is consistent with quantum confinement of the CT exci-
ton by energy wells formed in one of the two MQW lay-
ers (consisting of 3,4,9,10-perylenetetracarboxylic di-
anhydride or PTCDA), sandwiched between layers of a
second material (3,4,7,8-naphthalene tetracarboxylic di-
anhydride or NTCDA) forming energy barriers. A vari-
ational study of the dependence of exciton energy on well
width indicates that the exciton radius is approximately
15 A. This number is significantly smaller than that
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found in III-V semiconducting compounds because of the
smaller static dielectric constant of organic crystals. The
strong Coulomb binding energy (as compared with the
kinetic energy of each charge carrier) in the CO-MQW
materials implies that the quantization due to the well
thickness L is determined by the center-of-mass motion
of the exciton. Hence the exciton binding energy is given
by hoy =hwg+ (hzn)*/2ML? for an infinitely deep po-
tential well, where wp is the bulk exciton binding energy,
n is an integer, and M is the total mass of the exciton.
This expression provides a qualitative explanation of the
observed blueshift that was reported in the linear absorp-
tion measurements. Since the CT exciton represents a
correlated electron-hole pair between nearly adjacent
molecules in a stack, we can consider this radius to be
the spatial dimension in an electric dipole moment. Such
a large dipole moment should, in turn, lead to large opti-
cal nonlinearities in these materials. These optical non-
linearities are the focus of this study.

The starting point of our analysis of the optical prop-
erties of CT excitons in crystalline organic materials is
the Davydov Hamiltonian which describes the interac-
tion of excitons with phonons and external radiation
fields. Assuming the rotating-wave approximation, ex-
istence of one phonon mode, and keeping only the linear
exciton-phonon interaction, the Hamiltonian is

H=h(oy—w)a'a+hwbh
—hara'aQ — Y pa'E— L paE* 1)

where hw, and hwo are the quantum-confined exciton
binding and phonon energies, respectively. Also, A is the
exciton-phonon coupling constant, u is the electric dipole
moment of the exciton, @ a and b b are the exciton and
phonon populations, respectively. Further, Q=b+b" is
the phonon amplitude, E is the slowly varying envelope
of the external field, and a and b are the exciton coher-
ence and phonon annihilation operators, respectively.
Careful interpretation of the constants A and u must
be considered. Current measurements appear to be in-
conclusive concerning the effects of quantization on these
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constants. From a theoretical point of view, quantum
confinement should play a role since the envelope wave
functions are quantized and they enter in the computa-
tion of the matrix elements of the observables. That is,
the quantum confinement modifies the bulk values by a
factor that reflects the overlap of the spatial wave func-
tions for the electrons and holes.

The temporal evolution of the exciton coherence a and
phonon amplitude Q are determined by the Heisenberg
equation of motion, and are given by

da [ .. — .uE

7 +lilwy, —w)+7la 17\.Qa+l—“2h , (2a)
2

d—g—+FiQ-+(wo)2Q=2wo7»a ‘a, (2b)
dt dt

where y and I" are phenomenological exciton dephasing
and phonon decay rates, respectively. Equations (2) pro-
vide insight into the nonlinear optical behavior of exci-
ton-phonon-coupled systems. The term iAQa in Eq. (2a)
is a renormalization of the exciton frequency due to its
coupling to the phonon structure of the material. Since
it depends on the phonon amplitude Q, the renormaliza-
tion factor can be seen to be proportional to the exciton
density from the steady-state solution of Eq. (2b). This
implies that the effective exciton frequency is a function
of the population of photogenerated excitons, which is
proportional to the light intensity. Hence, optical non-
linearities in these materials have their origin in an
exciton-phonon-induced frequency shift,’ in a manner
similar to the dynamic Stark shift in polaritons.'°

The nonlinear evolution of coupled waves is deter-
mined by the Maxwell equations. In the slowly varying
envelope approximation, they are given as

dEa=__[a) 2

Ka P,, 3
2ik T (3a)

where the nonlinear polarization density P, is defined by
P,=Nula). (3b)

Here, N is the number density of CT excitons and (a) is
the expectation value of a. The subscript a denotes the
radiation field oscillating at frequency w,.

Equations (1)-(3) have exact, closed-form analytical
solutions in the steady-state regime. We shall consider
three important cases. The first involves the linear
response of the medium to an optical radiation field. A
comparison of the theoretical model to the available ex-
perimental data will provide an estimate of the coupling
parameters. Second, we will explore the nonlinear
response of the medium by obtaining an exact solution to
the CT exciton population {a'a). Finally, we will use
the results to understand the process of two-beam cou-
pling! in these materials. The latter involves the non-
linear coupling of strong and weak radiation fields.

For the case of a single input optical wave, the analyti-
cal solution of Eq. (2) is obtained under the condition of

factorization of the respective variables, a and Q. First,
in the low-intensity regime, the population of photogen-
erated excitons is proportional to the intensity of the op-
tical wave, and the polarization density is determined by
the steady-state small-signal solution of Egs. (2). That

is,
p=Du’p, “"‘"'<<—-——'————>> (4)
2h o,—o+iy//’

Figure 1 depicts the linear absorption (dark solid line)
measurement and the theoretical fit (light solid line)
which assumes the existence of two excitonic lines in the
So to S electronic manifold.® The theoretical result is
fitted against the experimental data in the following
manner. The wavelengths of the two maxima located in
the right-hand side of the experimental absorption profile
are chosen to set the horizontal scale. The vertical scale
is set by the ratio of the two peaks in the right-hand side
of the data, assuming that the height of the largest peak
is equal to unity. In order to obtain reasonably good
quantitative agreement, the imaginary part of the polar-
ization density was averaged over a Maxwellian distribu-
tion with two distinct widths, which are chosen from the
experimental data. The use of the Maxwellian distribu-
tion is consistent with the fast phonon-induced relaxation
processes that exist in these materials. The result shown
in Fig. 1 indicates that the experimental data contain
more than two excitonic lines, which is the source of
discrepancy between the theoretical model and experi-
mental data. In spite of the complexity, the theoretical
model gives an adequate understanding of the origin of
the linear absorption spectra of these materials.

Second, in the fully nonlinear regime, the solution for
the population (a'a) of the CT exciton is given by the
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FIG. 1. Linear absorption coefficient of PTCDA/NTCDA
MQWs. The experimental data (dark solid line) contain two
additional sidebands on the left-hand side due to the presence
of the NTCDA. The theoretical fit (light solid line) from the
solution of the exciton-phonon equations is based on thermali-
zation by phonons and the assumption of two exciton reso-
nances.
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cubic equation

o’ 5)
2+ A— A wo) Xata)]?’
where A=w, — o is the detuning from the exciton reso-
nance and Q =uE/2h is the Rabi frequency. Figure 2
shows the solution of this cubic equation as a function of
the Rabi frequency for different values of the detuning
parameter A. In this plot, all physical variables have
been normalized to 2A%/wo. A transition to multivalue
behavior is observed for a sufficiently large value of the
detuning parameter A. This behavior can be understood
in the following manner. Multivalue behavior of Eq. (5)
is achieved if the derivative of the Rabi frequency with
respect to the exciton population changes sign. A simple
calculation of this criterion asserts that bistability is
present provided that

A>\/§y. 6)

This condition is valid even in the absence of an optical
cavity. Hence, the coupled exciton-phonon system
posseses the property of intrinsic bistable behavior which
arises from the renormalization of the exciton frequency
mediated by the exciton-phonon interaction.

Finally, we consider the interaction between a strong
wave E, oscillating at frequency w, and a weak wave
E |, oscillating at frequency w+ 6. Their nonlinear cou-
pling yields a coherent traveling-wave excitation in the
medium oscillating at frequency 8. The scattering of the
strong wave from the coherent excitation changes the ab-
sorption coefficient and the index of refraction experi-
enced by the weak wave. A calculation of the optical
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FIG. 2. Dependence of the exciton population on the nor-
malized Rabi frequency to the second power. The linewidth
and the detuning are also normalized to 24%/wo, which has the
unit of frequency. Curves are shown for normalized detuning
A=3, A=5.19, which corresponds to the transition region for
bistability to begin taking place, and A =38.
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response function in the undepleted pump approximation
gives the following expression for the spatial evolution of
the weak wave:

1 dE\ _ _ o+$§ Nu’wo

E, dz 2n)  eoh2)\?

(a+ip), (7a)

where the dimensionless (all physical parameters are
normalized to 2A%/wg) nonlinear absorption coefficient a
is

(0§ —82)C—6TD
a=— 5 > (7b)
C*“+D
and the dimensionless nonlinear index of refraction is
given by
(w§—6*)D+6rC
C*+D?
with the following expressions for C and D:
C=y(w¢—6*)+6r(aA—8)—or¢ata),

D=(w}—8)(A—8)—6Ty— Qwi—56*)a'a).

B= , (7¢)

Figure 3 shows the behavior of the nonlinear absorp-
tion coefficient, a+ip, of the weak wave as a function of
the Rabi frequency induced by the strong wave for
different values of the quantum-well dimension. A tran-
sition to bistable behavior, accompanied by gain (nega-
tive values of the nonlinear absorption coefficient) of the
weak wave at the expense of the strong wave, is observed
for a critical value of the normalized Rabi frequency and
a small enough value of the quantum-well dimension.
The dimension of the quantum well plays a key role in
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FIG. 3. Two-wave-mixing gain (negative value) and absorp-
tion (positive value) coefficient for three different values of the
quantum-well size. Prediction of optical bistability and energy
transfer is given for L =62 A. The normalized probe-pump de-
tuning parameter § is set equal to — 1.
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the detuning parameter A. For large enough detuning or
small enough well size, the value of the detuning param-
eter satisfies the bistability condition (6). Hence, a
coherent energy transfer from the strong to the weak
wave takes place with a threshold behavior. This phe-
nomenon can be thought of as a coherent bistable optical
switch. That is, the energy transfer takes place from the
strong to the weak optical beams when a certain thresh-
old is achieved. The bistable behavior is a reflection of
the nonlinear functional dependence of the exciton popu-
lation on the pump intensity.

The phenomena discussed in the previous paragraphs
provide insight into subtle effects that appear in the
Davidov Hamiltonian. Estimates of the physical param-
eters such as A and wg are crucial to the understanding
of the materials growth conditions as well as to the fu-
ture applications of these novel materials for optoelec-
tronics. The beauty and simplicity of our results are
contained in one single physical parameter, the Franck-
Condon (FC) shift. This frequency shift is related to A
and g by the following expression:

FC=1%awy,

and is a measure of the degree of reduction of the poten-
tial energy of the material due to the exciton-phonon
coupling. From measured values in aromatic mole-
cules,'! A is approximately equal to wo. These numbers
imply a FC shift of 700 cm ~! for the case of naphtalene
compounds.

It is interesting to calculate the range of laser powers
required to observe the onset of optical bistability and
two-beam energy transfer. However, the nonlinear ab-
sorption coefficient is a sensitive function of the material
parameters. For example, if one assumes a FC shift of
approximately 1000 cm ~' expected for large molecules
such as PTCDA,'? an oscillator strength of unity (con-
sistent with the observed large linear absorption coeffi-
cients of 10° ¢cm ~'), a normalized exciton dephasing
rate ranging from 10 ~3 to 1, one finds that the power
density ranges from 100 to 10® W/cm? for A=10 ~3FC.

A more accurate value must wait for a detailed measure-
ment of the FC shift, and the exciton dephasing rate.

In summary, we presented new results on the optical
behavior of these newly discovered materials. We pre-
dict the existence of intrinsic bistability as well a
coherent energy transfer from a strong wave to a weak
wave. The energy exchange occurs under bistable condi-
tions, leading to the possibility of novel optical devices
using these materials.
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