PHYSICAL REVIEW B

VOLUME 48, NUMBER 23

15 DECEMBER 1993-1

Theory of Stark shifts in quantum wells consisting of highly anisotropic molecular-crystalline layers

Zilan Shen and Stephen R. Forrest
Advanced Technology Center for Photonics and Optoelectronic Materials (ATC/POEM), Department of Electrical Engineering,
Princeton, University, Princeton, New Jersey 08544
(Received 1 July 1993)

We introduce a simple model to calculate the Stark shift in multiple quantum wells consisting of high-
ly anisotropic and optically nonlinear molecular-crystalline layers. This model is used to calculate the
exciton absorption peak in quantum-well structures consisting of the archetype planar molecular com-
pounds; 3,4,9,10-perylenetetracarboxylic dianhydride, 3,4,7,8-naphthalenetetracarboxylic dianhydride,
3,4,9,10-perylenetetracarboxylic-bis-benzimidazole, and copper phthalocyanine. We find that the exci-
ton absorption peak shifts by 60 to 70 meV in an electric field of <10° V/cm. We also find that both
redshifts and blueshifts are achieved for asymmetrical quantum-well structures.

The electric-field dependence of optical absorption
near the exciton edge in conventional semiconductor
multiple quantum wells is a subject which has been
thoroughly studied both theoretically and experimental-
ly.!' ™3 The range of phenomena and applications of these
semiconductor heterostructures is, however, limited to
those material combinations with small lattice mismatch
such that their growth can be achieved by conventional
epitaxy. Heterostructures consisting of crystalline organ-
ic semiconductors, on the other hand, can often be lay-
ered in nearly defect-free structures due to the weak van
der Waals bonding between molecules.®’ In addition,
crystalline organic films have exhibited enormous aniso-
tropies in both their conductive and dielectric proper-
ties,®° and have already been employed in such photonic
devices as photodiodes and optical waveguide
switches.® 10 Moreover, the relatively large exciton bind-
ing energy results in an exciton absorption peak deep in
the band gap which can lead to large Stark shifts useful
for optical modulation. Due to the unique electrical and
optical properties of this class of materials, it is impor-
tant to understand how crystalline organic multiple quan-
tum wells (MQWs) behave in an electric field.

In considering the Stark shift in crystalline organic ma-
terials, we note that the major differences between organ-
ic and conventional inorganic multiple quantum wells are
the following: The dielectric permittivity (3—4) of organic
material is much smaller than that of conventional semi-
conductors (~10), and the organic charge-transfer exci-
ton radius is small (~10 A) compared with 50-100 A for
inorganic semiconductors. The small exciton radius is a
result of the large binding energy of the electron-hole pair
(~1 eV), and in some cases has been shown to be
Wannier-like. ! In addition, the dielectric and conductive
properties of the organic material are highly anisotropic
as a result of crystalline structure. Finally, the organic
material can be dielectrically nonlinear under an electric
field.

In this paper, we study the Stark shift of highly aniso-
tropic organic MQW structures consisting of the arche-
type compounds: 3,4,9,10-perylenetetracaroxylic dianhy-
dride (PTCDA), 3,4,7,8-naphthalenetetracarboxylic di-
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anhydride (NTCDA), 3,4,9.10-perylenetetracarboxylic-
bis-benzimidazole (PTCBI), and copper phthalocyanine
(CuPc). These compounds are of interest since hetero-
junctions consisting of pairs of these materials have been
extensively studied. Furthermore, with the exception of
CuPc, the molecular bonding is purely by van der Waals
forces, thereby simplifying the analysis of the electric
fields at the heterointerface. We calculate the exciton
ground-state energy shift under an applied electric field
for quantum-well structures consisting of
PTCDA/NTCDA and PTCDA/PTCBI symmetrical
wells and PTCDA/CuPc/PTCBI asymmetrical wells.
We find an ~70-meV redshift for symmetrical wells in an
applied field of 1.2X10° V/cm, and both redshifts and
blueshifts for asymmetric MQW structures.

The Hamiltonian for excitons in organic MQW struc-
tures can be written as

H=KE,+KE,+V,(z,)+V,(z,)+ Vo (£)+ Vgea(r) .
(1)

Subscripts e and 4 are for the electron and hole, respec-
tively, r is the position vector where r=r,—r,, the z
direction is defined as the direction normal to the quan-
tum well stacks, KE is the kinetic energy, V(z) is the
quantum-well potential, ¥V (r) is the Coulomb interac-
tion between the electron and hole, and Vi, 4(r) is the po-
tential due to the applied electric field. For the electric
field along the z direction, we have Vi 4(r)=gFz, where q
is the charge, F is the electric field, and z =z, —z,.

In center-of-mass coordinates, we can rewrite the
Hamiltonian as

H=H,(r)+H,(Z), 2

where Z is the position of center of mass in the z direc-
tion, and

2

——=——+qFz (3a)

ﬁZ V2 q
\/rTaTsr

T

H, (r)=

and

17 584 ©1993 The American Physical Society



48 BRIEF REPORTS

#
=5 oM az?

m,

+V, +V, | Z— =2z

Z 4k
MZ

(3b)

Here, m, and m, are the effective masses of the elec-
tron and hole, respectively, M =m,+m,, u is the re-
duced mass, 7 is the Planck constant divided by 2, and
r’e”er is the scalar product of the permittivity tensor and
the position vector which reduces to (er)? for isotropic
materials. The term H,(Z) describes the center-of-mass
motion perpendicular to the quantum-well stacks under a
potential which is controlled both by the relative posi-
tions of the electron and hole, and by the one-
dimensional well potential. Using Eq. (3), we can find
eigenstate solutions to Schrodinger’s equation £,(Z), such
that

H,(Z)(,(Z)=3(2),(Z) . )

The eigenvalues of H,(Z) are 2(z), which are functions of
z, the relative position of the electron and hole perpendic-
ular to the plane of the layers. Using the trial wave func-
tion W(r,Z)=®(r){,(Z), the total energy is then found
using

E< [ [drdZ ®(x,y,2)H,®(x,9,2)5,(Z),(Z)
+ [ [drdzZ &(x,y,2)®(x,9,2)(,(Z)H,E,(Z)

+ [ [drdz

Combining Egs. (4) and (5), and recognizing that the
third term is proportional to 9/9z de§Z(Z)§z(Z)=O
then gives

E <{®LH,+3(2)|®E) =(P|H,+3(2)|D) . (6)
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From Eq. (6), we see that the problem reduces to
finding the eigenstates of Schrodinger’s equation for the
new Hamiltonian, H ., =H,+2(z). Separating terms in
H, leads to

Hnew:H0+H1 4 (7a)
where
hZ q2
Hy=——V?>— 21—
0 2% . (7b)
and
2 2
-9 q
H, = +qFz+3(z) . (7¢)
! e VieTeTer G

To use the hydrogenlike solution to Eq. (7), we include
the average effect of the anisotropic Coulomb attraction
in H, expressed by ¢,,, while leaving the remaining an-
isotropy as a perturbation. The simplest way of achiev-
ing this is to take the algebraic average of the diagonal
terms of € in Hy. Thus H, is the hydrogenlike Hamil-
tonian, where we replace the dielectric constant with
€,y = €,,0 Plus the induced nonlinear term, and ¢, is the
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dielectric constant in zero field. Note that vacuum-
deposited organic materials typically have a large third-
order nonlinear susceptibility, '° where the inversion sym-
metry of the molecule eliminates second-order effects.
Near the exciton absorption peak, the resonant nonlinear
effect is very strong, and ¥**) (—w;0,0,w) due to electro-
absorption is usually positive.!®!2 The large exciton
binding energy makes it possible for the material to sus-
tain a large field. Under these conditions, therefore,
X‘”(——w;0,0,w): F(0)F(0) cannot be neglected. Thus
P3(0)=x3(—w;0,0,0):F(0)F(0)F(w) is the induced
third-order electric polarization, and the induced non-
linear permittivity is ¥ (—w;0,0,0):F(0)F(0). In the
following calculations, we allow x'*) to range from 0 to
5X107° esu to determine how this nonlinear
phenomenon affects the exciton ground-state energy.

When the basis eigenstates to H, are known, and as
long as H, is a small correction to H,, we can find the
eigenstates and energies for H ., to first and second or-
ders using perturbation theory. The first two terms in H,
reflect the anisotropy of the material. For the ground
state, their contribution to the total energy is small,
whereas the 2(z) term can be significant. However, 2(z)
is reasonably constant in the region where the exciton
probability amplitude is largest. Therefore, it too can be
considered as a small perturbation in most cases. Finally,
the electric-field term is a perturbation for gFz small com-
pared to the ground-state energy of the exciton.

We applied this method to calculate Stark shifts in
multiple quantum wells consisting of PTCDA or PTCBI
as well as bounded by barriers consisting of similar crys-
talline organic compounds. The barrier materials con-
sidered are NTCDA, CuPc, and PTCDA depending on
which well materials are used. The energy-band offsets
for different combinations of these materials have been
measured previously,'> and are shown in the insets of
Figs. 1-3.

It has been shown for PTCDA that the hole mass
(m,=0.18m,, where m, is the free-electron mass) is
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FIG. 1. Exciton ground-state energy shift for bulk PTCDA
and symmetrical quantum wells. Lines: Stark shift for bulk
PTCDA and 10-A PTCDA/NTCDA quantum wells. Lines
with points: Stark shift for 10-A PTCDA/PTCBI quantum
wells. Inset: Band diagram for PTCDA/NTCDA and
PTCDA/PTCBI heterostructures.
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FIG. 2. Exciton ground-state energy shift for a hypothetical
band offset. Lines: Well widths for both materials are 10 A.
Lines with points: Well widths are 20 A. Inset: Hypothetical
band diagram.

much lighter than for electrons (m, > 10m,), and hence
the hole is nearly a free particle bound to a heavy elec-
tron. !! The dielectric permittivity tensor of PTCDA rela-
tive to the thin-film axes has also been measured previ-
ously,®® and the terms are €,,=1.9, €, =¢g,,=4.5, and
€,, =€, =~ — 1.0 with all other terms vanishing, where we
assume that the PTCDA molecules form stacks tilted at
an angle of 11° with respect to the substrate normal. %’
Thus in the coordinates constructed by the directions
normal and along the macroscopic quantum-well stacks,
nonzero off-diagonal terms for the permittivity exist,
which can be calculated assuming the permittivity tensor
is diagonalized in the PTCDA molecular coordinates.
Furthermore, NTCDA is isotropic with a diagonal per-
mittivity tensor given by e,, ~¢,, ~¢,,~1.6. Also, mea-
surements have been done to determine the dielectric
properties of CuPc. It is found that the permittivity is
isotropic with e =4.4, and the effective mass of the hole is
taken approximately equal to the free-electron mass. !
Finally, although the permittivity tensors and effective
masses have not been reliably determined for PTCBI, its
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FIG. 3. Exciton ground-state energy shift for
PTCDA/CuPc/PTCBI asymmetrical quantum wells with
different well widths. Lines: Widths for both well materials are
10 A. Lines with points: Well widths are 20 A. Inset: Band di-
agram of PTCDA /CuPc/PTCBI heterojunctions.
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molecular structure is similar to that of PTCDA. Hence,
to good approximation, we assume similar values for the
effective mass and permittivity of both materials. Note
that because the radius of the exciton is small, the
differences of the permittivities in the different materials
is a relatively small effect. In addition, the effective hole
masses in all materials except PTCDA and PTCBI are of
the order of the free-electron mass. Hence the wave func-
tion should decay rapidly in the barrier. Thus the exact
determination of the permittivity and effective mass in
the barrier is not as important as in the well.

We first calculate the exciton energy shift in bulk
PTCDA. The ground-state energy of the exciton peak
shifts toward red by 40—-50 meV in an electric field of
~10° V/cm (see Fig. 1). We find that a positive x>
tends to reduce the redshift since it results in a large
€4y =Eavo+ X >’FF which screens the Coulomb interaction
between the electron and hole. This increases the
ground-state energy from the value where x'*) is zero.
The reduction is more obvious in high electric field since
¥'¥FF increases quadratically with field.

Next we examine PTCDA/NTCDA quantum-well
structures, where NTCDA is the barrier both for elec-
trons and holes!? (900 meV for electrons and 50 meV for
holes) as shown in the inset of Fig. 1. Such a shallow well
should not strongly modify the motion of the hole from
the free space case, and thus the situation is similar to a
free exciton, as shown in Fig. 1.

The PTCDA/PTCBI quantum-well structure has a
deeper potential well for holes'® (with a 300-meV electron
well, and a 200-meV hole well) while PTCDA is the bar-
rier material. The deeper hole well causes a slightly
smaller shift under the same dc electric field as a result of
a larger binding force for excitons provided by the well
barriers (see also Fig. 1). That is, as field is applied, the
electron moves toward one heterointerface and the hole
moves toward the other. This tendency is reduced by the
comparatively deeper PTCDA/PTCBI wells, thus reduc-
ing the total-energy shift.

Next we consider asymmetrical heterostructures where
hole and electron wells are not in the same material, in
which case the quantum well plays a much more
significant role than in the symmetrical structures. To il-
lustrate how the asymmetry can cause a blueshift, consid-
er a hypothetical band structure show in the inset of Fig.
2. The shift has a different sign for the electric field
directed along the positive or negative z directions. The
reason is that the quantum well, and thus 2(z), is
asymmetrical, resulting in a binding potential which
tends to push the hole in one direction decided by the
quantum-well geometry, while the electric field also
pushes the hole along the field direction. When these two
forces combine constructively, they cause a redshift. For
example, a 50-meV shift can be achieved when the elec-
tric field is only 4X10° V/cm. When the two forces are
along different directions, they add destructively, which
induces a blueshift over intermediate electric-field values,
after which the redshift returns since the well potential is
insufficiently large to compensate for the electric-field
perturbation. A maximum of 30—-40-meV blueshift can
be found for a field of ~10° V/cm. Calculation shows
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that larger well widths result in larger shifts in both field
directions, since a smaller quantum well induces a larger
confinement force on the electron and hole, and thus
reduces the Stark shift. The energy shift will increase
with well width until the well is larger than several exci-
ton radii, at which point the confinement effect tends to
vanish although asymmetry still plays a role.

In a “real” quantum-well structure, asymmetry such as
shown in Fig. 2 can only partially be achieved by using
three different organic materials to form well structures
shown in the inset of Fig. 3. Several calculations for
different well widths in this geometry have been made,
showing that the larger well width results in a larger
blueshift. For electric fields of ~5X10°> V/cm, a 10 meV
blueshift results for a well width of 10 A, while a 20-meV
blueshift can be found for a slightly higher electric field
and a well width of 20 A. The energy shift becomes in-
dependent of well width when the width exceeds several
exciton radii, as expected.

If the X(” effect is included, we find that a large, posi-
tive ¥® tends to reduce the redshift. In the blueshift re-
gion, the large value of &,,=¢,,,+x'>'FF increases the
blueshift, thereby extending the field region over which
the blueshift occurs, as shown in both Figs. 2 and 3.

In summary, we have calculated the Stark shift of the
exciton absorption line for multiple quantum wells con-
sisting of highly anisotropic crystalline molecular layers.
Our treatment includes the effects of anisotropy, dielec-
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tric nonlinearity, quantum confinement and the strong
Coulomb attraction between the electron and hole. The
strength of the Coulomb binding makes it possible for the
exciton to sustain strong electric fields without dissocia-
tion, hence making the nonlinear y'*) term significant as
well. Indeed, such x*-induced shifts have already been
observed in some organic materials.'> We have also
shown that for asymmetrical quantum-well structures,
blueshifts can be achieved by applying a dc electric field
to the structure, which further increases the Stark shift of
the exciton peak.

Finally, it is useful to estimate the linewidth-to-line
shift (Iw/ls) ratio which can be achieved for organic
quantum-well structures. The ratio can be thought of as
a figure of merit for optical modulators. From previous
work, !! the S, exciton of PTCDA has a half-width of ap-
proximately 250 meV, centered at approximately 2.2 eV.
A total Stark shift of ~100 meV therefore results in a
lw/1s=0.4. While this is somewhat smaller than what
can be achieved with inorganic quantum wells where the
ratio can be as high as 2 due to the very narrow exciton
lines characteristic of covalent/ionic solids,! it neverthe-
less is sufficiently large to be of interest in many practical
modulator applications.

The authors acknowledge support for this work from
AFOSR and ARPA.

ID. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard,
W. Wiegmann, T. H. Wood, and C. A. Burrus, Phys. Rev. 32,
1043 (1985).

2E. J. Austin and M. Jaros, Phys. Rev. B 31, 5569 (1985).

3B. Ricco and M. Y. Azbel, Phys. Rev. B 29, 1970 (1984).

4F. L. Lederman and J. D. Dow, Phys. Rev. B 31, 1633 (1976).

5J. D. Dow and D. Redfield, Phys. Rev. B 1, 3358 (1970).

SF. F. So, S. R. Forrest, Y. Q. Shi, and W. H. Steier, Appl. Phys.
Lett. 56, 674 (1990).

7A. J. Lovinger, S. R. Forrest, M. L. Kaplan, P. H. Schmidt,
and T. Venkatesan, J. Appl. Phys. 55, 476 (1984).

8D. Y. Zang, Y. Q. Shi, F. F. So, S. R. Forrest, and W. H.
Steier, Appl. Phys. Lett. 58, 562 (1991).

9D. Y. Zang, F. F. So, and S. R. Forrest, Appl. Phys. Lett. 59,
823 (1991).

10D, Y. Zang and S. R. Forrest, Appl. Phys. Lett. 60, 189 (1992).

HFE F. So and S. R. Forrest, Phys. Rev. Lett. 66, 2649 (1991).

12§ Nomura, T. Kobayashi, H. Nakanishi, H. Matsuda, S. Oka-
da, and H. Tomiyama, in Nonlinear Optical Properties of Or-
ganic Materials IV, edited by K. D. Singer, Proc. SPIE Vol.
1560 (SPIE, Bellingham, WA, 1991), pp. 272-277.

138, R. Forrest, L. Y. Leu, F. F. So, and W. Y. Yoon, J. Appl.
Phys. 66, 5908 (1989).

14M. A. Abkowitz and A. I. Lakatos, J. Chem. Phys. 57, 5032
(1972).



