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Forster Energy Transfer in an 

Optical Microcavity 


Piers Andrew* and William L. Barnes 

By studying the transfer of excitation energy between dye molecules confined 
within an optical microcavity, we demonstrate experimentally that Forster 
energy transfer is influenced by the local photonic mode density. Locatingdonor 
and acceptor molecules at well-defined positions allows the transfer rate to be 
determined as a function of both mutual separation and cavity length. The 
results show that the Forster transfer rate depends linearly on the donor 
emission rate and hence photonic mode density, providing the potential to 
control energy transfer by modification of the optical environment. 

Processes involving the interaction between 
light and matter are hdamental to much of 
science.An important example is the transfer of 
excitation energy from an excited donor mole- 
cule to an acceptor molecule through the reso- 
nant dipole-dipole interaction (RDDI). In addi-
tion to its key role in photosynthesis (1, 2), this 
process is of increasing importance as a means 
of improving the hctionality and efficiency of 
light-emitting diodes and lasers based on organ- 
ic materials (3, 4). Control of the spontaneous 
emission of light is accomplished by the use of 
structures in which the photonic mode density 
(PMD) is altered, thus manipulating the optical 
modes into which emission may take place (5, 
6). A wealth of research based on this concept 
is found within the areas of cavity quantum 
electrodynamics (7) and photonic band gap 
materials (8),and it would be of great interest if 
one could similarly enhance energy transfer. 
Here, we demonstrate that such enhancement is 
possible for the Forster transfer process by 
studying the transfer of excitation energy be- 
tween molecules confined within an optical 
microcavity. 

The physical nature of the excitation energy 
transfer mechanism depends on the donor-ac- 
ceptor separation, d. When the donor and ac- 
ceptor are far apart (d > WlO), transfer is 
radiative, coupling being mediated by a real 
photon. In contrast, when donor and acceptor 
are close, transfer is nonradiative, being medi- 
ated by a virtual photon, a process known as 
Fiirster transfer (9). Both processes involve in- 
teractions between the dipole moments of the 
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donor and acceptor molecules (10); the radia- 
tive process proceeds through the dipole far 
field, whereas nonradiative transfer occurs 
through the evanescent near-field components. 

Various theoretical investigations have ex- 
amined how the RDDI is modified by confined 
geometries such as microcavities (11-13) and 
periodic structures (14, 15). They predict that 
the PMD affects the RDDI, the strength of the 
effect dependent on the donor-acceptor separa- 
tion. Recent experiments on microcavities con- 
taining donors and acceptors in well-defined 
and widely separated positions (-W4) have 
demonstrated control over the radiative transfer 
process (16). To investigate the nonradiative 
Fiirster process requires a much reduced sepa- 
ration between donor and acceptor molecules. 
Hopmeier et al. (17 ) studied transfer between 
donors and acceptors randomly distributed 
throughout a cavity, observing increased accep- 
tor emission when the transfer energy was res- 
onant with a cavity mode. However, because 
Forster transfer depends strongly on the donor- 
acceptor separation, they were unable to draw 
any conclusions about the influence of the cav- 
ity on the nonradiative transfer process. The 
absence of appropriate experimental informa- 
tion leaves open the question of whether Forster 
transfer can be controlled by the local optical 
environment. 

To explore this question, we measured en- 
ergy transfer between monomolecular layers of 
donor and acceptor molecules separated by 
known distances contained within a series of 
microcavity structures. Locating donors and ac- 
ceptors at fixed positions within the microcav- 
ity structure ensured that the molecules experi- 
enced the same PMD. We show that transfer is 
by the Forster process and that the transfer rate 
depends on the PMD, demonstrating that mod- 
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ification of the local optical environment can be 
used to control the Fiirster transfer process. 

The length scale associated witkthe Forster 
process is called the critical distance and corre- 
sponds to the donor-acceptor separation for 
which the &ansfer rate equals the sum of all 
other donor decay rates, of order 5 nm. Because 
of this small characteristic distance, we need 
molecular resolution in the position of the do- 
nor and acceptor molecules, which we achieved 
using the Langmuir-Blodgett technique. This 
monomolecular deposition technique allows 
fabrication of microcavities in which cavity 
length, donor-acceptor separation, and position 
within the cavity can be specified with molec- 
ular precision. To clarify the effect of PMD on 
Forster transfer, we used a donor with mono- 
chromatic emission, ensuring a single transfer 
wavelength. This was achieved by the use of 
a Eu3+ complex [N-hexadecyl pyridiniurn 
tetrakis (1,3-diphenyl-1,3-propandionato)eu-
ropium (111)] as the donor molecule because 
the electric dipole transition at 614 nm has a 
width of only -5 nm and the long lifetime 
(-1 ms) allows accurate dynamic measure- 
ments of the transfer process. The acceptor, 
1,l '-dioctadecyl-3,3,3',3'-tetramethylindodi-
carbocyanine, has a high absorption coeffi- 
cient at the donor emission wavelength, allow- 
ing very efficient transfer to take place. The 
relevant absorption and emission spectra are 
given in Fig. 1. The combination of high ab- 
sorption and excellent spectral overlap results in 
an extremely large critical transfer distance 
(- 14 nm), ensuring that we can measure the 
distance dependence of the transfer with suffi- 
cient spatial resolution by intercalation of 
monomolecular spacer layers (thickness = 2.6 
nm) between donor and acceptor layers. 

The energy transfer system that we used 
consisted of donor and acceptor monolayers 
separated by zero, two, four, six, and eight 
layers, respectively, of a transparent material, 
22-tricosenoic acid. The strong distance depen- 
dence of the Forster process means that transfer 
from the donor occurs predominantly to the 
nearest acceptor. To ensure that the donor- 
nearest acceptor separation coincided with the 
donor-acceptor layer separation, we had to use 
highly condensed acceptor monolayers (area 
per molecule -1 nm2). In this way, we could 
vary the separation between donors and accep- 
tors from 0 to 25 nm in a carefully controlled 
manner. A consequence of the highly con-
densed acceptor layer is that the acceptor emis- 
sion is strongly self quenched and we were 
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unable to obtain time-resolved measurements 
of acceptor emission. 

To provide a wide range of PMDs, we 
examined this energy transfer system located 
centrally within three types of microcavity 
structure. Initially, a weak-cavity control sam-
ple was fabricated,comprising the energytrans-
fer system bounded by extra 22-tricosenoic acid 
layers forming a dielectric slab 130 nm thick 
(Fig. 2A). Halfcavity structures were formed 
by depositing the same system on top of a 
25-nm-thick silver mirror thermally evaporated 
onto a silica slide (Fig. 2B). A number of 
half-cavity structures, of cavity lengths I = 100 
to 200 nm, were made by varying the number 
of 22-tricosenoic acid layers bounding the en-
ergy transfer system. After acquiring time-re-

solved data, full microcavities were fashioned 
by the evaporation of a second, 20-nm-thick 
silver mirror on top of the half-cavity samples 
(Fig. 2C). The cavity lengths were chosen to 
sweep the resonance wavelength of the full 
microcavity through the energy transfer wave-
length, thus maximizing the range of PMDs 
available with this structure. Confirmation that 
these different structures exhibit a wide range 
of PMDs is provided by the donor-only decay 
transients (Fig. 2D), acquisition of which is 
described below. These data show that the 
spontaneous emission lifetime of the donor 
changes by a factor of -2.5 across the range of 
microcavities used, indicating a commensurate 
change in the PMD (18).The mirror thickness-
es used provide good confinement for the 

A 22-lricosenoic 

Donor layer 
Acceptor layer 

Fig. 1.Spectroscopicdata for the ,.o
donor and acceptor materials. 
The solid line is the donor emis- 5 
sion spectrum; the dotted and 0.8 

dashed lines are the acceptor ab- Z 
sorption spectrum and emission $ o.6 
spectrum, respectively. These 5 
normalized spectra were mea- c 
sured for samples comprising a 0.4 
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separate regions. Each sample included a donor-
only region so that the unquenched donor emis-

i ' W  

SIO, sion could be measured. (B) Half-cavity struc-
tures were created by the deposition of the 
energy transfer system on top of a silver mirror. 

Various cavity lengths were constructed by the deposition of extra 22-tricosenoic acid layers. (C) 
Evaporation of a second silver mirror on the top of the half-cavity sample forms the full-cavity 
sample. (D)The temporal decay of the unquenched donor emission at 614 nm for different 
microcavity samples, illustrating the range of PMDs probed. From left t o  right, the data correspond 
to  full, half, and weak cavities, each of cavity length -130 nm. The fitted average lifetimes are T = 
0.26. 0.40. and 0.65 ms. 

waveguide modes, while being thin enough to 
allow emission to be observed and the cavity 
modal dispersion to be determined by transmis-
sion measurements (19). 

Our experiment consisted of quantifying the 
quenching of the donor emission by the accep-
tor as a function of their separation. We 
achieved this by measuring the dependence of 
the donor emission lifetime on the separation 
distance. A photon-counting technique was 
used to measure the donor lifetime; donors 
were excited yith a N, laser (337 nm, 5-11s 
pulses), and their emission at 614 nmwas spec-
trally isolated and detected with a cooled pho-
tomultiplier tube. Theplurality of acceptormol-
ecules in the vicinity of each donor resulted in 
nonexponential temporal decay traces. Fitting 
to a multiexponential functional form with a 
nonlinear least squares fitting routine allowed 
the average lifetime to be calculated from a 
weighted average of the lifetime components. 
The donor emission decay curves shown in Fig. 
3A illustratethe increase in donor quenching as 
the donor-acceptor separation is reduced. The 
cavity is identical for each of these measure-
ments, save for variation in the acceptor posi-
tion, ensuring that the donor quenching is only 
due to a change in the degree of transfer to the 
acceptor. Furthermore, the PMD is constant (to 
<5%) for all donor-acceptor separations stud-
ied, as confirmed by numerical modeling. 

Forster transfer theory predicts the 
quenching to have an inverse fourth power 
dependenceon layer separation;this was con-
firmed for a similar transfer geometry by 
Kuhn et al. (20).Our samples also exhibited 
this behavior (Fig. 3B) and from these 
quenching data, we determined the critical 
distance, do, by fitting the appropriate func-
tional form to our data, Eq. 1. 

Here, T , , ~  is the lifetime of the donor distant 
d from the acceptor, T~ is the donor lifetime 
in the absence of the acceptor, and do is the 
critical distance. The agreement between our 
data and the fit obtained from Eq. 1 demon-
strates that the donor quenching observed 
was due to the Forster process. 

To establish the dependence of Fiirster 
transfer on PMD, we then determined the crit-
ical distance in a similar way for all 12 confin-
ing structures studied. The critical distance so 
obtained is plotted in Fig. 4A as a function of 
the donor emission rate, rD(= 1 1 ~ ~ ) .The use 
of the donor emission rate as abscissa has two 
important advantages. First, the donor emission 
rate is a direct measure of PMD (It?), and, 
second, it allows us to compare the results from 
all cavities on the same axes. To within exper-
imental error, the critical distance is indepen-
dent of the donor emission rate, with an average 
value of 14.1 f- 0.6 nm. As the critical distance 
is the donor-acceptor separation for which the 
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transfer rate is equal to the sum of all other 
donor decay rates, our observation of a fixed 
value for the critical distance implies that the 
transfer rate must vary linearly with the donor 
emission rate. 

Further insight can be gained by reanalyz- 
ing our data to explicitly examine the effect 
of the cavity on the energy transfer rate T,,, 
obtained from the rate equation for the sys- 
tem derived from Eq. 1: 

rET= rDA- rD= D(do/d)4  (2) 

rD, is the donor emission rate, d is distance 
from the acceptor, and r, is the donor emission 
rate in the absence of the acceptor. Figure 4B 
shows r,, as a h c t i o n  of r, for data corre- 
sponding to donor-acceptor separations of four, 
six, and eight layers from all microcavities. We 
did not include data for zero- and two-layer 
separations because the high degree of donor 
quenching resulted in too low a signal level. A 
family of lines results, each line corresponding 
to a fixed donor-acceptor separation. This linear 
dependence of the transfer rate on the donor 
emission rate is direct evidence that Forster 
transfer does depend on the PMD within the 
cavity. Using Eq. 2, we can extract the critical 
distance from the gradients of the lines shown 
in Fig. 4B. For donor-acceptor separations of 
four, six, and eight monolayers, we find the 
critical distance to be 13.7 ? 0.4, 13.5 i: 0.4, 
and 10.0 t 1.7 nm, respectively, and they are 
generally in good agreement with the critical 

Fig. 3. Quenching of the donor 
emission by the acceptor layer as 
a function of the donor-acceptor 
separation measured for one of 
the half-cavity samples (cavity 
length = 200 nm). (A) Temporal 
decay of the donor emission at  
614 nm for the various donor- 
acceptor separations, measured 
after excitation at 337 nm. The 
traces correspond to, from Left t o  
right, donor-acceptor layer sepa- 
rations of zero, two, four, six, and 
eight 22-tricosenoic acid spacer 
layers, respectively. The right-
hand trace is for donor decay in 
the absence of an acceptor layer. 
In each case, the emission mea- B 
sured is purely due t o  the donor 
because acceptor emission is 
minimal at 614 nm and has a 
much shorter lifetime (-ns) and 
can thus discounted. (8) Donor 
lifetime in the presence of an 
acceptor layer, T,,, as a function 
of donor-acceptor layer separa- 
tion. The lifetimes are obtained 
from the data in (A) and are 
represented by the open circles, 
and the solid line is obtained by 
f i t t ing Eq. 1 t o  the data. For this 
sample, we find do = 14.7 t 0.3 0 5 10 15 20 25nm and 7, = 0.45 t 0.01 ms. 
The intensity of the donor emis- Donor-acceptor layer separation (nm) 
sion was also quenched with a 

l / d4  dependence on the donor-acc :eptor separation. 


distances independently obtained from the 
quenching curves (Fig. 4A). The comparison 
for the eight-monolayer separation is not quite 
as good, however. For such large separations, 
the transfer probability is small compared with 
that of direct emission, making the extraction of 
transfer parameters less reliable. 

It is instructive to compare the critical 
distance measured for transfer within our 
cavities with the value found with an inde- 
pendent spectroscopic technique. The critical 
distance in unrestricted planar geometries is 
given by Kuhn et al. (20): 

4( j4&wdA)Ldo=, 4 (3) 

Here, a is an orientational factor accounting for 
the distribution of the donor and acceptor dipole 
moments within the layers, A, is the donor 
emission wavelength, n is the refractive index of 
the medium, and q is the donor quantum effi- 
ciency. The integral represents the spectral over- 
lap of the donor emission spectrumf,(A) and the 
acceptor absorption spectrum &(A); f,(A) is 
normalized such that the integrated intensity is 
equal to one on the wavelength scale. Using the 
appropriate values for our system (21), we ob- 
tain do = 13.9 i:0.5 nm,in excellent agreement 
with the experimentally measured values report- 
ed above and further confirmation that transfer 
is due to the Fijrster process. 

Time (ms) 

We found that the rate of Fijrster energy 
transfer between dve molecules contained with-
in microcavities is directly dependent on the 
cavity PMD. This follows from our demonstra- 
tion of both the independence of the critical 
transfer distance and the associated linear de- 
pendence of the energy transfer rate on the 
donor emission rate rD.The link between the 
transfer rate r,, and the cavity PMD at 
the transfer energy, p(w), can thus be directly 
obtained from Fermi's Golden rule as T,, a rD 
= (.rr!2fi2) 1 Mu 1 p(o) (I M,,/is the matrix ele- 
ment for the donor transition) (18). We interpret 
our results as follows. Placing the donor in a 
microcavity alters the effective donor oscillator 
strength, lMii12p(o). As the Fijrster transfer pro- 
cess depends directly on the donor oscillator 
strength (9),the microcavity changes the trans- 
fer rate between donors and acceptors confined 
within it. Alternatively, one could say that the 
donor is dressed by the rnicrocavity. 

It is important to identify the different roles 
that resonant electromagnetic modes play in 
radiative and nonradiative transfer processes. In 
a donor-only system, resonant modes provide a 
strong decay channel and so increase the donor 

weak cavity half cavities full cavities 

Fig. 4. Dependence of Forster transfer on the 
donor emission rate. (A) Critical distances were 
determined for the various microcavity struc- 
tures, and hence donor emission rate, from 
quenching curves similar t o  that of Fig. 3B. The 
open circles wi th error bars are the experimen- 
tal data; the dashed line is the value of critical 
distance predicted for our energy transfer sys- 
tem with Eq. 3. (B)Dependence of the Forster 
energy transfer rate, r,,, on the donor emission 
rate in the absence of acceptors, r,, for all 
microcavities studied. Data are shown for three 
donor-acceptor separations, four layers (O),six 
layers (A), and eight layers (V), together wi th 
linear fits for each set of data. The vertical lines 
divide the data into the three cavity types 
studied. The data show that the Forster transfer 
rate depends linearly on the donor emission 
rate for all donor-acceptor separations. 
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decay rate, thus effectively increasing the donor 
oscillator strength. In the nonradiative Forster 
process, the transfer rate is dependent on this 
oscillator strength and so is similarly enhanced 
by the PMD, as shown here. The situation is 
different for radiative transfer. Because the ev- 
anescent donor dipole near-field components 
are negligible for separations appropriate to ra- 
diative transfer, the mode acts directly as a 
mediator, being the only way of transporting 
energy from donor to acceptor. This process 
does not alter the donor decay rate because 
donor and acceptor are decoupled by the medi- 
ating photon. This situation was studied by 
Folan et al. (22),who investigated transfer be- 
tween donors and acceptors positioned on the 
surface of a microdroplet. Enhanced acceptor 
emission was observed because of a two-stage 
process; the donor excited a Mie resonance of 
the droplet, which was in turn damped by ex- 
citation of the acceptor. The high field strength 
associated with the Mie resonance allowed ef- 
ficient transfer over large donor-acceptor sepa- 
rations (- 10 km). 

The enhanced transfer we observe for small 
donor-acceptor separations is not predicted in 
recent theoretical work ( I  I ,  12). These reports 
concentrate on the effect the cavity has on the 
photons that mediate the transfer and in doing 
so ignore the important effect of the cavity on 
the donor; they appear to assume unit donor 
oscillator strength. Summarizing their picture, 
when donor and acceptor are close and transfer 
is efficient, the cavity has little effect on the 
evanescent mediating photon, so transfer is un-
altered. In contrast, when donor and acceptor 
are well separated, the mediating photon is real 
or propagating and strong transfer enhancement 
is predicted. Unfortunately, transfer is much 
less likely at these large separations; conse- 
quently, observation of this enhancement re- 
quires the use of either a high-quality factor 
cavity (22) or a large number of acceptor mol- 
ecules (16, 17). By assuming unity donor os- 
cillator strength, the theories discussed above 
miss the important role the cavity plays in 
modifying the Forster transfer process. The 
dependence of the Forster process on the 
donor oscillator strength has been known 
since the first reports on energy transfer (9). 
With the current interest in the use of pho- 
tonic materials to control optical processes, it 
is surprising that enhancing transfer by mod- 
ifying the donor oscillator strength seems to 
have been overlooked. 

This new understandmg can be put to prac- 
tical effect. In many device architectures, fab- 
rication is simplified by the deposition of active 
layers containing a random distribution of dye 
molecules, rather than as an ordered nanosmc- 
ture. In such systems, the Forster process is 
likely to be the dominant transfer mechanism 
because any excited donor will have a number 
of acceptor molecules in close proximity. In- 
deed, Forster transfer has already been used to 
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Hurricane Disturbance and 

Tropical Tree Species Diversity 


John Vandermeer,'* liiigo Cranzow de La Cerda,' 
Douglas B ~ u c h e r , ~  lvette perfect^,^ Javier Ruiz5 

The debate over the maintenance of high diversity of tree species in  tropical 
forests centers on the role of tree-fall gaps as a primary source of disturbance. 
Using a 10-year data series accumulated since Hurricane Joan struck the Ca- 
ribbean coast of Nicaragua in  1988, we examined the pattern of species ac- 
cumulation over t ime and with increased sampling of individuals. Our analysis 
shows that the pattern after a hurricane differs from the pattern after a simple 
tree-fall disturbance, and we conclude that pioneers are limited in  large dis- 
turbances and thus do not  suppress other species the way they do in  smaller 
disturbances. 

A persistent issue in ecology is how tree 
species diversity is maintained in tropical 
rainforests (1, 2).  Studies have proposed (3, 
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4 )  and then challenged (5) the idea that dis- 
turbances. in the form of tree-fall light gaps. 
set back the process of competitive exclusion, 
thus conforming to the intermediate distur- 
bance hypothesis (1). This hypothesis states 
that neither very large nor very small distur- 
bances can deter the eventual extinction of 
species, either through competition or 
through the disturbance event itself, and that 
only disturbances of intermediate intensity 
can have this effect. Central to the interme- 
diate disturbance hypothesis is a higher spe- 

788 	 27 OCTOBER 2000 VOL 290 SCIENCE www.sciencemag.org 

mailto:jvander@umich.edu

