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The fluorescence efficiency of thui 'evaporated films of tetracene has been investigated as a function of distance from the
surface of Si and GaAs utilizing LiF as a spacer. The non-adiative decay rate decreases exponentially with spacer thickness

below =400 X. These results differ from theoretical predictions based on a dipole—dipole mtemctlon between a single mole-

cule and the semiconductor.

The possibility of energy transfer from an excited
molecule to a nearby semiconductor was recently pro-
posed by Dexter [1], who thus extended previous
work [2—5] on energy transfer from an excited mole-
cule to a metal. Dexter’s idea was that energy pro-
duced in the form of excitons in a strongly absorbing
organic coating could be transferred to a semiconduc-
tor producing free electrons and holes in the semicon-
ductor. The energy transfer occurs via a non-radiative
process from the excited molecule when the excitation
energy of the molecules is greater than the band gap
of the semiconductor. Below we report the initial re-
sults of an experimental study of energy transfer from
an organic thin film (tetracene) to a semiconductor
(Si or GaAs).

Extensive theoretical and experimental investiga-
tions have been made on the interaction of an emit-
ting dipole with a nearby metal surface [2,5]. The
lifetime of an emitting dipole changes with the dis-
tance between the dipole and the metal. The depen-
dence of lifetime on the separation has been well ex-
plained wsing classical electromagnetic theory [2].
Non-radiative decay of a dipole emitter at a separation
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well below the wavelength of emitted light is attrib-
uted to absorption of virtual photons by the metal
[3.4]. Recently, Stavola et al. [6] have performed a
quantum mechanical calculation of the interaction be-
tween excited molecules and semiconductors based

on the dipole—dipole interaction mechanism. They
concluded that, if the distance d of the excited mole-
cule from the semiconductor surface is much larger
than the semiconductor lattice constant, the energy
transfer probability is proportional to 4 —3. This is

the same result as obtained from the classical analysis
[2]. If the energy of the emitted photon is in the indi-
rect absorption region of the semiconductor, the prob-

" ability is small because it is proportional to the absorp-

tion coefficient of the semiconductor. However, for

" distances d of the order of 10 lattice spacings or less

the momentum conservation rule between photons

- and interband transitions of the semiconductor is re-

laxed and the transfer rate deviates from the d —3 rule.
For the indirect band gap case, a probability propor- -
tional tod 4 is predicted.

In this paper new results are given of an experimen-
tal study of energy transfer from organic molecules to

. Si and GaAs single crystals. Thin evaporated films of

tetracene were used as the sensitizer. The fluorescence
efficiency of tetracene was measured as a function of

0 009-2614/83/0000—-0000/$ 03.00 © 1983 North-Holland 461



Volume 94, number 5

distance from the surface. A strong interaction, differ-
ent than predicted by the above theory. is observed
between the solid tetracene film and the semiconduc-
1OFS.

In order to put the film oftctracene at various dis-
tances from the surface of Si or GaAs, a LiF layer to
serve as a spacer was evaporated onto the room-tem-
perature semiconductor. Deposition of previously pur-
itTed terracene was performed at =130 K or at room
temperature (RT) in a clean vacuum chamber (=10-8
Torr). Oprical measurements were then performed in
situ without exposing the samples to atmospheric pres-
sure, The film thickness of tetracene and LiF was mea-
sured with a quanz crystal monitor. Most measure-
ments were then made with 50 A thick tetracene films.
Tetracene evaporated on 130 K substrates has an amor-
phous structure as long as it is kept at this temperature,
while evaporations onto RT substrates yield polycrys-
talline tilms [7.8]. Fluorescence measurements were
perfornied at =130 K because of the higher lumines-
cence efficiency at low temperatures [8]. An Art laser.
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(5145 A) provided excitation incident at 45° to the.
surface. The intensity of fluorescence was measured
normal to the surface with use of a monochromator -
and a photomultiplier tube. The laser beam intensity
was kept sufficiently low to prevent ablation of the
tetracene and thermal heating effects within the film.
The measured fluorescence intensity did not change
with time during exposure by the laser.

The emission spectrum of polycrystalline tetracene
is similar to that resulting from singlet exciton lumines-
cence in single crystals [9], while the spectrum of
amorphous tetracene has a Stokes-shifted broad band
peaked at =~6000 A. Measurements were made at the -
emission wavelength of 5800 A for both amorphous
and polycrystalline tetracene.

The fluorescence intensity of tetracene is shown as
a function of LiF thickness in fig. 1. Dependences ob-
tained for high-purity Si and GaAs are shown in 1ig. 1a,
while those for three samples of Si with different dop-

_ing are shown in fig. 1b. The solid curves in both figs.

1a and 1b are results for amorphous tetracene, while
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Fig. 1. Fluorescenee inwensity of tetracene versus LiF thickness. All curves have been normalised to unity at 2000 A. Solid curves
in {a) and (b) are for amorphous tetracene while the dashed curve in (a) is for polycrystalline tetracene. No difference is observed

between n- and p-type Siof 2 cm resistivity.
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the dashed curve in fig. 1a is for polycrystalline tetra- -
cene on Si of resistivity ~2 X 10° © cm. The intensity
I for each sample was normalized to the intensity I at
a 2000 & LiF thickness. In the region above 2000 A
the intensity shows an oscillatory behavior which is
the result of interference between emitted light and
that reflected at the semiconductor surface. The inten-
sity does not exceed the value at 2000 A for any LiF
thickness. Therefore, we assume that the interaction
which causes the non-radiative decay of tetracene is
negligible at 2000 A LiF. For spacer thicknesses less
than =700 A interference effects modify the fluores-
cence intensity only slightly, and hence we concen-
trate only on the region below ~700 A in the follow-
ing analysis. Fig. 1 shows that the change in the inten-
sity depends on the type of semiconductor. This fact
tells us that an interaction exists between the tetracene
film and semiconductors across the LiF spacer. Anneal-
ing of the LiF film before evaporation of tetracene did
not make any change in the results of fig. 1. Measure-
ments were also made on samples with a thick tetra-
cene film (170 A). In this case, excited molecules of
tetracene are distributed over the thick film according
to the absorption coefficient, thus the change in inten-
sity with LiF thickness was not as sharp as shown in
fig. 1. However, the behavior was qualitatively similar.
Let us express the fluorescence efficiency, 77, of
tetracene as =k [(k, + &y + k), where &k is the
probability of radiative decay, k; is that of non-radia-
tive decay due to interaction with the semiconductor
and k, is that of other non-radiative decay mechanisms.
The quantum efficiency of fluorescence g of tetracene
without any interaction with the semiconductor is
given by q =k /(k, + k). The measured value of /[
can be assumed to be the ratio /g, and is given by
I/l = (1 + gk/k;)~1. Hence, the ratio of the decay
rates ky/k, can be obtained as ky/k, = g~ (/I — 1).
Values of I/I— 1 derived from the data of fig. 1a for
amorphous tetracene are plotted against LiF thickness
in fig. 2. If the reduction in fluorescence efficiency
near the semiconductor surface is due to energy trans-
fer by the dipole—dipole mechanism {1,2] the depen-
dence of ky/k; on the distance d should be ky/k;
=Bd-3. A dotted line drawn along the data of GaAs
in fig. 2 shows the d—3 dependence for comparison.
The experimental results do not agree with theory be-
low =200 A LiF for either Si or GaAs. According to
classical theory {2,6] the value of 8 can be estimated
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Fig. 2. Io/I — 1 versus LiF thickness. The dashed iine shows
the d~3 dependence resulting from the model based on the di-
pole—dipole interaction.

from the optical constants of the semiconductor and
LiF at the fluorescence wavelength. The calculated
value for GaAs at d = 100 A, for example, is k;/k, = 5,
using the value of 10 cm™! for the absorption coef-
ficient of GaAs at 5800 A. For the case of Si the value
of kj/k, should be two orders of magnitude smaller
than for GaAs because the emission band of tetracene
is in the indirect absorption region of Si. Experimental
values of ky/k, from fig. 2 are =60 for GaAs and 20
for Siat d = 100 A when the quantum yield g is as-
sumed to be unity. Therefore, it is difficult to explain
the present results with the single-dipole-semiconduc-
tor model of energy transfer. Rosetti and Brus [10]
have reported deviations from the d—3 dependence
energy transfer rate for phosphorescence decay mea-
surements of pyrazine on silver surfaces. However,
they subsequently found [11] the deviations resulted
from an unexpectedly wide distribution of d values.

In the present work the tetracene is evaporated on top
of cold LiF films of uniform thickness and there ap-
pears to be no possibility of a significant distribution
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for amorphous 1etracene while the dashed line is for polycrys-
talline tetracene.

of d values although there is some effect resulting from
the 530 A tetracene film thickness for thin LiF films,

In fig. 3, values of log({, /1 - 1) are plotted against
thickness d. Fig. 3 indicates that an exponential de-
pendence is a goud approximation. The ratio Ay/k; can
be expressed as

ky/k, =ce i, m

In addition. the tetracene thickness dependence of
the fluorescence efficiency was measured for amor-
phous tetracene deposited directly on a Si surface
without the LiF spucer. Fig. 4 shows the normalized
intensity of fluorescence as a function of tetracene
thickness on Si (=2 X 10% € cm). The normalization
was made 1o the intensity measured for tetracene of
the same thickness deposited on Si with a thick (200C
A) LiF spacer. The normalized intensity is, therefore,
assumed 10 be the efficiency of fluorescence at each
tetracene thickness. The dashed curve in fig. 4 is
calculated based on the following assumptions: (1) the
tetracene film is composed of layers parallel to the
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Fig. 4. Fluorescence intensity versus the thickness of amor-

phous tetracene deposited directly on Si(2 X 105 2 em). Nor-
malization was made 1o the intensity measured for tetracene
of the same thickness deposited on Si with 2000 A of LiF. The
dashed curve is calculated as discussed in the text.

surface: (2) the density of excited states in each layer
depends on the depth of the layer from the illumi-
nated surface according to the absorption coefficient;
and (3) the decay of the excited state obeys eq. (1) at
each distance from the surface of Si. The contribution
to the fluorescence from each layer is integrated over
the entire film thickness. The absorption coefficient
of tetracene used was taken as 5 X 10% cm—1, and the
constants ¢ and v in eq. (1) were obtained from the
data for Si (=2 X 105 £ cm) in fig. 3. Diffusion of
excitons within the tetracene film was not taken into
account. The calculated curve is very close to the ex-
perimental results except below 40 A.

The fluorescence decay time was also measured for
samples of polycrystalline tetracene at =100 K. The
excitation source was a 530 nm pulse from a frequeney-
doubled Nd—Y AG laser whose pulse width is =30 ps.
The fluorescence signal was detected with a lowjitter
streak camera system [12]. Measurements were made
on several samples with LiF spacer thicknesses (on Si)
varying from 30 to 600 A. The fluorescence decay had
a fast component with a decay time of =100 ps fol-
lowed by a slow component whose time constant was
too long to be measured by the present apparatus. The
intensity of the fluorescence signal changed with the
spacer thickness (consistent with the cw dependence



Volume 94, number 5

of In/I — 1 on spacer thickness shown above), although
no change in the decay characteristics were observed

in the time range from zero to 500 ps irrespective of
the spacer thickness. The results of these decay time
measurements indicate that the reduction of fluores-
cence efficiency by the interaction with the semicon-
ductor is not due to the shortening of lifetime of the
fluorescing state but to the decrease of the population
of fluorescing states of tetracene molecules.

The distance dependence of fluorescence intensity
in fig. 1a shows that the quenching effect is stronger
in the case of amorphous tetracene than in the poly-
crystalline case. This fact tells us that the effect is de-
pendent on the nature of the tetracene film. The amor-
phous film is considered to be a uniform film of mole-
cules with random orientations, while the polycrystal-
line film has many grain boundaries [7]. In fig. 4, we
can see that the fluorescence efficiency goes up as the
thickness of tetracene becomes thin below =40 A.
Very thin evaporated films may not represent a uni-
form dielectric film, but rather a random distribution
of small molecular aggregates. This fact also suggests
the role of the uniformity of the film on the quench-
ing effect. One can therefore conclude that the states
interacting with the semiconductor are not the ex-
cited states of individual molecules.

Let us discuss briefly possible mechanisms for ener- -

gy transfer which might explain the above results. One
candidate might be charge transfer from a conducting
state of tetracene to the semiconductor. Photoconduc-
tivity measurements [13] on amorphous tetracene
films have shown that photoconductivity is observed
over the entire region of optical absorption. However,
in order for tunneling of free carriers to occur over a
distance of the order of the 100 A thickness of the LiF
spacer, the potential barrier height would have to be
<1 meV. Such a small barrier height is inconsistent
with the large band gap energy (13 eV) of LiF.
Another explanation involves a surface excitation
on the tetracene film. Electromagnetic waves propa-
gating along the surface of a thin isotropic film can be
excited by optical radiation at photon energies slightly
higher than the absorption of the bulk exciton when
the two media on either side of the dielectric film have
different dielectric constants [14]. A surface wave on
the tetracene film might be excited by the light of the
incident beam reflected from the surface of the semi-
conductor. If the quenching effect occurs because of
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a tetracene surface wave interacting with the semicon:
ductor the effect must depend on the direction of ex-
citation since surface wave amplitudes depend on the
angle of incidence because of the momentum match-
ing condition. We measured the dependence of 1, /1

— 1 on spacer thickness at nominal normal incidence
instead of at 45°. The result shows that the depen-
dence is still exponential, but the constant ¢ in eq. (1)
is reduced by a factor of =2.5_ This fact supports the
possibility that a surface wave excitation in the tetra-
cene film plays a role in quenching the fluorescence.
One might suppose that the energy dissipation results
from the interaction with the semiconductor of the
surface wave excitation before localization to excited
individual molecules occurs.

With regard to the role of surface wave excitations
on the energy transfer, Weber et al. [15] have investi-
gated the energy transfer between excited molecules
and surface plasmons on a metal. They report that the
energy rate decreases exponentially with distance for
resonance between the excited molecules and the sur-
face plasmon. Nevertheless, further study is required
to obtain a better understanding of the exponeniial
distance-dependence of energy transfer in the present
system. - :
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