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We study excitons in thin films of varying thickness of two organic molecular crystals grown by the
ultrahigh-vacuum process of organic molecular-beam deposition; 3,4,9,10-perylenetetracarboxylic di-
anhydride (PTCDA), and 3,4,9,10-perylenetetracarboxylic bis-benzimidazole (PTCBI). By using electro-
absorption spectroscopy, low-temperature fluorescence, and absorption techniques, we find that nearly
spatially symmetric charge-transfer/Wannier-like excitons are present in crystalline PTCDA films, and
that these excitons can be confined in multilayer stacks of ultrathin layers of thicknesses ranging from 10

0
to 100 A. In PTCBI films, however, the exciton has a smaller radius, and thus much weaker spectral and
electric-field dependences on layer thickness are observed. In addition, we present theoretical and exper-
imental evidence showing that exciton-lattice interactions may be modified by the growth of ultrathin
layers and the subsequent confinement of the charge-transfer excitons.

I. INTRODUCTION

The nature of excitons in organic molecular crystals
(OMC's) has been the subject of intense debate for over
thirty years. ' In particular, molecular excitons have been
described as either Frenkel or charge-transfer (CT)
states. A Frenkel exciton is a correlated electron-hole
pair that is localized on the same molecular site, where
the orbit of the electron in the excited state is smaller
than the molecular separation in the crystal. For the case
of the CT exciton, the electron is correlated with a hole
located at a neighboring molecular site. Therefore, CT
excitons resemble both Frenkel and Wannier excitons
common in inorganic systems, where the interaction en-
ergy between atomic cores is large and the radius of the
exciton is often more than an order of magnitude greater
than the interatomic separation.

Because of the small oscillator strength of direct CT
transitions from the ground state, it has been difficult to
observe the existence of CT excitons using standard ab-
sorption techniques. However, through the use of
electric-field-modulated reflectance and electroabsorp-
tion spectroscopy, CT transitions have been observed in
several OMC's. In addition, it has been shown that cal-
culation of the energies of higher-order CT states in these
materials only had to account for the spatially averaged
dielectric constant of the crystal, rather than the aniso-
tropic dielectric tensor characteristic of most OMC's.
The presence of these spatially extended Wannier-
like/charge-transfer excitons in certain OMC's has been
most directly demonstrated using electroabsorption spec-
troscopy, ' where the distinction between the linear
Stark effect and polarization (or CT) effects in OMC's
may be independently determined by analysis of the first
and second derivatives, respectively, of the absorption
with respect to the photon energy.

More recently, the development of the ultrahigh-

vacuum process of organic molecular-beam deposition
(OMBD) (Ref. 8) has allowed for the growth of multilayer
stacks of ultrathin (10—500 A) layers of the closely
stacked, strongly m.-bonded crystalline organic material
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA)
spatially separated by layers of 3,4,7,8-
naphthalenetetracarboxylic dianhydride (NTCDA). It
was found that decreasing the PTCDA layer thickness
from 500 to 10 A results in blueshifts of the PTCDA ab-
sorption peaks, an increase in the fundamental ground-
state vibrational frequency, and a redistribution of
Auorescence intensity to higher energy. ' These observa-
tions have been attributed to the confinement of PTCDA
excitons with a radius of 12 A (or 3—4 molecules) in these
spatially restricted geometries.

In this work, we use several spectroscopic techniques
to investigate the optical properties of excitons in bulk
thin fihns (1000 A thick) and in ultrathin layers (10—500
A thick) of two closely related, planar organic molecules;
namely, PTCDA and 3,4,9,10-perylenetetracarboxylic
bis-benzimidazole (PTCBI). We find from electroabsorp-
tion measurements that the lowest-energy exciton ob-
served in PTCDA is nearly spatially symmetric, with a
radius of —13 A. In PTCBI, however, the exciton has a
much smaller CT component, and therefore a smaller ra-
dius. These results are corroborated by analysis of the
fluorescence and absorption spectra of multilayer stacks
comprised of ultrathin layers of combinations of these
molecules. We observe spectral changes due to
confinement of the spatially extended PTCDA exciton in
layers thinner than 100 A, whereas these effects are not
observed for the smaller-radius excitons in PTCBI. In
addition, we present a quantitative analysis of the
modification of exciton-lattice interactions in ultrathin
layers of OMC's such as PTCDA which are character-
ized by a strong exciton-phonon coupling.

We begin in Sec. II with a description of the lattice
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structures of both PTCDA and PTCBI as characterized
by x-ray and reAection high-energy electron diffraction
(RHEED). Film growth using OMBD is described in
Secs. III and IV. In Sec. III, we probe the nature of exci-
tons in OMBD-grown bulk PTCDA and PTCBI films
through the use of electroabsorption (EA) spectroscopy.
By fitting the EA spectra to a simple theory, we deter-
mine the radius and relative %'annier and CT content of
the lowest-energy observed exciton in these materials, as
well as determine the effects of crystal anisotropy on the
exciton. In Sec. IV, we describe the effects of
confinement of excitons in ultrathin layers of PTCDA or
PTCBI separated by layers of NTCDA. An analysis of
the experimental results is presented in Sec. V, leading to
a discussion in Sec. VI of the nature of exciton-phonon
coupling in these materials. Conclusions are presented in
Sec. VII.

II. MATERIALS AND GROWTH

Figure 1 shows the structural formulas and two views
of the unit cell for bulk crystals of PTCDA and PTCBI
as characterized by x-ray diffraction. These two com-
pounds and NTCDA crystallize in the same monoclinic
lattice structure (space group P2, /c ) with lattice parame-
ters listed in Table I. As can be seen in Fig. 1, both
PTCDA and PTCBI form in stacked molecular struc-
tures; however, the interplanar stacking distance of
PTCDA molecules is 3.21 A, as compared to 3.45 A for
PTCBI.

The unusually small interplanar stacking distance in
PTCDA leads to a large m-orbital overlap between the
planar molecules in the stacking direction. This large
overlap results in hole mobilities of —1 crn /Vs, and a
total bandwidth of -0.9 eV, ' where the bandwidth is
defined as the sum of the widths of the highest occupied
molecular orbital (HOMO) band and the lowest unoccu-

TABLE I. Lattice unit cell parameters for bulk crystals.

Lattice parameters

a (A)
b (A)
c(A)
p()
Reference

PTCDA

3.719
11.96
17.34
98.81
11

PTCBI

4.749
8.880
28.24
100.16

This work

NTCDA

7.888
5.334

12.74
109.04

11

pied molecular orbital (LUMO) band. In addition, the
effects of the crystal anisotropy are manifested in the
dielectric constant' (where for PTCDA E~~/Ei) 2, with
the subscripts

~~
and J. referring to the directions parallel

to the film plane and in the stacking direction, respective-
ly), refractive index' (where n~~/ni) 1.4) and electrical
conductivity' (o.~~/cri ( 10 ). Thus, parallel to the film

plane, PTCDA exhibits intermolecular interactions typi-
cally observed in most OMC's, whereas in the stacking
direction its electronic properties bear similarities to both
inorganic and organic semiconductors. In contrast to
PTCDA, the larger interplanar stacking distance of
PTCBI leads to a considerably reduced m.-orbital overlap
and electronic anisotropy. Thus, although these materi-
als are very similar in composition, we expect that their
excitonic (and hence spectral) properties will be consider-
ably different. By investigation of these differences, we
can understand in greater depth the nature of excitons in
closely packed OMC's as well as in the more common,
loosely coupled OMC's.

Prior to loading into the OMBD growth chamber, '

commercially available' PTCDA and NTCDA, as well
as PTCBI synthesized following previously published
methods, ' were each purified in three successive cycles
using thermal gradient sublimation. ' Typical vacuum
sublimation temperatures for PTCDA, PTCBI, and
NTCDA are 400 C, 425'C, and 210'C, respectively. The

NN

FIG. 1. Structural formulas
and two perspective views of the
bulk unit cells of (a) PTCDA
and (b) PTCBI.
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diffraction pattern of an OMBD-grown 20 A
PTCBI layer on highly oriented pyrolitic
graphite. Streaks are labeled with their corre-
sponding lattice dimensions.
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synthesis and purification of PTCBI produced crystalline
whiskers of a mixture of its two isomers, where the imi-
dazole group was in either the cis or trans position (Fig.
l).

It has previously been observed that ordered thin films
of crystalline organic materials may be deposited over
large surface areas on incommensurate substrates using
OMBD. ' ' In those experiments, grazing-incidence x
rays and in situ RHEED were used to show that QMBD
resulted in a layer-by-layer growth of PTCDA, ' with
layer thicknesses uniform to within one monolayer for all
samples. To confirm that the ordered growth of PTCBI
occurs in a manner similar to PTCDA, ' Fig. 2 shows a
typical RHEED pattern for a 20 A thick layer of PTCBI
grown at -90 K on highly oriented pyrolitic graphite.
Note that the RHEED streaks are long and continuous,
implying that the organic film surface is Aat and crystal-
line, with no island overgrowth. This result is consistent
with previous data showing that "quasiepitaxial" crystal-
line films can be grown on a wide variety of incommensu-
rate substrates due to weak coupling between the deposit-
ed film and the substrate. Therefore the OMBD
growth of crystalline organic thin films of PTCDA and
PTCBI on glass substrates, as well as in organic multilay-
er stacks, produces highly ordered layers which are suit-
able for the investigation of their fundamental optical and
electronic properties.

III. ELECTROABSORPTION SPECTRA OF EXCITONS
IN BULK THIN FILMS

It has previously been shown ' ' that by fitting the EA
spectrum to a simple theory it is possible to determine the
relative importance of the Wannier and CT types of exci-
tons in OMC's. In addition, by measuring the EA spec-
tra for electric fields oriented along two orthogonal crys-
talline axes, it is possible to determine the effects of crys-
talline anisotropy on the exciton states.

An exciton eigenstate responds to an electric field via
the Stark shift of its absorption line as well as via line
broadening. Let g; be the exciton state with energy E; at
zero applied field (F=O). The Stark shift of state go
(with energy Eo ) is given by

I @olqF.rig;
~ ~o Eo E~

where q is the electronic charge and r is the displacement
vector of electron and hole. Similarly, the line broaden-
ing is given by

Assuming that the change in absorption coefficient
(ba) with respect to energy due to the applied field is
small, then

1 d(bE)+ — ((bE) )+.. .
dE 2 dE2

(3)

The quadratic field dependence of both ( b.E ) and
((b,E) ) in Eq. (3) implies that ha is proportional to the
square of the applied electric field.

To estimate (bE) and ((bE) ), and to explain the
relative magnitude of the EA in two orthogonal crystal-
line directions, we first investigate the inAuence of crystal
anisotropy on the EA spectrum. We begin with a study
of the EA in thin films of PTCDA grown on glass, where
the planar molecules form stacks tilted at 10 —12 from
the substrate normal. With this small tilt angle, we
infer that fields applied along the substrate normal are
approximately aligned parallel to the stacks (the z direc-
tion), whereas the in-plane fields are aligned parallel to
the molecular planes. Due to the anisotropic crystal
structure described in Sec. II, we must take the anisotro-
py of eff'ective mass (m*) into account by writing the
Hamiltonian as

a' 1 a'
m* gx2 gy2 m* gz2

+ Vco &+qF.r (4)

where A is Planck's constant divided by 2m, m
~~

and m ~

are the reduced effective masses parallel and normal to
the film plane, and Vc,„& is the Coulomb potential.

Changing the coordinates to x =x Qm
~~

/m i,
y =yam

~~

/m i, and z =z, the Stark field term is then
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s,s= —,'to, +(s +s )Qmi /I
~~

] . (6)

By applying the effective Coulomb potential in the new
coordinate system, where the lowest-energy exciton ob-
served corresponds to the hydrogenic 1s state of radius
a*=a,ffA /m*q, the ratio of the line broadening to the
Stark shift of the exciton energy E„is simply

&(~E)')
(g~) 9 CX

where

Eex
2a jef

Thus, if a(E) is known, measurement of the modulated
absorption spectrum Aa(F) can be used to calculate the
relative magnitudes of (b,E ) and ((AE) ) via Eq. (3).
This further allows for the estimation of the exciton bind-
ing energy, radius, and eccentricity, as well as the
effective mass tensor.

For the in-plane electric-field measurement, electrodes
were patterned directly onto a glass substrate precleaned
by boiling in 1,1,1-trichloroethane, and successively rins-
ing in acetone and methanol. Metal layers consisting of
300 A thick Ti followed by 1000 A thick Au were
electron-beam deposited and then photolithographically
patterned to form a series of 5X100 pm interdigitated
electrodes with 5 pm spacings between adjacent fingers.
For measurements where the electric field was applied
normal to the substrate, a glass substrate precoated over
50%%uo of its surface with indium tin oxide (ITO) was used
to form the bottom electrode.

Substrates were loaded into a vacuum chamber (base
pressure 10 Torr) and cooled to -90 K. For all sam-
ples, 1000 A thick crystalline organic films of either
PTCDA or PTCBI were grown by sublimation of the
prepurified source material from a resistively heated,
bafBed molybdenum boat to achieve a growth rate of 3—5
A/s ( —1 monolayer/s) as measured using a quartz crystal
thickness monitor. After film growth, a final 100 A thick
Au film was deposited from a tungsten boat onto the or-
ganic crystal surface through 0. 1X1 cm openings in a
shadow mask to form the semitransparent top electrodes
used in the normal-direction measurement.

To study EA due to a sinusoidally varying voltage (at
frequency f =840 Hz and 30 kHz), unpolarized light
from a monochromator was focused onto the electrode
area. Light transmitted through the sample was collected
and focused onto a silicon detector. The change in sam-
ple transmission due to the applied electric field was then

q F.r =q [zF, + (XF, + (xF +yF~ )Q m i /I
II

] ' (5)

Given the quadratic dependence on the electric field, the
EA along the normal direction is expected to be m

~~

/m j*

times larger than along the in-plane direction; i.e.,
Sexi /klan(( m

((
/pl J

This change of coordinates allows us to use an effective
isotropic Coulomb potential to replace the previous an-
isotropic one. For this purpose, we introduce the "isotro-
pic" permittivity:
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FIG. 3. Absorption and electroabsorption spectra of a 1000
A PTCDA film. The dashed curve indicates a fit to the absorp-
tion using three gaussian curves. The electroabsorption
coefBcient is plotted for electric fields ranging from 2X10' to
6 X 10 V/crn applied normal to the substrate plane.

measured with a lock-in amplifier. Since hn is propor-
tional to F, the lock-in was tuned to be sensitive at 2f
Field-induced changes in the transmitted intensity
(b,I/I= r—b,a, where t is the sample thickness, and I is
the intensity of the transmitted light) of 10 could be
resolved by this means.

In Fig. 3, we plot the absorption and the EA spectra in
the normal direction, hai(F, A, ), of the crystalline, 1000
A thick PTCDA film (A, is the wavelength). Also shown
is a fit of a(A, ) to three exciton absorption lines with
Gaussian profiles (dashed curve). The lowest-energy ob-
served exciton peak of the bulk PTCDA absorption spec-
trum is at -555 nm, with higher-order exciton peaks at
wavelengths &520 nm. The film thickness for these
measurements was chosen such that the signal for ha
was maximized near the absorption peak at 555 nm. Due
to the high absorption coefficient and the reduced sensi-
tivity of the silicon detector at A, (500 nm, very little
transmitted light was detected at shorter wavelengths,
giving rise to the large noise level. At A, =560 nm, we ob-
serve a maximum b,a= 1000 cm ' at F =600 kV/cm. In
addition, a peak at 505 nm is also observed, possibly cor-
responding to the Stark shift of higher-order excitons.
However, due to the noise background in this wavelength
range, the shape and the size of this peak are distorted.
Since we are primarily interested in the EA correspond-
ing to the lowest-energy observed exciton, we have not
yet fully investigated the source of the higher-energy
features.

In Fig. 4 we plot ha vs I' at two different wavelengths
and for both the normal and in-plane field directions. We
observe a quadratic dependence of ha on F, as expected
from Eq. (3), and also observe that at 565 nm the EA for
in-plane fields [b,a~~(A, )] is slightly smaller than b,ai(A, ).
Figure 5 shows both ha~~(A, ) and t'ai(k) (solid lines) in
the normal and in-plane directions at F-300 kV/cm.
We find that the shape and the magnitude of the curves
are similar for the two field directions, where the small
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FIG. 5. Electroabsorption data (solid lines) and numerical fits
(dashed lines) with fitting parameters listed in Table II. Top
curve: field of 3X10 V/cm applied normal to the substrate
plane. Bottom curve: field of 3.2 X 10' V/cm applied parallel to
the substrate plane.

FIG. 4. Electroabsorption ha as a function of squared ap-
plied electric field at two different wavelengths, with field ap-
plied in both the normal and in-plane directions.

difference in magnitude is assigned to the anisotropic
effective mass.

After extracting the lowest absorption peak from the
fits to a(A, ), we use the derivatives of this peak, and three
parameters, ( ( bE) ) /( bE ), ( b E )i /Fi, and
( b,E ) /F~~, to fit the ba(F, A, ) curves. While
((b,E) )/(bE) expresses the relative size of broadening
to the Stark shift, the latter two terms fit the Stark shift
in the normal (1) and in-plane (

~~
) directions. The values

of the parameters used to fit the data in Figs. 3 and 5 are
given in Table II. The dashed curves in Fig. 5 are typical
fits obtained using these parameters for measurements of
b,a(F, A, ) in both the normal and in-plane directions, and
at fields ranging from 100 to 600 kV/cd. From these fits,
the lowest observed exciton binding energy was found to
be —(150+15) meV, and the anisotropy of the efFective
hole mass was m ~ /m

l~

-0.89+0.09, which is surprising-
ly small given the anisotropic crystal structure.

In fitting these curves we also have to account for
reAections from the several sample interfaces. That is,
changes in An also lead to changes in An which change
the transmittance of a lossy Fabry-Perot cavity formed at
the film interfaces via

(R, &3%) than the PTCDA/Au interface (Ri —10%)
used in the normal measurements, the Fabry-Perot
correction to ha was larger for the normal measurement.
This induces asyrnmetries in the measured EA along the
two directions (shown "uncorrected" in Fig. 5). Using
the PTCDA/glass/air interface refiectivity of R2-4%,
then Ri -5% and R~~-2. 5% were used in fitting the
curves in Fig. 5.

Using the dielectric tensor for PTCDA, ' we calculate
E,it=3.46+0.35 [see Eq. (6)]. From this value, the exci-
ton radius along the normal direction is 14+2 A, and the
in-plane radius is 13+2 A. The effective hole masses
along the normal and in-plane directions can also be
found by their relation to the exciton radius as
(0.13+0.02)mo and (0. 14+0.03)mo, respectively, where
mo is the free-electron mass (see Table III). These results
are consistent with previous work which has shown that
an average isotropic dielectric constant can be used to ac-
curately calculate the exciton energy in a highly aniso-
tropic crystal.

The consistency between these values of the exciton
mass and radius and those obtained previously by exciton
confinement measurements, as well as the success of us-
ing a simple set of hydrogenic wave functions together
with an effective isotropic Coulomb potential to fit the
EA spectra for PTCDA, suggest that the exciton can, in
part, be described as a Wannier-like state. However, the

AI 8m=ha+ b, n (A. )R sin5eIt
Here, R =QR, Rz is the average refiectivity of the two
interfaces, and 5 =4mnt /l, Beca.use th.e interface of
PTCDA/air for in-plane measurements was less reAective

TABLE II. Parameters used to fit the PTCDA electroabsorption spectra.

UnitParameters Symbol

((b,E)')/(bE)
(b,E ),/Fi

Value

(meV) /peV
peV/( 10 V/cm)

Broadening/Shift
Energy shift/(field)

(normal direction)
Energy shift/(field)

(in-plane direction)

0. 17+0.02
11.1+1.7

( bE ) ~~/P peV/(10 V/cm) 9.9+1.5

EXCITONS AND EXCITON CONFINEMENT IN CRYSTALLINE. . .
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TABLE III. Summary of the PTCDA electroabsorption results.

Parameters Symbol
Results from

this work
Value from

Ref. 9

Exciton binding energy
Exciton radius along

normal direction
Exciton radius along

in-plane direction
EQ'ective hole mass along

normal direction
Effective hole mass along

in-plane direction

E,
„

a*
II

m*

meV
A

A

mo

mo

—150+18
13.8+2.0

13.0+2.0

0. 13+0.02

0. 14+0.03

12+1

12+1

0. 18+0.01

CT nature of the exciton is also important for fully
describing the broadening observed in the EA spectrum.
This surprising degree of Wannier content of the PTCDA
exciton is a result of the extremely close packing of the
molecules, which leads to a high degree of ~-orbital over-
lap in the normal direction.

0

Similar measurements were performed on 1000 A thick
layers of PTCBI deposited on substrates similar to those
used for PTCDA. Electric fields were applied in both the
normal and in-plane direction using fields of similar mag-
nitude to those used for PTCDA. Under these condi-
tions, no change in PTCBI absorption was observed as a
function of applied electric field. Given our measurement
sensitivity, we can set a limit of Aa ~ 60 cm ' at F-600
kV/cm for PTCBI. From this, an exciton binding energy
of )700 meV is inferred, corresponding to a radius of
a*~3 A. Thus, excitons in PTCBI do not exhibit a
significant CT component due to their smaller radius; i.e.,
PTCBI excitons are Frenkel-like. This conclusion is cor-
roborated by absorption and Auorescence data to be dis-
cussed in Sec. IV. The structural differences between
PTCDA and PTCBI which lead to their different spectral
properties have been considered in Sec. II, and will be
discussed further in Sec. V.

IV. EXCITONS IN CONFINED STRUCTURES

In a second series of experiments, we measured low-
temperature absorption and fluorescence spectra to deter-
mine the effects of restricting excitons in ultrathin layers
of thickness t, where t is on the order of the exciton ra-
dius, a*. For these experiments, alternating multilayer
stacks of PTCDA and NTCDA, or PTCBI and NTCDA
layers, were grown on glass substrates maintained at =90
K during growth. Growth was accomplished by sub-
limation of the organic compounds at a rate of 0.1 —0.3
A/s from a Knudsen effusion cell in an ultrahigh-vacuum
OMBD chamber with a base pressure of &5X10
Torr. Growth rates and layer thicknesses were measured
using a quartz crystal thickness monitor placed near the
substrate. Sequential shuttering of the effusion cells was
used to grow alternating layers of both
PTCDA/NTCDA and PTCBI/NTCDA until the total
thickness of all of the PTCDA or PTCBI layers was
500—600 A. The thickness of the intermediate NTCDA
layers matched the PTCDA or PTCBI 1ayer thicknesses,

except for the 50-period 10+5 A PTCDA structures. In
this case, the NTCDA thickness was increased to 20 A to
ensure growth of a continuous layer due to the larger
interplanar stacking distance and tilt angle in the
NTCDA structure (see Table I and Fig. 1).

NTCDA was used as the intermediate layer since its
lowest-energy exciton state is —1 eV greater than the
excited-state energies in PTCDA and PTCBI. These
multilayer structures are therefore similar to inorganic
semiconductor multiple-quantum-well structures, where
the quantum-well material is either PTCDA or PTCBI
and the "larger-band-gap" or barrier material is
NTCDA.

For all of the spectral measurements, samples were im-
mersed in liquid helium to narrow the broad spectral
features which are due to the strong exciton-phonon cou-
pling in these organic compounds. For measurements of
absorption spectra, a white light was focused onto the
sample surface and the transmitted light was analyzed
with a monochromator. For measurements of Auores-
cence spectra, samples were optically excited with the
488 nm line of an Ar+ ion laser with an intensity of
& 500 W/cm . Upon illumination at this wavelength, ex-
citons were generated predominantly in the PTCDA or
PTCBI layers in the multilayer stacks. Fluorescence was
then collected from the front surface of the sample and
detected with either a photomultiplier tube or a silicon
photodiode array after passing through a monochroma-
tor.

A. PTCDA/NTCDA multilayer stacks

Low-temperature (4.2 K) Iluorescence spectra of multi-
layer stacks of alternating layers of PTCDA and
NTCDA, where PTCDA layer thicknesses were varied
from a single "bulk" thin film of 500 A to a structure
consisting of a 50-period stack of 10+5 A PTCDA films
( —3 monolayers) separated by NTCDA, are shown in
Fig. 6. Four equally spaced peaks labeled A, B, C, and D
are observed, indicative of vibronic transitions from the
excited to the ground state. Note that not all of the
peaks A through D are present in all of the spectra. The
energy spacings co h of the vibronic peaks are observed to
increase from 1065 cm ' at 500 A to 1226 cm ' for the
thinnest, 10 A layers. The change in cosh (or b,co~„)in
PTCDA films as a function of layer thickness, as refer-
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respective 500 A films. The solid line is a fit to data of the ob-
served exciton energy shift (Ace,„)in PTCDA layers using the
theory in Ref. 9.
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FIG. 6. Low-temperature (4.2 K) fluorescence spectra of
PTCDA/NTCDA multilayer stacks for layer thicknesses of

0
PTCDA ranging from 10 to 500 A. The four peaks in the spec-
tra are labeled 3, B, C, and D, and the spectra are displaced
vertically for clarity.

enced to the 500 A film is shown by the solid squares in
Fig. 7. For each measurement, Ac@ h is found by fitting
the appropriate fluorescence spectrum to a series of four
overlapping Gaussian curves. This procedure yields both
the peak position and width, where we have found that
the full width at half maximum (FWHM) of the Auores-
cence peak at —1.67 eV, for example, increases from 216
to 330 meV as the layer thickness is decreased from 500
to 10 A. This broadening has previously been attributed
to interface roughness in organic multilayer systems.

The change in vibrational frequency, hen„h, as a func-
tion of layer thickness is accompanied by an increase in
the fluorescence intensity of the high-energy transitions
at the expense of the low-energy transitions. This pro-
gressive redistribution of fluorescence intensity through
the four separate fluorescence peaks in PTCDA was only
observed at 4.2 K, while at higher temperatures the
separate lines broaden and merge into a single feature
whose peak shifts to higher energy as layer thickness is
decreased. A plot of the fluorescence of the 10 A
PTCDA multilayer stack as a function of pump intensity
is shown in Fig. 8. In the inset, a plot of the intensity of
each of the three peaks is shown to be linear with pump
intensity. Since both the spectral shape and the fluores-
cence eKciency remain constant with pump intensity, we
conclude that the conditions used are far from those lead-
ing to band filling or other nonlinear effects. In addition,

0
we observe that the fluorescence intensity of the 10 A film
is approximately 12 times larger than for the 500 A
PTCDA film. This indicates that interfaces assist in the
radiative recombination of excitons in PTCDA layers, as
well as suggesting that a very low density of interfacial
defects, which would be expected to lead to fluorescence
quenching, exists at the PTCDA/NTCDA heterointer-
face. Indeed, this increased radiative recombination is
characteristic of exciton spatial confinement due to an in-
creased overlap of the electron and hole wave func-
tions.

A comparison of the low-temperature (4.2 K) absor-
bance spectra of a single 500 A thick PTCDA layer and a
50-period stack of 10+5 A PTCDA/20 A NTCDA is
shown in Fig. 9. A graph of the derivative of the absorp-
tion with respect to photon energy, (da/dE), in the ener-
gy range of the lowest-energy observed exciton peak is
shown in the inset of Fig. 9. Note that the peak at 2.234
eV is shifted to higher energy (as shown clearly in the
zero crossing of each derivative curve) as the layer thick-
ness is decreased. Previously, this shift was attributed to
the change in the exciton binding energy as a result of
quantum confinement in a finite potential well. The
potential-well width corresponded to the PTCDA layer
thickness, and it was suggested that the energy barriers
were provided by the HOMO offsets at the heterointer-
faces with NTCDA layers. In that work, the
Schrodinger equation for the system was solved by
minimizing the exciton binding energy as a function of
radius, and fitting the theoretical result to the absorption
spectral peak shifts and fluorescence decay times. The
best fit, shown as the solid line in Fig. 7, assumes that the
radius of the lowest-energy observed exciton in PTCDA
is —12 A, or 3 —4 molecules in the stacks of PTCDA nor-
mal to the substrate. This is in agreement with the deter-
mination of the exciton radius from the EA spectra in
Sec. III (see Table III).
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FIG. 8. Low-temperature (4.2 K) fluores-
cence spectra of a 10 A PTCDA/NTCDA
multilayer stack as a function of 488 nm Ar+
laser pump intensity. Inset: Heights of the in-
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dividual fluorescence peaks of the 10 A
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line indicates the pump intensity used to ob-
tain the spectra in Fig. 6.
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Note that the blueshift of the exciton absorption peak
in PTCDA in Fig. 7 matches the increase in the vibra-
tional frequency of the molecular ground state. This sug-
gests that the exciton blueshift observed in absorption,
and the increase in ground-state vibrational frequency ob-
served in fluorescence, are related through strong
exciton-phonon coupling. This conclusion is supported
by the very large Franck-Condon energy observed in
PTCDA, and will be analyzed quantitatively in Sec. VI.

B. PTCBI/NTCDA multilayer stacks

Low-temperature fluorescence spectra of multilayer
stacks of PTCBI layers alternated with NTCDA layers,
where PTCBI layer thicknesses were varied from 20 to
500 A, are shown in Fig. 10. Note that two peaks in the
spectra are clearly resolved at 1.478 and 1.427 eV. As the
PTCBI layer thickness is decreased to a 25-period stack
of 20 A PTCBI alternated with 20 A NTCDA, the only
change observed in the fluorescence spectrum is a small

but significant redistribution of fluorescence intensity to
higher energy, and a peak width broadening previously
attributed to interface roughness. The change in spac-
ing between the two peaks in the PTCBI Auorescence
spectra as a function of layer thickness is shown by the
open circles in Fig. 7. Assuming that the peaks are due
to the same dominant vibration, then Fig. 7 indicates that
the vibrational frequency in PTCBI does not change
significantly as layer thickness is decreased (b,co h-0), in
contrast to the clearly observed frequency changes in
PTCDA.

As was observed in PTCDA multilayer stacks (Fig. 8),
both the spectral shape and fluorescence efficiency of
PTCBI films remain constant for the range of optical
pump intensities used in the experiment. In addition, the
Auorescence efficiency of PTCBI was found to increase by
only a factor of 3 from the widest (500 A) to the nar-
rowest (20 A) layers. This is in contrast to the twelvefold
increase in PTCDA Auorescence efficiency as layer thick-
ness was reduced over a similar range. This indicates
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FIG. 9. Low-temperature (4.2 K) absorp-
tion spectra of a 500 A PTCDA film and a
10+5 A PTCDA/20 A NTCDA multilayer
stack. Inset: Change in absorption coefficient
as a function of energy, da/dE, for the sam-
ples in Fig. 9.
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with the EA measurements for PTCBI, where a small-
0

radius (a ~ 3 A) exciton is observed which is unlikely to
exhibit confinement effects for the range of layer
thicknesses used in these experiments.

V. ANALYSIS OF EXCITONS
IN CONFINED STRUCTURES

L
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that neither the presence of heterointerfaces nor exciton
confinement in the PTCBI multilayer stacks are as active
in enhancing radiative recombination as they are in the
PTCDA multilayer stacks.

Figure 11 shows a comparison of the low-temperature
absorbance spectra of a five-period 100 A PTCBI stack
and a 25-period 20 A PTCBI stack. Note that no peak
shifts between the two spectra are observed, in contrast
to the exciton blueshift with decreasing PTCDA layer
thicknesses apparent in Fig. 9. This result is consistent

FIG. 10. Low-temperature (4.2 K) fluorescence spectra of
PTCBI/NTCDA multilayer stacks for layer thicknesses of
PTCBI ranging from 20 to 500 A. The spectra are vertically
displaced for clarity.

To quantitatively understand the spectral dependence
on layer thickness, we assume an adiabatic system where
a single totally symmetric vibrational mode is dominant
in the ground state. In addition, the ground state is as-
sumed to be parabolic, accounting for the single value of
mph between the PTCDA vibronic transitions A, B, C,
and D in Fig. 6. Figure 12 shows the molecular
potential-energy diagrams of both a thin [Fig. 12(a)] and
a thick [Fig. 12(b)] PTCDA layer, indicating the optical
transitions between the excited and ground states. In this
diagram, the electronic energy levels are plotted with
respect to the molecular configurational coordinate q
The horizontal lines in the potential curves denote the en-
ergy of the dominant intramolecular vibrational mode.
As noted earlier, the excitonic wave functions depicted in
Fig. 12 can extend over several molecules.

The transition dipole moment of a vibronic transition
is proportional to the electronic transition dipole moment
multiplied by the overlap integral of the vibrational wave
functions in the excited and ground states. As shown in
Fig. 6, since the fluorescence intensity continuously
shifts to higher energy while maintaining an approxi-
mately constant total intensity over the range of layer
thicknesses from 10 to 100 A, we conclude that the ob-
served vibronic transitions in PTCDA occur between the
same excited- and ground-state manifolds. The observed
transitions, therefore, have the same electronic transition
dipole moment, and the changes in the fluorescence spec-
tra are simply due to changes in the vibrational wave
function overlap with layer thickness. Now, assume that
all vibronic transitions occur after the system reaches
thermal equilibrium at the lowest level in the excited
state (0'). This assumption is supported by relaxation-
time measurements of molecular vibrations of 0.2 ps, as

T= 42K
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FIG. 11. Low-temperature (4.2 K) absorption spectra of a
100 A PTCBI/NTCDA multilayer stack and a 20 A
PTCBI/NTCDA multilayer stack.

FIG. 12. Configurational coordinate diagram showing the
relative changes in the excited- and ground-state molecular
potential-energy wells of (a) thin and (b) thick PTCDA films.
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compared to the exciton lifetime of —10 ns. ' In this
case, the change in vibrational frequency, Ace h, for
PTCDA (Fig. 7) is due to an increase in the molecular
force constant (k), or curvature, of the molecular
potential-energy well as layer thickness decreases (Fig.
12), via hk =2m„co~„broh, where m„is the reduced mass
of the vibrating intramolecular C-C bond.

To account for the observed redistribution of intensity
to higher-energy vibronic transitions, a change in the rel-
ative equilibrium configurational coordinate of the excit-
ed (q' ) and ground states (q ) is assumed, where
b,q =q

' —
q decreases with layer thickness (Fig. 12).

In the Condon approximation, the oscillator strengths of
the transitions from the lowest vibrational level of the
upper (excited) manifold (u0) to the nth excited vibra-
tional level of the lower (ground) manifold ( 1 n ) can be de-
scribed by a Poisson distribution, ' ' viz.

n

f.n, t. (x) =—f.i nt

where

(10)

1 k(bq )

2 i6coph

f„,is the sum of the oscillator strengths of the vibronic
transitions, and n is the vibrational level index in the
ground state which ranges from 0 (lowest energy) to 3
(third excited vibrational level) for the four observed
spectral peaks. If we measure the ratio of the intensities
of the vibronic transitions in Fig. 6 employing the same
Gaussian peak fitting procedure used to obtain co h, we
can fit Eq. (10) to the observed vibrational progressions as
a function of b,q . A calculation of f„&»,„(x)/f„,for
n =0—3 is shown by the solid curves in Fig. 13, where the
measured ratios of the peak heights of each of the indivi-
dual vibronic transitions in the sample spectra are shown
by the data points. For the vibrational progression of
fluorescence peaks labeled A, B,C,D in Fig. 6 to fit Eq.
(11), the relative intensities of the individual vibronic
peaks for each layer thickness must lie on a single vertical
line; i.e., each multilayer stack must be characterized by a
single value of x. Hence the data points for each sample
must lie at the intersections between the dashed vertical
lines and the solid curves. We note that the excellent fits
obtained for all layer thicknesses show that the structure
observed in the Auorescence spectra is indeed due to
discrete vibronic transitions which occur upon recom-
bination of the multimolecular excitons present in
PTCDA, and that the narrowing and equilibrium coordi-
nate displacement of the molecular potential-energy wells
(Fig. 12) are largely unaffected by structural defects intro-
duced during growth, since these eftects would tend to re-
sult in significant deviations from the simple form given
by Eq. (10).

Using the values obtained for x and Eq. (11), b,q vs
layer thickness is plotted in Fig. 14. For this calculation,
we assume m„=6amu, consistent with a C-C bond vibra-
tion. Here, Aq is found to continuously decrease with
PTCDA layer thickness over the range of 500 to 10 A.
The magnitude of hq corresponds to a large molecular
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FIG. 13. Relative strengths of the individual vibronic level
transitions f„o&„/f„,in PTCDA are shown by the solid curves
for values of n (vibrational level index) ranging from 0 to 3. The
peaks labeled A, B,C,D in Fig. 6 correspond to the four values
of n. Data obtained from the measured Auorescence spectra for
PTCDA samples ranging in layer thickness from 10 to 500 A
are shown as points. Vertical lines correspond to the values of x
resulting from best fits to the data for each sample layer thick-
ness.
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FIG. 14. Change in the relative equilibrium configurational
coordinate (4q ) of the excited and ground states as a function
of layer thickness for both PTCDA and PTCBI films. Lines are
drawn as a guide to the eye.

conformational change upon excitation which most take
place in PTCDA with its exceptionally large Franck-
Condon energy (Fig. 15), broad absorption spectrum, and
lack of mirror symmetry between Auorescence and ab-
sorption.

Since hq corresponds to the total molecular confor-
mational change upon excitation, our results suggest that
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the decrease in Aq with layer thickness is due to exciton
confinement in ultrathin layers. That is, as the layer
thickness is decreased, the exciton overlaps with fewer
molecules, so that the total conformational change of
the excited molecules is reduced. Similarly, a reduced ex-
citon radius in the ultrathin layers will result in a de-
creased dipole moment, which in turn will cause a de-
creased conformational change. This is consistent with
previous studies of the absorption spectra of
organic/inorganic multilayer stacks, where it was sug-
gested that the intermolecular interaction decreases with
layer thickness.

The molecular potential-energy-well diagrams shown
in Fig. 12 may also be used to understand
PTCBI/NTCDA multilayer stacks. Since little or no
change in vibrational frequency co„h is observed in those
structures (Fig. 7), we infer that there is an insignificant
change in the curvature of the potential-energy wells with
decreasing layer thickness. To account for the small
redistribution of fluorescence intensity between the peaks
in the fluorescence spectra, we can calculate Aq for
PTCBI following the above procedure by assuming that
the spacing between the two fluorescence peaks deter-
mines the dominant vibrational frequency, and that the
peaks correspond to the highest-energy and next-
highest-energy vibronic transitions. With these assump-
tions, Aq =0.17 A. This value for hq in PTCBI, also
shown in Fig. 14, is roughly one-third that of PTCDA,
and shows only a minimal dependence on layer thickness
over the range used in these measurements.

Figure 15 is a plot of the Franck-Condon energy (EFc)
in both PTCDA and PTCBI as a function of layer thick-
ness. Here, E„cis measured from the lowest-energy ab-
sorption peak to the first moment of the fluorescence
spectrum. Since EFC can be defined as

Coph

where y is the exciton-phonon coupling frequency, then
using the values measured for E„c(Fig. 15) and co~„(Fig.
7) we calculate y for PTCDA and PTCBI, shown in the
inset of Fig. 15. The exciton-phonon coupling is found to
be independent of layer thickness. This result is expected
for layers whose structure is independent of layer thick-
ness, which is indeed found to be the case for PTCDA
and PTCBI layers grown by OMBD using the conditions
described in Secs. II and IV. Finally, we observe that y
in PTCBI is roughly one-third that of PTCDA, con-
sistent with the difference in Aq between these materials
(Fig. 14), and showing that y ~Aq, as expected. All
of these results indicate an internal consistency between
measurements of EFc, y, 4q, and co h, suggesting that
the spectral differences between PTCDA and PTCBI are
intrinsic rather than being due to interface effects or dis-
order in the thin films.

VI. DISCUSSION

The analyses of the electroabsorption and the spectral
dependences on layer thickness have shown that spatially
extended CT excitons exist in PTCDA while Frenkel ex-
citons dominate the spectral features in PTCBI. In addi-
tion, analysis of the fluorescence spectra has shown that
the amount of molecular conformational change upon ex-
citation decreases with layer thickness in ultrathin layers
of PTCDA. We note that intermolecular CT excitons
couple strongly to the phonon system, since there is a
considerable change in the dipole moment which accom-
panies the creation of an excited state. Therefore, to
quantitatively investigate the exciton-phonon interactions
in strongly coupled OMC's such as PTCDA, and in par-
ticular to understand why the absorption blueshift (b,co,„)
and change in phonon frequency (b,co „)with layer thick-
ness are similar in magnitude (Fig. 7), we consider the
Hamiltonian which describes the interaction of excitons
and phonons with external radiation fields. Assuming the
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—gAya a(b&+b&) —
—,'pa F ,'p—aF—',

P
(13)

where Ace,
„

is the exciton binding energy, cu is the photon
frequency, %soph p is the phonon energy of phonon mode
index P, and p is the electric dipole moment of the exci-
ton. Further, a (a) and b& (b&) are the exciton and pho-
non creation (annihilation) operators, respectively.

Following the treatment of Lam, Forrest, and Tan-
gonan, the exciton population (a a) and phonon ampli-
tude (b&+b&) are calculated from the Heisenberg equa-
tion of motion. In steady state, assuming the external
field F is small and only a single dominant phonon mode
is present, we obtain the relationships

and

0
a a—=

~2+ Q2
(14)

b +b~= 2ya a

COph

In Eq. (14), Q,=pF/2A is the Rabi frequency, 5 is the
exciton dephasing rate, and g=(co,„—co) is the detuning
from the exciton resonance. In general, 6 is much small-
er than the exciton frequency co„.Recognizing that the
second summation in Eq. (13) is the exciton-phonon in-
teraction, then from Eqs. (14) and (15) we obtain for the
exciton-phonon interaction energy

4
QE = —2Eint FC

L

(16)

From Eq. (16), assuming that E;„,is independent of
changes in E„cor E,„which accompany a reduction in
layer thickness, and using Ag= hcu,„,it is apparent that

AEFC AE,
„=4

EFC Eex
(17)

Thus the change in the exciton binding energy
(b,E,„=fib,co,„)is directly proportional to the change in
the phonon frequency (bco„h) with layer thickness. For
our samples, we find that b,co h (and thus bE„c)is ap-
proximately one-fourth of the value predicted by this
simple expression (solid line, Fig. 7). This difference may
be due to an increase in E;„,with layer thickness which
was not considered in the derivation of Eq. (17). Here,
E;„,corresponds to the polaron energy, where the pres-
ence of an exciton causes a local distortion of the lat-
tice. ' The decreasing polaron energy with decreased
layer thickness suggests that the exciton in the ultrathin
layer induces a smaller distortion in the lattice. Indeed,
since E;„,~p [cf. Eq. (16)], the data in Fig. 7 suggest
that the dipole moment decreases by approximately 10%

rotating-wave approximation while keeping only the
linear exciton-phonon interaction without any phonon-
phonon interactions, the Hamiltonian is

H =A'(co,„—co)a a + g Ace h &b &b&
P

as the layer thickness is decreased from 500 to 10 A.
Since p is proportional to the exciton radius a*, we con-
clude that a * is also decreased by a similar amount in the
thinnest layers. This reduction in exciton radius is a
consequence of confinement of extended exciton states,
and is consistent with previous calculations of excitons in
crystalline organic thin films, as well as with the ob-
served molecular conformational changes shown in Fig.
14.

From results for PTCDA/NTCDA multilayers, we
conclude that the effects of confinement are significant
due to the relatively large spatial extent of the exciton.
These results are in contrast to those for
PTCBI/NTCDA, where the PTCBI exciton is largely
unaffected by the ultrathin layers, due to its small-radius,
Frenkel-like nature. To explain these differences between
PTCDA and PTCBI, we propose three possibilities. (i)
Since the imidazole group in the preferentially hole-
transporting PTCBI (Ref. 37) acts as an electron donor,
we speculate that holes are easily trapped on the excited
molecules, leading to the formation of Frenkel excitons.
(ii) The random distribution of the two isomers present in
the PTCBI crystal might lead to a disruption of the m-

orbital overlap between adjacent molecules in a stack,
thereby limiting the spatial extent of the exciton. (iii)
Calculation of the electronic overlap of the p orbitals of
adjacent carbon atoms in two different molecules indi-
cates that the overlap is over three times greater at a
PTCDA-PTCDA molecule spacing of 3.21 A compared
to the PTCBI-PTCBI molecule spacing of 3.45 A. This
implies that intermolecular carrier transfer is significantly
reduced in PTCBI due to its relatively large interplanar
stacking distance.

The very weak spectral dependences on layer thickness
observed in PTCBI/NTCDA may alternatively be ex-
plained by the absence of confining activation energy bar-
riers at the heterointerfaces between PTCBI and
NTCDA. However, the HOMO offset at the
PTCBI/NTCDA heterointerface exceeds that of the
PTCDA/NTCDA stack by -0.2 eV. This large ac-
tivation energy barrier for PTCBI/NTCDA would be ex-
pected to lead to significant exciton confinement when
t-a*. We conclude, therefore, that the small-radius
PTCBI exciton is not confined in the "thick" layers used
in these experiments, and thus no spectral changes are
observed.

In exploring the functional dependence of spectral
characteristics on layer thickness in both PTCDA and
PTCBI, we are able to eliminate previous questions about
sources of the observed spectral changes. As discussed in
previous work, ' the lowest electronic excitation of
molecules at a film surface often shows a blueshift in
emission as compared to the bulk. Therefore, molecular
excitons at interfaces in multilayer stacks can potentially
be shifted in energy from their bulk values, in a similar
but perhaps less pronounced fashion. Based on this as-
sumption, the blueshift of the lowest-energy observed ex-
citon in PTCDA with layer thickness may alternatively
be explained as being due to a "small-radius" (Frenkel)
exciton trapped at the PTCDA/NTCDA interface.
However, no blueshift is observed for identically grown
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analogous structures of PTCBI/NTCDA (Figs. 10 and
11). Now, the energy shift of the surface exciton is attri-
buted to the difference in polarizability between the two
contacting materials; e.g., PTCDA and NTCDA, or
PTCBI and NTCDA. However, we anticipate a larger
polarizability difference at the PTCBI/NTCDA heteroin-
terface, as inferred from the large HOMO band-offset en-
ergies referred to above. Furthermore, EA measure-
ments indicate that the PTCDA exciton has a ' —t,
whereas for PTCBI a*« t. Therefore we conclude that
the effects observed in the PTCDA/NTCDA multilayer
stacks are a consequence of this large PTCDA exciton ra-
dius, rather than of exciton trapping at the interfaces.

An alternative explanation of these spectral variations
with layer thickness is that interfacial disorder might lead
to the observed blueshifts and changes in Auorescence.
However, we have demonstrated that the growth of both
PTCDA and PTCBI results in ordered crystalline layers,
and therefore infer that the relatively small amount of in-
terfacial disorder in multilayer stacks formed with these
two analogous molecules and NTCDA is comparable.
Therefore the differences in the spectral changes for
PTCDA and PTCBI are not likely to be due to disorder,
consistent with our result that y is independent of layer
thickness (Fig. 15).

VII. CONCLUSIONS

From the analysis of the electroabsorption of crystal-
line organic thin films grown by the ultrahigh-vacuum
process of organic molecular-beam deposition, we deter-
mine the radii of the lowest-energy observed excitons in
bulk films of two organic molecular crystals. In PTCDA,
a nearly spatially symmetric charge-transfer/Wannier-
like exciton with a radius of —13 A is observed. In
PTCBI, a much smaller CT component to the exciton is
observed, suggesting that the exciton in this analogous
molecule to PTCDA has a radius of ~ 3 A, i.e., it is a
Frenkel state.

The fluorescence and absorption spectra of multilayer
stacks of ultrathin layers of both PTCDA and PTCBI
have been presented. In PTCDA/NTCDA multilayer
stacks, we observe an increase in the vibrational energies
of the ground state, as well as a redistribution of Auores-
cence intensity from lower- to higher-energy vibronic
transitions as the layer thickness is decreased from 500 to

10 A. In contrast, no change in the vibrational energies
of the ground state is observed in PTCBI/NTCDA struc-
tures, and only a small redistribution of Auorescence in-
tensity to higher-energy transitions is found as layer
thickness is decreased. From these observations, we find
that spatially extended CT excitons exhibit confinement
effects in ultrathin PTCDA layers, but excitons in PTCBI
do not display similar effects due to their smaller radius.

Exciton confinement in PTCDA leads to a shift in the
relative equilibrium configurational coordinates of the ex-
cited and ground states. This indicates that confinement
in ultrathin layers causes a reduced molecular conforma-
tional change upon excitation. In PTCBI, however, since
the tightly bound Frenkel exciton shows relatively little
dependence on layer thickness, only a small change in the
shape of the molecule upon excitation is observed as a
function of layer thickness. These differences have been
attributed to differences in the crystalline and composi-
tional structures of these two archetype OMC's.

Finally, a theoretical analysis of the interaction of exci-
tons and phonons in organic molecular crystals with
strong exciton-phonon coupling predicts that the exciton
and phonon energies scale similarly when layer thickness
is decreased in multilayer stacks. The predicted relations
are confirmed by experimental results.

The analyses of absorption, Auorescence, and electro-
absorption spectra, as well as the Franck-Condon energy,
exciton-phonon coupling, and film composition, are all
consistent with a model of exciton confinement in highly
ordered crystalline organic thin films. Effects such as the
trapping of excitons at surfaces and crystalline disorder
are ruled out as explanations of the several observed spec-
tral dependences on layer thickness.
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