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The Photophysical Properties of Molecules 

Near Metal and Semiconductor Surfaces 

By 

Armand Paul Alivisatos 

Abstract 

Theoretical and experimental work on the interaction of a 

molecular excited state with a smooth metal substrate is reviewed. The 

theoretical discussion concentrates on the classical image dipole 

treatment of the interaction because of its success in comparison with 

experiment. The shortcomings of the classical model, as well as 

proposed corrections are presented. Prior experimental work is 

considered in detail, with special emphasis on the case where the 

molecule is located within looA of the substrate. 

In order to test the classical model, we have measured the 

distance dependent lifetime of 3n~* Biacetyl separated from a Ag(lll) 

crystal by spacer layers ranging in thickness from 28 to 457A. 

Previous work is extended, where the molecular emission energy was 

resonant with the silver interband/plasmon transition, to the case 

where the emission is below the interband transition. At short 

distances where nonradiative energy transfer to the metal is important, 

the classical prediction deviates from the data. These observations 

are consistent with a model in which energy is transferred to electrons 

localized at the metal surface preferentially, rather than bulk 

electrons. 
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The classical theory of energy transfer, which has been widely 

applied to molecule-metal energy transfer, is applied here to molecule

semiconductor energy transfer. The energy transfer rate from molecules 

emitting throughout the visible to Si and GaAs have been computed using 

this model. Energy transfer from 3nrt* pyrazine to GaAs(llO) has been 

studied experimentally. Within experimental error, the classical model 

reproduces measurements of the distance-dependent lifetime for emitter

surface separations from 20 to 430A. 

The fluorescence decay function of pyrene separated from 

Si(lll) by Xe spacer layers has been measured as a function of 

coverage, wavelength and spacer thickness. The experimental evidence 

suggests that energy transfer within the pyrene layer with subsequent 

trapping by an excimer plays an important role in determining the decay 

time, when the spacer layer is thick. A model developed to explain, 

excitation transfer and trapping in bulk amorphous solids can 

qualitatively account for the coverage and wavelength dependencies. 

The spacer thickness dependence is due to dipole-dipole energy transfer 

between the molecule and the semiconductor. 
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Part I 

Energy Transfer From Electronically Excited Molecules 

to Metal Surfaces 

Chapter 1. Review 

I. Introduction 

Twenty years ago a series of experiments were reportedl - 3 , 

which studied for the first time the effect of a metal on an 

electronically excited molecule located hundreds or thousands of 

angstroms away. In these experiments, the Langmuir-Blodgett monolayer 

assembly technique was used to create a variable thickness spacer layer 

on top of the metal, and a layer of the luminescent molecules was 

placed on top of the spacer. In this manner, the lifetime or quantum 

yield of the molecular excited state could be measured as a function of 

its distance from the metal surface. At distances on the order of the 

molecular emission wavelength, it was found that the excited state 

lifetime oscillates as a function of distance from the surface. These 

observations could be explained using a simple interference model3 , in 

which the radiative emission rate of the molecule is modulated by its 

own field, which is reflected by the metal. When the reflected field is 

out of phase with the directly emitted field of the molecule, the 

radiative rate is decreased; when the reflected field is in phase, the 

radiative rate is increased. In the initial experimental 
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investigations, it was also found that at distances much less than the 

emission wavelength, the lifetime of the molecule drops precipitously 

as the molecule is brought closer to the surface. While only a few 

po ints were obtained in this regime, these initial results were of 

great theoretical interest. 

In the 1970' s theoretical investigations showed that in the 

short distance regime the molecule nonradiatively transfers energy to 

the substrate4 ,S. During this period a simple, classical model for the 

energy transfer process was developed in great detai14 . In this model, 

the molecular excited state is pictured as being a point dipole, while 

the solid is modeled as a medium of frequency dependent dielectric 

constant I! (w). This theory predicted that the nonradiative energy 

transfer rate would depend on the inverse cube of the surface-molecule 

separation, a prediction which can be understood on general dimensional 

grounds. It is well known that a standard dipole-dipole Forster energy 

transfer rate depends inversely on the sixth power of the distance. 

For the case of a dipole above a metal, the problem is equivalent to 

one in which a point dipole transfers energy to a volume of point 

dipoles. The rate must be integrated over this volume and the distance 

dependence is thereby reduced to cubic. By the same reasoning one 

expects quartic distance dependence for transfer to a surface or thin 

film and a fifth order dependence for transfer to a one dimensional 

array. The classical theory, as well as the early experimental 

results, has been reviewed extensively3,4. 

2 
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I ... 

Since the development of the classical theory, its predictions 

have been tested by many groups, using a variety of experimental 

configurations. In addition, many theoretical limitations of the 

classical theory have been discussed. It is the purpose of this review 

to summarize the experimental tests of the short distance predictions 

of the classical theory, and to lay forth the various limits in which 

the classical theory has been predicted to fail. We will confine 

ourselves to a discussion of energy transfer from molecules to flat. 

planar surfaces, although a variety of other interesting geometries 

have been studied, both experimentally6 and theoretically7. Also the 

energy level shifts present for a molecule near a substrate is not 

discussed here, although both theoretical4 ,8 and experimental9 work on 

this effect exists. The energy transfer to flat, planar surfaces is a 

problem of general interest, and has been the subject of many 

investigations. 

In this review the classical treatment of this interaction is 

discussed in detail. Subsequent to this discussion, various 

nonclassical theories which give a fuller treatment of the problem are 

considered. In the second section the experimental studies of this 

process in the short distance, or energy transfer regime are reviewed. 

Finally the prospects for future research in this area are discussed. 
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Theory 

In the subsequent pages the classical treatment of this effect 

\ 
is described. The assumptions of the classical model are delineated 

and a qualitative understanding for the origin of energy transfer is 

provided. The primary classical results are presented and the 

limitations of the classical theory are discussed. Secondly more 

recent extensions of the classical model are treated. Distinct models 

and the manner in which they differ from the classical model are 

discussed. 

A. Classical Hodel 

After the observation of the distance dependence of the 

lifetime of an excited state above a metal surface, theoretical efforts 

were made to explain the results. Drexhage2 ,3 treated the interference 

of the dipole with its reflected field and found good agreement with 

experiment at long distances, distances greater than lOOOA. 

S~bsequently, KuhnlO , 11 treated the interaction in a weak absorber 

limit and obtained much better agreement at short distances, at least 

qualitatively. An extension of this model, by Morawitzl2 , treated the 

molecule quantum mechanically but the radiation field classically. 

Philpott13 treated both the molecule and radiation field quantum 

mechanically and found good agreement with the classical treatment. 

Tews l4 and later Sipe1S solved the classical problem of the damping of 

a point dipole by a planar metal a distance d away and obtained good 
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agreement with experimental results. Chance, Prock and Si1bey (CPS) in 

a series of papersS ,16-20 summarized in a classic review article4 , 

solved the same problem and extended their results to a much more 

general set of experimental configurations. The treatment of CPS is 

the definitive classical treatment and is discussed at length . 

CPS use a purely classical description of the 

molecule-substrate interaction following very closely a derivation 

given by Sommerfe1d21 for the problem of radio wave propagation above 

the earth. The molecule in the CPS description is a damped, driven 

harmonic oscillator. The field of this oscillator interacts through 

space with the metal which is described as a continuous medium of 

dielectric constant E(W). The oscillator field consists of two 

components. One component extends infinitely away from the oscillator 

and obeys the dispersion relation of light (w - ck), and is called the 

radiation field. The other component decays rapidly away from the 

oscillator, and while it oscillates at the radiation field frequency, 

it does not obey the dispersion . relation of light. This component is 

called the near field. CPS solve Maxwell's equations under the 

boundary conditions of an explicit experiment (as in figure 1) and for 

an arbitrary set of interfaces. By computing the energy flux away from 

the oscillator they are able to obtain an expression for the decay rate 

of the oscillator in the presence of the metal. They find that the 

interference effects observed by Drexhage occur through the radiation 

field and at short distances energy transfer to the metal occurs 

through the near field. 
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Although CPS give a very general treatment of the problem, 

there are important assumptions made in their model which are not 

necessarily valid. First the molecule is described as a classical 

oscillator and, additionally a point oscillator. Second, they assume 

that the metal is a continuous medium described by a complex dielectric 

constant which contains no wavevector (spatial) dependence. This 

assumption means that high wavevector components of the oscillator 

field interact with the substrate just as a radiation field does. 

Third, they assume that boundaries between media are infinitely sharp 

and planar. Fourth, they imbed the emitting dipole in a loss less 

medium. Despite what may appear to be very severe assumptions, the 

classical treatment of CPS has had extraordinary success in describing 

experimental observations. 

CPS give various derivations of their result. For an easy 

separation into nonradiative and radiative rates, the energy flux 

treatment alluded to earlier is beneficial. For insight into the 

physics of the process a mechanical model similar to that given 

originally by KuhnlO is helpful. An oscillating dipole near a surface 

is driven by its own electric field which has been reflected from the 

interface. The equation of motion for the dipole is 

where p 1s the dipole moment, wO is the natural oscillation frequency 

6 
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of the undamped dipole, bO is the decay rate for the dipole in the 

absence of any interfaces, m is the effective mass of the dipole and Er 

is the reflected electric field at the dipole position. The reflected 
; 

field oscillates with the same complex frequency as.~he dipole. If one 

assumes a functional form 

~ - ~oexp(-i(wO+~w)t)exp(-bt/2) 

Er Eoexp(-i(wo+~)t)exp(-bt/2) 

and substitutes into the equation of motion, the frequency shift, 6w, 

and new decay rate, b, can be calculated4 . CPS obtain the result 

~ - b02/8wO + (e2/2~omwo)Re(Eo) 

b - bO + (e2/~omwo)1m(EO) 

Therefore, it suffices to evaluate the reflected field to solve the 

problem. 

Although CPS treat many geometries and types of oscillators, a 

"dipole oscillator and the experimental geometry shown in figure 1 is 

the simplest one amenable to experimental study. In this geometry the 

luminescent molecule is placed a distance d away from the substrate of 

dielectric constant f2, and is imbedded in the spacer layer with 

dielectric constant fl. The second interface is the vacuum or 

ambient/spacer layer interface and is located a distance s from the 

emitting dipole. The expression for the total molecular decay rate is 

7 
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d £.(spa cer) 

XBL 848-3505 

Figure 1: In this schematic of an experimental arrangement [48] 

the c·s are the dielectric constants of the regions. The solid lines 

are the boundaries between the media and the dotted line represents 

the center of the emitting molecule. The molecule to substrate 

distance 1s d and the molecule to ambient distance is s. 

'/ 
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given by equations 2.46-2.50 of reference4 

bJ.,II_ bO (1 - qG1,1/) (1) 

where bO 1s the decay rate of the molecule in an unbounded medium of 

dielectric constant £1 and q is the quantum yield of emission. The 

quantity G is given by 

F(a,-R~2) F(s,-R!ls ) 

F(a+s), -Ri'2R~s) 
du 

for dipoles oriented perpendicular to the surface and 

(2) 

du (3) 
11 

for dipoles oriented parallel to the surface, where F(x,y) - 1 + 

.1 
Rij (li-lj)/(li+lj) 

R~j - (£ilj-t'jli)/(£ilj+£jl1) 

The Rij expressions are the complex Fresnel coefficients. The 

subscripts refer to the different regions specified in figure 1, the 

£ i' s correspond to the dielectric constants of these regions and the 

variable u is the wavevector of the dipole field, normalized with 
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respect to the wavevector of the dipole radiation field. This result 

has been used to describe many of the observed phenomena. 

CPS give results for many more cases: the emitter can be placed 

in any lossless medium of dielectric constant £i with any integer 

number of surrounding media; the media may be birefringent; the emitter 

can be either an electric or a magnetic mUltipole oscillator of 

arbitrary orientation with respect to the interface. They also model 

the case of thin films and show explicitly the effect of the film 

thickness on the dipole. They have treated the experimental geometries 

of all experiments performed to date. 

The numerical evaluation of the integral in equation 1 must be 

performed with care. Poles appear on or near the real ,axis, 

corresponding to resonances discussed below, making integration along 

the real axis difficult. To avoid this problem numerical integration 

should be performed along a path through the complex plane. In our 

calculations Gaussian quadrature with a twenty-fourth order 

Gauss-Legendre polynomia122 was used and integration performed in small 

steps parallel to the real axis but in the complex plane until 

convergence was obtained. 

As originally discussed by CPS and later by others4 ,23-25 the 

integral in equation I can be broken down into various components. The 

integral over wavevector components zero to one represents the 

radiative rate contribution to the decay rate. The integral from one 

10 
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Figur. 2: ne electric field lines associated with a dipole 

near a metal surface at one instant during its oscUlation. (a) ne 

surface charge induced by the radiation field of the dipole. ne 

periodic charge density oscillation has vavevectors smaller than that 

of the radiation pattern (i .•.• k < kphoton>. (b) ne surface charge 

induced by near field components of the dipole. Here the vavevectors 

of the surface dipoles are greater than that of the radiation field (k 

> kphoton)' nis figure is taken from reference 24 
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to infinity represents the nonradiative rate contribution to the decay 

rate. The poles which appear in this range correspond to collective 

excitations of the substrate, such as surface plasmons. The other 

contributions to the energy transfer rate in this model are the "lossy 

surface waves," which arise because the oscillating dipole field 

induces electronic charge density oscillations that dissipate into the 

lattice. These three decay mechanisms are described more below with 

reference to figures 2 and 3. 

The radiative rate of the dipole, as determined by integrating 

equation 1 from zero to one, is identical to the interference treatment 

of Drexhage2 ,3. The distinction of this part of the integral from the 

others can be seen from a physical picture. Figure 2a shows the 

radiation field of a dipole during one point in its oscillation. In 

this figure, each wavevector component of the dipole field initiates a 

surface charge density oscillation with wavevector less than or equal 

to the radiation field wavevector. These wavevector components of the 

surface charge density reradiate a field, the reflected radiation 

field, at an angle determined by the projection of the radiation field 

wavevector into the surface plane. This reflected field interferes 

with the field of the dipole, and this interference creates a 

modulation of the radiative rate with distance, as evidenced in figure 

s. 

The higher wavevector components in the integration of equation 

1, which arise from the dipole near field, cause energy transfer to the 

13 
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Figure 3: The imaginary part of the energy transfer integrand 

vs. normalized vavevector u. calculated for a perpendicular dipole 

emitting at 63281 located at various distances above a silver surface 

with local dielectric response (CPS model). This figure is taken from 

reference (24]. 
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substrate. These higher wavevector components of the dipole field also 

create charge density oscillations and if the wavevector of these 

oscillations matches that of the surface plasmons, the plasmons are 

efficiently excited. The surface plasmon dispersion relation is: 

In equation 1 this resonance is characterized by a pole in the Fresnel 

coefficient. The surface plasmon can dissipate through collisions, or, 

if the experimental geometry permits, it can reradiate. Normally the 

radiation field and the surface plasmon are not coupled since the 

projection of the radiation field wavevector onto the surface is 

smaller than the surface plasmon wavevector; by adjusting the index of 

refraction of the ambient medium the wavevectors can be matched and the 

surface plasmon can radiate. Weber and Eagen26 provide an informative 

treatment of the conditions required for the excitation of surface 

plasmons and show that the distance dependence for energy transfer to 

surface plasmons is exponential. The properties of surface plasmons 

have been treated extensively both experimentally27 ,28 and 

theoretically29-33. This decay mechanism can be significant and 

various workers have measured the surface plasmon emission intensity as 

a probe of the energy transfer rate. 

When the charge density oscillations induced in the metal are 

not resonant with a collective excitation, energy transfer occurs 

through a different mechanism. The other excitations are referred to 

as "lossy surface waves", and these are short lived and do not radiate. 

15 



In a quantum mechanical picture of the substrate, lossy surface waves 

correspond to electron-hole pair excitations in the solid with 

simultaneous scattering of the excited electron with phonons or 

impurities in the lattice. These scattering processes are required by 

momentum conservation, since the creation of an electron-hole pair with 

energy ~E, requires momentum ~k, as determined by the band structure of 

the solid. As a final note we mention that in the classical theory the 

interaction of the near field with the substrate is assumed to be the 

same as that of the radiation field. In a proper picture each 

wavevector component of the near field would interact with the surface 

via a response function appropriate for that wavevector. 

In figure 3 we show a plot of the integrand from equation I 

versus the dipole field wavevector (this plC?t is taken from 

reference24). By comparing the contributions to the integral for u - 0 

to 1, U = usp • and u > usp ' we can see the changing importance of each 

of these in the energy transfer process at various distances from the 

surface. The plot shown 1s for the case of pyrazine separated from a 

silver surface by argon layers, and is computed for the dipole imbedded 

in vacuum, not the spacer layer as in figure 1. In figure 3 the value 

of the integrand near u - 1.3 goes through a sharp rise. 

corresponds to an excitation of the surface plasmon 

contribution to energy transfer here is very effective. 

This spike 

and the 

As the 

dipole-surface distance decreases the peak of the integrand shifts to 

higher values of u and the area under the integrand for u > usp 

increases. This behavior demonstrates the increasing importance of the 

16 
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lossy wave mechanism at short distances. 

The classical description has been and should continue to be a 

very powerful description of the interaction between a dipole and a 

substrate, although limitations are evident in the classical treatment. 

Many of these limitations have been pointed.out by various workers and 

extensions of the classical model to account for these effects are 

discussed in the next section . 

17 



B. Non-Classical Models 

The classical theory has proven to be remarkably effective in 

the distance regime greater than loA. It is well known, however, that 

the classical theory makes assumptions which lead to unphysical 

behavior at very short molecule-surface separations, namely the energy 

transfer rate becomes infinite as the distance d approaches zero25 ,34. 

While only a handful of experimental investigations have been conducted 

in the very short distance regime35 ,36 (none as a function of 

distance) , the shortcomings of the classical theory have led 

theoreticians to work extensively in this area. By including the 

wavevector dependence of the dielectric constant, the unphysical 

behavior of classical theory can be corrected25 . Effects due to the 

fact that the electric field must vary continuously across the 

interface34 , that the response of the electrons' near the surface can 

vary considerably from the response of bulk electrons37 , 38, and that 

the supposedly flat surfaces used in all experiments are not 

necessarily flat on an atomic scale39 have all been investigated in 

some detail. In addition, the effect of assuming that the molecular 

electronic excited state can be modeled as a point dipole has been 

discussed by several authors25 ,35. In this section we will present a 

qualitative discussion of these limitations. 

An important simplifying assumption of the classical theory is 

that all wavevector components of the dipole near field are reflected 

and absorbed by the solid in a manner governed by the optical 

18 
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dielectric constant. This is equivalent to saying that all 

electromagnetic fields of the same frequency interact identically with 

the surface, regardless of their momentum content (spatial 

periodicity). The importance of this assumption is illustrated in 

figure 4, taken from reference25 . Ford and Weber treat the energy 

transfer problem within the classical framework, but they substitute 

for the optical dielectric constant used by CPS, one which includes 

wavevector dependence. Figure 4 shows the value of the energy transfer 

integrand versus wavevector when the nonlocal (solid line) and when the 

optical (dashed line) dielectric constant is used. 

lJhen an optical dielectric constant is used to describe the 

metal, a particular model of the solid is implicitly assumed. In this 

mode140 ,4l, the positive ion cores are assumed to be smeared throughout 

the volume of the solid, and the electrons are confined within the 

solid by an infinite potential barrier. Most importantly, the 

electrons are assumed to have no interaction with each other. In this 

model, the electrons can be assumed to undergo collisions (with the 

lattice, impurities, or other electrons) on average within a time, r, 

the relaxation time. Inclusion of the relaxation time in the model 

allows us to phenomenologically take into account energy dissipation by 

the metal. 

In the more sophisticated model used by Ford and Weber25 , the 

positive ion cores are still assumed to be smeared out, and the 

19 
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Figure 4: The imaginary part of the energy transfer integrand 

versus normalized vavevector calculated for a perpendicular dipole 

emitting at 63281 located on a silver surface. The solid curve 

corresponds to the nonlocal model of Ford and Yeber [25]. and the 

dashed curve is for the local model [4]. This figure is taken from 

reference [25]. 
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electrons are still confined within the solid by an infinite barrier. 

However, the electron-electron interaction is partially taken into 

account. If we imagine introducing a point charge into the center of a 

metal with no Coulombic interactions between electrons, then the 

potential due to the test charge will be quite long range (it will fall 

off as l/r). If Coulombic interactions are now allowed, then the metal 

electrons will move in the presence of the test charge in such a way as 

to "screen" the test charge. In their model, Ford and Weber use a 

Lindhard dielectric constant40 ,41 (modified to include a 

phenomenological relaxation time as well), in which the screening of a 

test charge is taken into account to first order in perturbation 

theory. Since the potential due to the test charge is computed as a 

function of distance from the charge, the inclusion of the screening is 

equivalent to using a wavevector dependent dielectric constant. While 

in the classical model; energy dissipation by the metal was taken into 

account phenomenologically, here the metal absorbs energy from incident 

fields when electrons below the Fermi level are excited to states above 

it. The incident field will excite electron-hole pairs in the metal 

when the momentum conservation condition is satisfied4l : 

J(kf + 2mw/h) - kf < k < J(kf + 2mw/h) 

where kf is the Fermi wavevector, m is the electron mass, and w is the 

frequency of the incident field. 

We are now in a position to understand the differences shown in 

figure 4, where the energy transfer integrand is computed using a 
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nonlocal or an optical dielectric constant. The classical theory 

underestimates the energy transfer rate in the range of wavevector 

components which can produce electron-hole pairs in the solid. The 

region of wavevectors where the classical theory underestimates the 

energy transfer rate is indicated in figure 4 by arrows along the u 

axis. At much higher wavevectors, the incident fields no longer obey 

the momentum conservation condition for electron-hole pair excitation, 

and hence no energy is transferred in the nonlocal model. In the 

classical model there is no upper limit to wavevectors which can 

transfer energy to the solid, and hence as the distance between the 

molecule and the surface approaches zero, the energy transfer rate 

unphysically diverges. 

When the Coulomb repulsion between the electrons in the metal 

is partially accounted for, the electron density of the metal is seen 

to change in the vicinity of the surface. Thus, by taking into account 

the wavevector dependence of the solid response function, an additional 

assumption of the classical theory can be relaxed, namely the 

requirement that the electric field at the interface varies 

discontinuously. Metiu and Maniv34 have shown that in the treatment of 

Ford and Weber, the field is continuous across the interface, but the 

first derivative of the field is not. They provide a higher order 

calculation of the wavevector dependence of the dielectric constant, in 

which the electric field is analytic across the interface. In both 

models the electrons are held in the solid by an infinite barrier and 

more realistic models would use a finite barrier. It is difficult to 
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evaluate the magnitude of the effect of a non-local dielectric constant 

on the energy transfer rate, since computations of the. energy transfer 

rate versus distance in the nonlocal case are not presented by the 

authors. 

The fact that the electron density varies in the vicinity of 

the interface can lead to different response functions for the surface 

and bulk regions of the metal. If the energy transfer rate to the 

surface is substantially different from that to the bulk, then the 

power of the distance dependence of the energy transfer rate will be 

affected as well. As discussed earlier, dipole-dipole energy transfer 

depends on l/d6 . For energy transfer to a thin film or to modes 

localized at the solid surface, the integration is over an area, not a 

volume as if to bulk modes, and hence the rate varies as l/d4 . 

Persson37 , and Persson and Avouris38 have extensively discussed this 

issue. The possibility that energy transfer to a bulk metal could vary 

as l/d4 rather than l/d3 will be the subject of the next chapter. 

Independent of how the electron density in the solid changes 

near the interface, 1s the question of whether or not the surface is 

flat. The 

experimentally 

classical theory assumes 

unobtainable ideal. The 

a planar interface, the 

effects of small random 

roughness, where the roughness features are below experimental 

detection limits, has been treated by Metiu39 . In this treatment Metiu 

solves Maxwell's equations for the case where the surface has roughness 

components Gaussian distributed. The effects of small random roughness 
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are important for distances less than 50A when the roughness components 

are on the order of 2oA. They also find that the observed lifetime 

will fall more quickly with distance than expected classically. 

While all of our attention so far has focussed on shortcomings 

of the classical description of the solid. the classical picture of the 

molecular electronic excited state is also wanting. In the classical 

theory the molecule is treated as a point dipole, a picture which will 

no longer be applicable at very short «lOA) distances from the 

surface. Ford and Weber25 account for this effect in their work by 

treating the molecule as a sphere of radius r. They derive a general 

formulation for the charge density of the molecule using a multipole 

expansion, although computations are only performed for a dipole of 

radius r. This treatment would breakdown for small molecule-surface 

separations, and higher multipoles would be required. Maniv and Metiu34 

have found that adding higher order multipoles is not efficient, since 

the expansion does not converge rapidly. Kaniv and Metiu used two 

approaches to the problem: in one, the molecule was represented by a 

collection of charges, suitably located in space to emulate the field 

of the molecule. In the other. each bond of the molecule was 

represented as an oscillating dipole. Computations of the expected 

distance dependent lifetimes have not been performed using these models 

and these authors do not predict the effects of a more realistic charge 

density on the excited state lifetime. 
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Figure Sa 
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Figure S: Lifetime vs. distance plots for two systems. Ca> This 

figure from reference [17] is & best fit of the classical model to the 

data of Drexhage [1-3]. The system is Eu3+ separated from a sUver 

fl1m by fatty acid layers. The emission frequency of the ion is 6120A, 

and the dipole is assumed to be isotropically oriented. (b) This 

figure, taken from the next chapter is a best fit to the classical 

model for biacetyl separated from a sUver (111) surface by ammonia 

spacer layers. The dashed line is the best fit to a parallel dipole, 

and the so11d .line to a perpendicular dipole. Biacetyl emission was 

detected at s2ooA. 
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III. Experimental Studies 

In figure 5 we show data from two experimental studies. The 

first figure, Sa, shows the data of Drexhage in the long distance 

regime, where the classical theory has been found to work very well. 

The second figure, 5b, is from a more recent experiment (to be 

discussed in the next chapter) which probes the short distance regime. 

These figures show the oscillations of the lifetime with distance for 

molecule-surface separations on the order of the emission wavelength. 

At very short distances, the lifetime drops rapidly due to nonradiative 

energy transfer to the surface. In order to test the applicability of 

the classical theory in the energy transfer regime, the distance scale 

in the second plot needs to be greatly expanded. 

Experiments which probe the dipole-substrate interaction in the 

energy transfer regime, <50oA, are discussed here. The experiments are 

divided into three arbitrary sections: those where the energy transfer 

to surface plasmons was the focus, those where only the total energy 

transfer rate was treated, and those where attempts were made to 

measure the effects of energy transfer directly on the surface. In 

Table 1 the available data on energy transfer is compiled. The nature 

and type of substrate, spacer layer and emitting species are all 

provided. The type of measurement and number of data points are 

indicated as well. The distance range studied is also specified and in 

parenthesis the distance resolution. Finally it is noted whether the 

results agree with the classical theory or not. 
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Most workers measure emission intensities and obtain a relative 

quantum yield, a procedure with certain pitfalls. The angular 

distribution of the radiation changes with distance as well as the 

quantum yield. This angular distribution arises from interference 

effects via the metal3 . Another variable which must be accounted for 

in quantum yield measurements is the number of species which are 

excited by the incident light. The population will change because of 

standing wave effects at the surface. In those cases where these 

effects were properlyconsidered,they were found to have a noticeable 

affect on the results44 . Measurements of the excited state lifetime 

are insensitive to these effects. 

Four groups have tried to study the energy transfer to surface 

plasmons. Hansma and Metiu have studied various metallic films and 

invoke energy transfer to surface plasmons to explain their 

resul ts44 , 45. The other groups have conducted experiments in which 

initially excited molecules transfer energy to the substrate, exciting 

both lossy waves and surface plasmons. The surface plasmons then 

radiate and the plasmon emission intensity is monitored as a function 

of molecule-surface separation. These studies show that surface 

plasmon excitation is definitely a decay mechanism for the excited 

state. Its importance in comparison to the lossy wave mechanism is 

less clear and will depend greatly on whether the surface plasmons are 

resonantly or nonresonantly excited. 
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The observation of surface plasmon emission shows clearly that 

molecular excited states transfer energy to surface plasmon modes. 

Weber and Eagen26 conducted experiments with an attenuated total 

reflection (ATR) prism where the silvered part of the prism was 

immersed in a solution of ethanol containing rhodamine-6G. This 

experiment resembled the ones described in the previous paragraph. 

except that the fluorescer in these experiments was not excited 

directly. An ion laser was used to excite surface plasmons in the 

silver film, and these plasmons nonradiatively excited the rhodamine-6G 

in solution. The rhodamine-6G was located at a wide variety of 

distances from the surface, and it could diffuse through the solution 

as well. Therefore, these authors were not able to conclude much about 

the validity of the classical picture, other than there is definitely 

coupling to surface plasmons. Lukosz and Meier47 performed ATR 

experiments as well, but in the Otto arrangement27 ,28 and measured the 

lifetime of the emitting species at three different distances. They 

saw a decrease in lifetime with distance by a factor of five but they 

only had IOO! resolution and were unable to conclude much about the 

distance dependence predicted by classical theory. Mobius et. a1. 44 

have performed a set of ATR experiments, in the Kretschrnan 

configuration, where a monolayer of emitter is separated from the metal 

film by a fatty acid layer. They probed the angular distribution of 

the intensity of the emitted cone of surface plasmon radiation and 

integrated to obtain a relative quantum yield. They also corrected for 

standing .wave effects. In the interpretation of their data these 

authors assumed that on the distance scale less than 180! the energy 
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transfer rate to surface p1asmons is a slowly varying function of 

distance. They found qualitative agreement with classical theory and 

found that at close distances, <150A, the lossy surface wave mechanism 

dominates. Support for this conclusion comes from the fact that the 

plasmon emission intensity sharply decreased at shorter distances. 

Surface plasmon excitation is expected to increase with shorter 

distance separation, and hence the emission intensity would rise if 

lossy wave damping were not dominant. The validity of the assumption 

that surface plasmon excitation is relatively flat with distance could 

be checked with the same experimental configuration, by monitoring both 

the molecular and the surface plasmon emission. 

Metiu and Hansma45 ,46 have studied energy transfer to sodium, 

potassium, and silver films of various thicknesses (see table 1). 

These workers grew N2 films of variable thickness on top of the 

substrates. An electron beam was used to dissociate N2 into excited N 

atoms, which luminesced (calculations suggested that only N2 within 30A 

of the vacuum interface was excited in this manner). The decay time of 

the excited N atoms was measured as a function of distance. They found 

good agreement with the classical theory under all conditions. They 

saw quite different distance dependencies for different films and film 

thickness. They argued that the dependence of the emission efficiency 

on film type and thickness arises from the shift in the position of the 

surface plasmon resonance with respect to the molecular emission 

energy. The conclusions from the experiments performed by these four 

groups are that surface plasmon excitation is definitely a significant, 
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observable, effect when the emitting species is close to resonance with 

the surface plasmon. However, when nonresonant or close to the 

su~face, < 100A, other decay processes dominate. 

Now we _discuss energy transfer measurements in the short 

distance regime, 7A-300A. Two groups have performed studies on thick 

metal films, >looA, which are expected to behave as bulk metals. The 

first studies of energy transfer were by Vaubel et a148 . They measured 

the decay of the singlet exciton of an anthracene crystal spaced from 

an aluminum film by a fatty acid layer. An oxide layer may have been 

present on the aluminum surface49 , and when taken into account gives 

good agreement with CPS theory. A subsequent set of experiments by the 

same group49 using a gold instead of aluminum film gives excellent 

agreement with classical theory. It is not clear whether these workers 

accounted for angular interference or standing wave effects. Rossetti 

and Brus50 ,51 have studied excited state quenching on silver and gold. 

They measured the distance-dependent lifetime of a phosphorescer, 3n~* 

pyrazine, spaced from a metal film by argon spacers. The emitter layer 

consisted of a 20A thick mixture which was one part pyrazine and 20 

parts argon. Their results on gold films show excellent agreement with 

the classical treatment of CPS. On silver they find a d3 distance 

dependence, but the data disagrees with the double interface model of 

cps. This disagreement has not been resolved. The deviations from the 

classical theory are to shorter lifetimes than predicted and might be 

explained by limitations of the classical theory discussed previously. 
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Our group has performed a series of energy transfer experiments 

on well characterized single crystalline substrates24 ,52,53. An 

initial set of experiments was performed by measuring the 

phosphorescence intensity of pyrazine spaced from Ni(lll) by argon 

spacer layers. A cubic distance dependence for the yield was found. 

The interference effects alluded to earlier were not accounted for in 

these experiments. In the second experiment the lifetime of 3mr* 

pyrazine was measured as a function of separation from Ag(lll), using 

Ar as the spacer. This study was the first in which lifetimes were 

measured, and with sufficient distance resolution to evaluate the 

validity of the classical theory in the energy transfer regime. 

Agreement was found within experimental error, which would imply that 

the deviations seen by Rosetti and Brus could be caused by differences 

in the two substrates. In a subsequent experiment on energy transfer 

from 3n~* biacetyl to Ag(lll), we have observed deviations from 

classical behavior. These deviations are small but could be 

interpreted either as a breakdown of the bulk versus surface 

descriptions of the dielectric constant or as a breakdown of the 

boundary conditions at the interfaces. This latter experiment will be 

described in detail in the next chapter. 

Studies on very thin metal films have been reported by two 

groups. Kuhn54 has investigated the distance dependence of the energy 

transfer from the singlet and triplet states of the same dye molecule 

to an approximately loA thick gold layer, using fatty acid spacer 

layers. For the triplet states lifetime measurements were performed 
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and for the singlet states emission intensities were measured. In this 

study he finds good agreement with 1/d4 distance dependence which is 

adequately described classically. This 1/d4 dependence can be 

understood on the dimensional grounds discussed earlier. 

Killesreiter55 has also investigated the effects of energy transfer to 

semi-transparent Al films for a dye molecule separated from the film by 

fatty acid spacer layers. In these experiments the dye layer could 

also transfer to a chloranil single crystal in contact with another 

aluminum film and the photoconductivity of this photocell was measured 

as the dye to aluminum film distance was varied. Killesreiter found 

good agreement with Kuhn's model. Interference effects may not be 

important, because these very thin films are relatively transparent. 

There have been only two reports of energy transfer to 

semiconductors which explicitly tests the distance dependence of the 

classical theory. The report by Hayashi, Castner and Boyd56 concludes 

that the energy transfer rate does not increase below lOO!. This 

effect could be caused by the thickness of the fluorescent layer (50A). 

These authors measure emission intensities and do not account for 

interference effects. The other report, by our group, for the 

phosphorescence lifetime of pyrazine above GaAs (110) 57 shows 

reasonable agreement with classical expectations. In part II, energy 

transfer to semiconductor surfaces will be discussed. 

Finally we discuss two experiments performed by Avouris. et. 

al. for species directly on the substrate42 , 35,36. These experiments 
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are of great importance. since they are the only ones in which the 

molecules are in contact with the metal. the situation in which the 

classical theory is most likely to fail. Electron energy loss studies 

were performed for electronically excited states 

coverages of N2{3nu) on Al{lll) and pyrazine (lB2u) 

of 

on 

submono1ayer 

Ag(l11). In 

these studies a 1ineshape analysis is used to extract information about 

the lifetime of the excited electronic state. In the pyrazine 

experiments the spectrum which is obtained after background corrections 

is assumed to be homogeneously broadened. These workers justify this 

assumption on the grounds that experiments on clean. annealed. single 

crystal surfaces minimize site inhomogeneities. They find a lifetime 

broadening of lOOmeV in contrast to the classical prediction of 590meV. 

The studies on N2 are similar to those of pyrazine but inhomogeneous 

broadening. caused by orientational disorder. is accounted for and 

background corrections are less important. They extract a lifetime of 

5xlO -15 sec as compared to the classical prediction of 5xlO -14 and 

attribute this to the surface quenching model of Persson37 . In both of 

these studies radiative effects on the dipole have been ignored and 

measurements made at one distance coupled with variability in other 

parameters makes comparison to classical theory difficult. This group 

also finds a frequency shift which is in disagreement with classical 

predictions. 
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IV. Conclusions 

The. experimental work performed to date shows general agreement 

with classical predictions. Theoretical efforts have accelerated 

beyond the experimental work in this field, and there are many 

predictions that substantial deviations from the classical theory 

should be observed at distances < soA. This region should be 

investigated by experiments which are able to distinguish between the 

various processes which are predicted theoretically. Although 

extensive studies, both experimental and theoretical, have been 

performed on metals, almost no work has appeared for semiconductors. 

Experimental and theoretical studies on energy transfer to 

semiconductors for small molecule-surface separations are needed. 
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Chapter 2. 

Nonclassical Behavior of Energy Transfer from Molecules 

to Metal Surfaces: Biacetyl(3n~*)/Ag(lll) 

Introduction 

In the previous chapter, prior theoretical and experimental 

work on the .nonradiative energy transfer from a molecular electronic 

excited state to a metal surface was summarized. One conclusion from 

this work was that the energy transfer rate increases with the inverse 

molecule-metal separation cubed. This has been verified 

experimentally, although the most careful experiments were performed 

under circumstances where the excited molecule could excite interband 

transitions in the metaI1 - 8 . The dimensional grounds for the cubic 

distance dependence of the energy transfer rate were explained in the 

previous chapter. Similarly. transfer from a dipole to a thin metal 

film, or to modes localized at the metal surface requires an 

integration of the dipole-dipole l/d6 intreraction over an area, and 

therefore scales inversely as the fourth power of the distance4 . 

Recent theoretical work has suggested that for a point dipole 

above a metal surface, when the dipole frequency is below any interband 

transitions, then momentum conservation forbids the transfer of energy 

from the dipole to the bulk of the metal, but allows transfer to the 

surface9-11 . In this case, the energy transfer rate would scale as 
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1/d4 despite the presence of the bulk crystal. Some initial 

experimental work, performed only at one distance, has suggested that 

the selection rule is in fact operative12 ,13. 

In this work we have undertaken a systematic study of the 

dependence of the fluorescence lifetime of a dipole-allowed transition 

on separation from a metal surface when interband transitions are not 

possible, and consequently in the regime where the selection rule has 

been predicted to operate. We have measured the lifetime of the first 

triplet state of biacety1 as a function of distance from Ag(111). The 

distance was varied by changing the thickness of an ammonia spacer 

layer from 28 0 457A (see figure 1). In the subsequent pages we first 

discuss the experimental procedure. Next we describe Persson's surface 

damping model for the energy transfer process. In the following 

sections we present our results and compare our data with these models 

quantitatively. 
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the boundaries between the media and the dotted line represents the 

center of the biacetyl layer. 
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Experimental 

Single crystal disks of Ag(lll), 99.9995% pure, from Aremco 

were spark cut from a rod which had been oriented using Laue 

backscattering. The disks were mechanically polished by the following 

procedure14 : abrasion on sequentially finer grades of A1203 grit 

polishing paper, followed by polishing on a wheel with 6~m and then l~m 

diamond paste, followed by vibratory polishing using O. 05~m Al203 

slurry on a highly napped cloth. Subsequently, the crystals were 

chemically polished by rubbing them on gamal cloth on which a few drops 

of an etching solution (lOOml K2Cr207, 2ml saturated NaC1, and 10ml 

concentrated H2S04, diluted to twice the original volume with distilled 

water) had been deposited. This produced crystals with an optical 

finish. The polished silver disks were mounted on Ni backings by 

electron-beam welding, and placed in an ultrahigh vacuum chamber with 

base pressure in the low 10-10torr region8 . At the start of each 

experiment, the silver crystal was cleaned by argon ion bombardment at 

a partial argon pressure of SxlO-Storr and .SKV and 20mA for 10 minutes 

and subsequent annealing at the chamber base pressure for 20 minutes at 

300C. Auger spectroscopy showed the crystal surface to be free of 

impurities after this procedure. The 272 volt Auger transition of 

carbon is quite close to a silver Auger peak at 267 volts, so the 

absence of carbon contamination was verified by measuring the ratio of 

the 266 and 301 volt Ag peaks, which is thought to be .42 for clean 

silver15 . Low energy electron diffraction studies showed the crystal 

was well-ordered on the 50A scale. 
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In each experiment, once the crystal was cleaned, it was 

cooled with liquid helium to 40K, and then a spacer layer was 

deposited. A rotating analyzer ellipsometer was used to measure the 

phase shift, ~, and amplitude change,~, of a linearly polarized light 

beam upon reflection from the sample. This ellipsometer and the 

associated data analysis programs have been described in detail in the 

thesis of Robota16 , and closely parallel the procedures of Aspnes17 . 

Assuming a sharp interface between the crystal and vacuum, the measured 

ellipsometric parameters can be used to calculate the bare Ag 

dielectric constant, yielding (Ag) -10.16 + iO.199 at 520 

nanometers, in close agreement with previously reported values1S . Upon 

adsorption of a layer of molecules on the bare substrate, the values of 

the measured ellipsometric parameters change, in a manner related to 

the dielectric constant and the thickness of the adsorbate layer. ~ 

and (I are measured every ten seconds, while the spacer layer gas is 

introduced into the chamber through a leak valve. As the spacer layer 

condenses, the values of these parameters change. Typically, the 

spacer layers were grown at a rate of SA per 2 minutes. Assuming sharp 

interfaces and that the spacer dielectric constant is thickness 

independent, the final spacer thickness can be obtained. The measured 

value of the ammonia dielectric constant was (NH3) - 1.716. The 

ellipsometric parameter ~ was stable to .1 6 , while a change of about 

1.0 corresponds to a IDA thick spacer layer. Table 1 shows the values 

of ~ obtained during the deposition of a 7sA thick spacer layer. 
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Table 1. E11ipsometric parameter t:. during a 78A. thick spacer layer 
deposition. 

t:. t:. t:. t:. 
Bare Ag 

1. 131.13 45. 129.55 92. 126.32 133. 125.60 
2. 131. 26 46. 129.45 93. 126.34 134. 125.58 
3. 131.18 47. 129.40 94. 126.28 135. 125.62 
4. 131. 30 48. 129.35 95. 126.17 
5. 131.23 49. 129.27 close Biacety1 
6. 131.30 50. 129.23 close NH3 
7. 131. 25 51. 129.20 136. 125.55 
8. 131.18 52. 129.10 96. 126.01 137. 125.53 
9. 131.16 53. 129.05 97. 125.90 138. 125.46 
10. 131.21 54. 129.00 98. 125.93 139. 125.54 

55. 128.92 99. 125.88 140. 125.47 
open NH3 valve 56. 128.76 100. 125.86 141. 125.46 

57. 128.76 101. 125.81 142. 125.48 
11. 131.19 58. 128.69 102. 125.88 143. 125.46 
12. 131.17 59. 128.60 103. 125.76 144. 125.48 
13. 131.22 60. 128.62 104. 125.75 145. 125.47 
14. 131.13 61. 128.53 105. 125.86 146. 125.50 
15. 131.18 62. 128.43 106. 125.74 147. 125.44 
16. 131.10 63. 128.39 107. 125.71 
17. 131.03 64. 128.30 108. 125.79 
18. 131. 06 65. 128.29 109. 125.75 
19. 130.99 66. 128.17 110. 125.75 
20. 130.98 67. 128.13 111. 125.77 
21. 130.94 68. 128.00 112. 125.68 
22. 130.84 69. 127.95 113. 125.78 
23. 130.83 70. 127.89 114. 125.71 
24. 130.75 71. 127.81 115. 125.78 
25. 130.65 72. 127.75 116. 125.81 
26. 130.68 73. 127.72 117. 125.71 
27. 130.59 74. 127.66 118. 125.76 
28. 130.60 75. 127.58 119. 125.75 
29. 130.48 76. 127.54 120. 125.74 
30. 130.38 77. 127.40 
31. 130.33 78. 127.35 open Biacety1 
32. 130.31 79. 127.36 
33. 130.22 80. 127.31 121. 125.77 
34. 130.17 81. 127.19 122. 125.76 
35. 130.09 82. 127.09 123. 125.75 
36 .. 129.95 83. 127.06 124. 125.73 
37. 130.00 84. 126.95 125. 125.78 
38. 129.91 85. 126.87 126. 125.75 
39. 129.89 86. 126.81 127. 125.76 
40. 129.86 87. 126.73 128. 125.65, 
41. 129.71 88. 126.68 129. 125.68 
42. 129.64 89. 126.59 130. 125.64 
43. 129.64 90. 126.54 131. 125.58 
44. 129.62 91. 126.53 132. 125.60 



Once the spacer layer was deposited, a layer of pure biacetyl 

was deposited on top of the spacer, using the ellipsometer to measure 

coverage. The coverage is estimated to be between one half and three 

quarters of a monolayer. The biacetyl used in these experiments was 

purchased from Aldrich and was purified by vacuum distillation until no 

impuri ties could be detected by gas chromatography with mass 

spectrometric detection. Subsequently the sample was kept at 77K, and 

was only exposed to red light. The biacetyl vapor was introduced to 

the chamber through a dedicated diffusion-pumped sample line. The 

biacetyl was excited by a 440nm, lOns pulse from an excimer or Nd-YAG 

pumped dye laser system. The 520nm phosphorescence was isolated with a 

narrowband interference filter and a long pass cutoff filter. The 

phosphorescence was amplified and collected on a Biomation 8100 

transient recorder interfaced to a PDPll&03 microcomputer. 

Figure 3 shows an experimental decay curve for biacetylfNH3/Ag 

at a distance of 2sA where the signal is smallest. The line through 

the data in figure 3 is the best fit to a single exponential with a 

lifetime of r - .024ms. The data at all distances are compiled in 

table 2. The error in the lifetimes was computed by first finding the 

95% confidence limits of the three lifetimes from 37-40A , all the same 

nominal distance, via the t-test19 . Next this value was used to obtain 

the percentage error in the lifetime. The same percentage error was 

assumed for the other decays as well. If however, a decay was 

particularly noisy this error was doubled. The error in the distance 

measurement is less than the error introduced by the physical size of 
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an NH3 molecule, approximately five angstroms. Several experiments 

were performed with a xenon spacer layer ,and were in excellent 

agreement with NH3 spacer lifetimes. 

In order to reduce the number of adjustable parameters in the 

theoretical modeling of our results, we also measured the lifetime of 

the biacety1 at distances so far from the metal that the dipole no 

longer interferes with itself via the metal. A spacer layer many 

microns thick was grown by exposing the crystal to 5xlO- 5 torr of ~~3 

for 45 minutes to an hour. The value for this "infinite" distance 

lifetime, t(d-) - l.98ms reproduced well. This value is midway 

between literature values for the solid state, 2.6ms, and the gas 

phase, l. 6ms20 . 
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Figure 3: This figure shows • plot of an experimental decay 

curve for d - 28A with. fit (solid line) of ~ - .024ms. The initial 

spike is the laser pulse convoluted with the instrument response of one 

microsecond. 
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Table 2 Compilation of Lifetime and Distance Data 

f'(ms) d(A) f'(ms) 

28 .024 ±.005 83 1.08 ±.065 

37 .147 ±.008 87 1.24 ±.075 

38 .149 ±.008 88 .997 ±.l2 

40 .143 ±.008 92 1.14 ±.14 

44 ~297 ±.036 III 1.21 ±.073 

47 .410 ±.025 114 1.14 ±.14 

49 .410 ±.025 128 1.33 ±.080 

58 .558 ±.033 266 1.49 ±.089 

69 .733 ±.088 457 1. 78 ±.110 

74 .852 ±1.02 >l2. 5~ 1. 98 

77 .825 ±.050 >15.0~ 1. 98 
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Theory of Surface Damping Hodel 

Much of the strength and predictive power of the classical 

theory derives from its use of a phenomenological parameter, the 

dielectric constant. A simple ellipsometric measurement gives us e(w) 

with which we can predict the extent of the molecule-metal interaction. 

However, E(W) contains much of the interesting physics we would like to 

know about: where does the molecular energy go initially in the metal, 

and by what sequence of events does it flow to the various modes of the 

lattice? 

In recent years Persson9-ll has made significant progress 

toward supplanting the phenomenological model of the molecule-metal 

interaction with a more physical model. In this model, a Fermi's 

golden rule calculation is considered, in which the molecule, initially 

in its excited state, is de-excited while simultaneously an electron in 

the metal is excited to a state above the Fermi level. The rate of 

energy transfer by such a process 1s given by: 

1 

where 110 is the wavefunct10n of an electron of wavevector k in the 

solid, nk - 1 if k < kf or 0 if k > kf and nk' - 1 if k' < kf or 0 if 

k' > kf (kf 1s the Fermi wavevector), n denotes the state of the 

dipole, and H'- e~(x.t). where ~ is the potential of the dipole in the 

presence of the metal. 



In order to obtain a meaningful nonradiative rate from this 

expression, it is necessary to make a number of approximations. The 

first approximation is to replace the time dependent dipole potential 

by a static potential. This approximation is considered to be valid 

when the electrons in the solid can respond adiabatically to the time 

dependent field, that is when the dipole frequency is much less than 

the plasma frequency of the metal. The implications of this assumption 

will be discussed later. Further approximations are made when 

considering the specific mechanisms by which energy transfer occurs. 

In general, if we consider the excitation of electrons below 

any interband transitions, then a certain amount of momentum, far 

greater than the momentum of a photon of the appropriate energy, is 

required for momentum conservation. In the formalism developed by 

Persson, three possible sources of momentum are considered: (a) 

excitation of electron-hole pairs in the bulk, where the momentum 

required for the transition is supplied by the electron- electron, 

electron-phonon, and electron-impurity collisions, (b) electron-hole 

pair excitations where the required momentum is supplied by scattering 

against the surface potential, (c) electron-hole pair formation where 

the near field of the dipole provides the necessary momentum. At a 

distance, d, away from a dipole, the highest near field momentum 

components are on the order of hid. Thus the dipole field will not 

carry momentum which is a sizable fraction of the Brillouin wavevector 

of the metal until the dipole-metal separation is IO-30A. We can use 

this argument to disregard process (c) in our calculations. 
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The relative importance of processes (a) and (b) will depend on 

the mean free path of an electron in the solid. In order for an 

electron in the bulk to accept energy from the molecule, it must 

undergo a collision within a very short time af~er it is excited in 

order for momentum to be conserved. In previous experiments the 

molecules could excite bulk electrons by direct interband 

transitions6 - 8 . Below the interband transition, however, for the noble 

metals the mean free time between collisions is very long so that bulk 

electrons will be forbidden by momentum conservation from accepting the 

dipole energy. Only electrons close to the surface will undergo 

surface collisions soon enough after excitation for momentum to be 

conserved. Hence, for a dipole in the frequency regime 2~/r < W < wp 

above a noble metal, we would expect that the nonradiative rate would 

increase with the inverse dipole-metal distance to the fourth power. 

The assumption that only electrons close to and travelling 

perpendicular to the metal surface will contribute to the energy 

transfer rate makes the Fermi's Golden Rule integration of equation (4) 

much more tractable, since the integration now only need be carried 

over a small fraction of the wavefunctions of the solid. Persson 

obtains a result for the energy transfer rate under these conditons9 . 

F(w,d) (5) 

where I~I is the dipole transition moment and F(w,d) depends upon the 

specific mechanism for energy transfer. For collisions with the 
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surface potential Persson finds that 

F(w,d) -1.2 (w/wf) (l/kfd) (6) 

where kf is the Fermi wavevector, w is the dipole frequency and wf is 

the Fermi frequency. It is important to note that Persson's treatment 

excludes the effect of the dipole field interfering with itself, i.e. 

processes with k less than the radiation field wavevector . 

• 
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Results 

The distance dependent lifetime was fit to both the classical 

mode14 and the surface quenching mode19 . The wavevector dependent 

dielectric constant models and the random roughness model each contain 

more than two adjustable parameters. The flexibility this allows the 

theories and the small sample of data points make comparisons to these 

models difficult to interpret, therefore quantitative comparisons were 

not performed. The data was fit to the computed values of each theory, 

classical and surface damping. by the Marquardt algorithm as used by 

Bevington2l . Fits of the data were performed for two distinct cases, 

namely the case where both q and be were varied and the case where only 

the quantum yield, q, was varied. In the latter fits the value of bO 

was determined by our measurement of the infinite distance rate, 

b(d-=), using equation (1) 

bl.· 11 (d-) '"" be (1. 0 q eJ..·1I (d-» 

where the oJ...1I are computed by the classical model. cl. is approximately 

.52, while ell is approximately zero. The value of b(d-=) differs from 

be because the reflected field at the spacer/vacuum interface 

influences the radiative decay rate. The molecule is assumed to have 

the spacer dielectric constant. The value of chi-square obtained from 

these fits was not normalized, but is useful for comparing between 

theories when fit to the same data. 
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In order to fit the surface damping model of Persson to the 

data it needed to be modified. Two obvious modifications were 

performed. In the first case, the long distance value of the molecular 

decay rate was required to converge to our long distance measurement. 

The effect of the metal on the dipole radiative rate was ignored. In 

this limit the surface quenching mechanism is dominant. From equations 

5 and 6 we can write 

[ 
4.5xl01 q bO + b ] 

~(d) - d 4 0 (7) 

where we have used the Einstein relation for the radiative rate22 and 

bO - 505s-1, wf - 5.48eV, kf - l.2xl08cm-l and d is the distance in 

angstroms. Second we incorporate the effect of the distance dependent 

radiative rate. We have added to expression 7 a term which corresponds 

to the distance dependent radiative rate (equation 2 integrated from 0 

to 1 and obtain 

r(d) 

where 

_ [4.SXl01 q bO 
d 4 

b(d) - qbOR(d) 

+ bO(l-q) + b (d) r ] (8) 

The ratio, R(d), was computed by numerically integrating equation 1 

from u - 0 to 1 for a quantum yield, q, and decay rate, bO, of unity. 

Both equations 7 and 8 were fit to the data in order to demonstrate the 

importance of accounting for the radiative rate properly_ 
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Figure 4: This figure is a plot of our data over a wide 

distance range. The solid line is a best fit to classical theory with 

a perpendicular dipole and the dashed line is for a parallel dipole. 

See text for details. 



The measured distance dependent lifetime was fit to the 

classical model over the entire distance regime for which we have data 

(28-4S7A). The 

extrapolated to 

fits 

cover 

for parallel and perpendicular dipoles, 

the distances from 3 to 3.l)ooA, are sho ... -n in 

figure 4. In these fits , the lifetime at very large molecule-metal 

separations was constrained to be 1.98ms and only the quantum yield was 

varied. The oscillations at large distances arise from the modulation 

of the dipole radiative rate by its own reflected field. The fitted 

value of the quantum yield, 0.47, is higher than the literature values 

of 0.15 in the gas phase, and 0.07 in solution, both at room 

temperature20 . Ve know of no measurements of q in a matrix at 40K. If 

both bO and q are varied, the fit improves significantly between 40 and 

looA, but not as much between 100 and sooA. This fit is not reasonable 

because the obtained values of q and bO are unrealistically high (q -

0.91, r{d~) - 3.9ms). 

The data is not fit well by the theory in the 100-sooA range. 

Ve have varied the modeling of the experimental geometry to try and 

improve the fit. The dipole orientation was varied from parallel to 

perpendicular with the perpendicular fits being most reasonable. 

According to the classical picture, the existence of the break in the 

experimental data at 100A can only be explained if the dipole 

orientation has a significant perpendicular component. The 
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perpendicular fit can be substantially improved by increasing the 

distance between the molecule and the vacuum, s, in figure 1 to loooA 

or more. The complete absence of a "cap" layer of NH3 in our 

experiments is guaranteed, however, by the low pressure of our chamber, 

and has been verified ellipsometrically. As well the CPS theory has 

had difficulty in fitting the data of Drexhage in this distance regime, 

for cases where the dipole has some perpendicular orientation and is 

located at a dielectric/air interface. lole have varied the dipole 

orientation, the thickness of the cap layer. the dielectric constant of 

the silver substrate and imbedded the dipole in vacuum instead of the 

NH3 spacer in our attempt to model the data. We find the perpendicular 

dipole for the model in figure 1 to be the best approximation. The 

effects of this approximation will be dealt with in the discussion. 

The behavior of the two theories in the energy transfer regime 

(d < 130A ) is shown in figure 5. The long dash line is the 

perpendicular CPS fit discussed above. As mentioned previously, when bO 

and q are both allowed to vary. the theory fits the data better, but 

the resultant bO and q values are unreasonable. lJben the measured value 

b(d~) is used to fix bOo then the resultant value of q is reasonable. 

In all the fits we have obtained, the CPS theory has failed to fit the 

lowest distance points (28-40A) underestimating the energy transfer 

rate at those distances. This observation is consistent with the 

predictions of the various non-classical theories discussed earlier. 

The short dash curve in figure 5 is a fit of the data to the surface 

damping model of Persson using equation (7). Only one variable, the 
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Figure 5: Plot of data over distance regime where the surface 

damping mechanism is expected to dominate. The long dash line is the 

best fit to classical theory and the solid line is the best fit to 

equation 8. The short dash line is the best fit to the surface damping 

model without radiative effects added. 



quantum yield, was used in this fit. The long distance rate forces the 

curve to rise too sharply. The Golden Rule formula used by Persson 

gives the rate of nonradiative energy transfer from the dipole to the 

surface via the creation of electron-hole pairs. This model does not 

include the effect of the metal on the radiative rate of the dipole. 

When the radiative rate is treated properly as in equation (8), a much 

better fit is obtained. Equation (8) is the solid line in figure 5, 

and fits the data much better than either the classical expression or 

equation (7). The quantum yield obtained froJll these fits is 0.42 . 

Since the frequency of biacetyl emission is below the silver interband 

transition, the dipole-metal nonradiative coupling does not dominate 

over the effect of the metal on the dipole radiative rate. The 

measured distance dependent lifetime includes both nonradiative and 

radiative perturbations of the excited state of the molecule and both 

must be treated properly. 

With a quantum yield and an isolated molecular decay rate, one 

can use the classical theory to extract the energy transfer rate to the 

surface from the other rates which contribute to the molecular decay. 

Using the best fit quantum yield of .42, we have computed the energy 

transfer rate from our experimental points and plotted the log( ret) 

versus log(d) in figure 6. For a pure cubic or quartic molecule-metal 

interaction the data would fallon a straight line of slope 3 or 4. 

The dashed curve in the figure corresponds to the best CPS fit of 

figure 5, and the solid curve to the Persson expression. The log-log 
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plot of the data shows some nonlinearity which may be caused by various 

factors. 
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Figure 6: Above is • log-log plot of the energy transfer rate 

versus distance. The dashed line is the expected classical theory 

behavior. The solid line is the best fit to the surface damping model. 

See text for details. 



Discussion 

The classical model is unable to fit the observed lifetime over 

the entire distance range and gives very poor fits when the infinite 

distance lifetime is restricted to the measured value of 1.98ms. The 

deviations at intermediate distances, looA < d < soak, are especially 

strong and may be caused by the inability of the classical model with 

its macroscopic, i. e. not molecular, distance scale to describe a 

molecule with its dipole experiencing vacuum on one side and the NH3 

dielectric on its other side. It is plausible that this effect would 

be more pronounced for a perpendicular dipole which oscillates across 

the interface than for a parallel dipole which oscillates along the 

interface. Deviations from the classical model in this region for 

dipoles which have a significant perpendicular component and are close 

to the spacer-vacuum interface is evident in the fits to the data of 

Drexhage as well, see figures 7 through 12 of reference4 . This 

inability to model the radiative rate of a perpendicular dipole located 

at a dielectric discontinuity may be a shortcoming of the classical 

theory. This could have important implications for modeling of the 

photophysics of adsorbed species as well. 

The classical perpendicular dipole model is used throughout our 

fits because, although not quantitatively correct, it possesses the 

proper qualitative features: it shows a break in the curve below t(d~) 

instead of immediately rising above r(d~) and oscillating as a 

parallel dipole would. Because the radiative rate modulation and 
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energy transfer rate are both pronounced in our system, an improper 

modeling of the distance dependent radiative rate could affect our 

fits. For lack of a better description of the effect of the metal on 

the. radiative rate the classical description which ,has been successful 

under many other experimental conditions was used throughout our fits. 

The classical model, when fit over a more limited range, <130A, 

shows deviations from the observed lifetime as well, although less 

dramatic. It appears in these fits, figure 5 and especially figure 6, 

that the classical model has too shallow a slope to describe the data. 

This type of deviation is consistent with the predictions of other 

models such as a non-local dielectric constant and the effect of small 

roughness features, as well as the surface damping model. The surface 

quenching model fits the data very well over this regime, primarily 

because of its steeper slope. The data may show some curvature but a 

more detailed study would be required to tell. This curvature could be 

caused by various real effects, for example an improper treatment of 

the radiative rate or any of the other limitations of the classical 

theory discussed previously. 

It Is difficult to distinguish between the two models, 

classical and surface damping, fit to the data in figures 5 and 6. 

This difficulty arises for two primary reasons. First the classical 

theory uses a phenomenological parameter, the dielectric constant. 

This dielectric constant, which we measure experimentally, is a 

convolution of the bulk and surface response functions. This effect 
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allows the classical theory to partially account for the sur~ace 

quenching phenomenon. The way to distinguish between the two 

mechanisms is to measure the distance dependence. Since the 

nonradiative coupling is weak compared to other systems, the damping 

does not begin to dominate over the internal molecular decay mechanism 

until fairly close to the surface, in our case 8SA. The near field of 

the dipole starts to become important at approximately 30A and bulk 

processes once again become dominant. The surface quenching mechanism 

may dominate over a very limited region making it difficult to observe 

and verify. 

Even over the distance range where the surface damping should 

be a major decay mechanism it may not be dominant. The static 

potential used in the surface quenching model only penetrates the metal 

surface to a small extent, 2~3A, whereas the skin depth of an optical 

field at our frequency, with our measured index of refraction of 

silver, is approximately 260A. Although the dipole field may couple 

with the bulk less effectively than the surface, i. e. the momentum 

selection rule holds, there are a much larger number of electrons to 

couple with than expected by the Persson model. I f one uses the 

criterion that an electron must scatter within an angstrom for momentum 

conservation9- 12 and a mean free path of IOOOA for an electron, one can 

compute phenomenologically the number of electrons which collide in the 

bulk and compare to the number which meet the above criterion at the 

surface. The result is that the ratio of bulk collisions to surface 

collisions is approximately l: 1. This simple analysis implies that 
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mean free paths of a micron will be required for the ratio of surface 

to bulk collisions to rise to 10:1, implying that under all but extreme 

conditions bulk processes could be significant. Johnson and Christy18 

report the mean free path as 430A for amorphous silver at room 

temperature. Since our sample is single crystalline and at 40K we 

would expect the mean free path to be greater than 430A, but we cannot 

say without an independent measure. Even for much lower frequencies 

than ours, the skin depth of the dipole is 200-2SoA forcing the 

conclusion that, at least on silver, the electron-hole pair creation 

through collisions with the bulk may always be a significant 

contribution. 

Other experiments on excited molecular electronic states of 

adsorbed specieslO ,13 have been interpreted as agreeing with the 

Persson model. These experiments were performed at one distance and 

lifetimes extracted from electron energy loss spectra via a lineshape 

analysis. Small changes in the distance, for example, could lead to 

agreement with classical predictions as well. Therefore those 

experiments must be interpreted and compared with the surface quenching 

model with extreme care, because of the sensitivity of the lifetime to 

the adjustable parameters remaining in the model. 

In conclusion, we have studied the distance dependent lifetime 

of biacetyl above a Ag(lll) surface. The classical theory as developed 

by Chance, Prock and Silbey4 is unable to model the data effectively. 

The classical theory fails to model the distance dependent radiative 
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rate for a perpendicular dipole at a dielectric/vacuum interface. The 

deviations of the classical model from our data at short distances, 

where the radiative rate is less important, may be caused by improper 

modeling of the non-radiative energy transfer from the molecule to the 

surface. This failure at short distances could be caused by various 

effects, i.e. non-local dielectric constant, random roughness effects 

or a surface damping mechanism. 
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Part II 

The Photophysical Properties of Molecules Near 

Semiconductor Surfaces 

Overview 

The photophysical properties of electronically excited 

molecules located at the surface of a semiconductor are of interest in 

a number of diverse fields, including photoetching and solar energy 

conversion· The electronically excited molecule at the semiconductor 

surface usually decays orders of magnitude faster than the isolated 

molecule. The mechanisms responsible for this can be classified into 

two groups: those in which the electronic and optical properties of the 

semiconductor perturb the excited molecule; and those in which the 

semiconductor acts as a support, and energy transfer events among the 

highly concentrated molecules in the adsorbed overlayer determine the 

decay time. 

If the molecular emission energy exceeds the semiconductor band 

gap, the molecule can nonradiatively excite an electron from the 

valence band to the conduction band in the semiconductor by a dipole

induced dipole mechanism, analogous to F6rster energy transfer between 

two molecules or to energy transfer between a molecule and a metal. 

This energy transfer process is predicted to increase in efficiency 

with the inverse molecule-semiconductor separation cubed, and can lead 

to a reduction in the lifetime and quantum yield of four to six orders 
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of magnitude (compared to the dilute solution lifetime) when the 

molecule is a few angstroms from the surface. Despite the importance 

of this effect it has not received much attention, so that even coarse 

estimates of the energy transfer rates from molecules to semiconductors 

are not available. 

The excitation energy in a disordered photoexcited molecular 

layer can be rapidly transferred to a dimer or multimer which acts as a 

trap. When the molecular emission energy is below the band gap and 

electron transfer is not important, this type of mechanism is evident. 

For bulk materials, the classic theoretical approach to dynamical 

problems of this type is to start with a perfectly ordered solid, and 

then introduce a degree of disorder. The study of submonolayer films 

suggests a different approach to the problem of energy transfer in 

disordered solids. By varying the coverage, the evolution from an 

isolated molecule to a bulk disordered solid can be studied. 

In the first chapter of Part II, theoretical and experimental 

work on molecule-semiconductor energy transfer will be presented. In 

Chapter 2, the problem of excitation transfer and trapping in a 

molecular overlayer will be treated. 
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Chapter 1. 

Distance Dependence of Electronic Energy Transfer to 

Semiconductor Surfaces: 3n~* Pyrazine/GaAs(llO) 

Introduction 

The transfer of energy from molecules to metal surfaces occurs 

through the free electrons of the solid, and is in general very 

efficient, and also amenable to relatively simple theoretical 

modeling1 ,2. In insulating materials and intrinsic semiconductors at 

low temperature, however, the dielectric response, which reflects the 

acceptor modes for the excitation energy, is dominated by the 

contribution of the bound electrons and the band structure of the 

electronic states in the crystal lattice. Consequently, it is not at 

all clear whether an energy transfer theory which uses a classical 

model of the dielectric response function would be as successful for 

semiconductor surfaces as it has proven for metals. In fact, in the 

only prior experiment, Hayashi, Castner, and Boyd3 measured the 

relative luminescence intensity from a 50A thick film of tetracene as a 

function of distance toSi and GaAs, and found that the quantum yield 

did not decrease below 10oA, in sharp contradiction to the classical 

prediction. 

In this chapter an experiment will be presented on the energy 

transfer from 3n~* pyrazine (l,4-diazabenzene) to GaAs (UO). The 
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phosphorescence lifetime of the molecular triplet state was measured as 

a function of molecule-semiconductor separation, which was controlled 

by means of a variable th~ckness frozen ammonia spacer layer. The 

pyrazine emission occurs at 3800A (3.3eV) and this coincides with a 

large absorption in the GaAs due to the A3-Al interband transition4 . 

First, the predictions of the classical model for energy transfer from 

molecules to semiconductors will be presented; next, the experimental 

procedure will be discussed, and finally the results will be compared 

to the classical model. 
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Theory 

Rates of Energy Transfer from a Molecule to a Semiconductor 

The classical model of Chance, Prock, and Silbey (CPS) has been 

successful in predicting the rates of energy transfer from molecules to 

metal s·urfacesl , 2. Briefly, CPS assume the electronically excited 

molecule is a classical oscillating point dipole; the solid is modeled 

as a semi-infinite continuous medium characterized by an optical 

die lectric constant, and separated from the spacer layer by a sharp 

boundary. The dipole field incident on the solid is partially 

reflected and partially absorbed in a manner governed by the dielectric 

constant. The incident and reflected fields can be appropriately summed 

to give the value of the electric field at the dipole, in the presence 

of the solid. The imaginary part of the. electric field at the dipole 

can then be related to the lifetime of the molecule. This model can be 

applied to energy transfer from molecules to semiconductors by using 

the appropriate dielectric constant for the solid. 

The rates of energy transfer from a molecule to Si and GaAs 

have been calculated using the model of Chance, Prock, and Silbey2, as 

described previouslyl. . The geometry used in the calculations, is the 

same as that used previously (see Figure l, Part I, chapter 1 p. 8) . 

The molecule was assumed to have a quantum yield and an isolated decay 

rate of 1. The dipole was imbedded in a spacer layer wi th the 

dielectric constant of argonS, 1.66. The spacer layer fixed the 

distance d from the molecule to the substrate. The dielectric 
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constants for Si and GaAs measured by Aspnes and Studna6 were employed 

in these calculations. Calculations were performed at .1eV intervals 

for dipole energies between 1.5 and 4.0 eV. At each dipole emission 

energy, the energy transfer rate was calculated at 78 different 

distances ranging from 2 to 1000A. 

At distances greater than 50-100A, the lifetime oscillates with 

distance and emission energy due to the modulation of the radiative 

rate of the molecule by the reflected field from the surface. There is 

no net absorption of energy by the solid, but depending on the 

wavelength and distance. the reflected field from the semiconductor 

will either be in or out of phase with the dipole, and hence will 

either damp or drive it. At distances below 50-l00A, the lifetime is 

sharply reduced due to nonradiative energy transfer from the dipole 

near field. In this regime the lifetime varies with distance as I/d3 , 

and the variation of the lifetime with wavelength depends on the 

optical absorption properties of the semiconductor. Shown in Fig. la 

is a log-log plot of the energy transfer rates to Si and GaAs versus 

distance for one emission energy, 3.2eV. At the shortest distance. 2A, 

the energy transfer rate is between 104 to 105 times greater than the 

isolated molecule radiative rate. In Fig. lb the energy transfer rate 

is plotted versus emission energy, for the molecule located loA away 

from the Si. The sharp increase in energy transfer rate at 3.4 eV is 

due to the onset of the direct interband absorption in Si. 
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Figure lao This graph shows the CPS prediction for the 

nonradiative rate of energy transfer from a molecule with emission 

energy at 3.2eV to Si and GaAs. The calculation assumes the dipole is 

oriented parallel to the solid, and that the molecular radiative rate 

and quantum yield are one. 
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Figure lb. Plotted here is the CPS prediction for the energy 

transfer rate versus wavelength, for a molecule loA away from S1. 
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Figure 2. This graph schematically illustrates the mechanism 

of energy transfer from a molecule to Si. For energies below the band 

-gap.--the radiation field can only excite vertical transitions, so 

phonon assistance 1s required for absorption to take place. At short 

molecule-semiconductor separations. however. the dipole near field can 

directly excite an electron from the valence to the conduction band. 
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Below 3.2 eV the excitation by the radiation field of an 

electron to the conduction band in Si requires that additional momentum 

be supplied by phonons, and is therefore less probable. These 

processes are included in the measurement of the optical dielectric 

constant, and hence are included in the CPS energy transfer rates. The 

near field of the molecule contains wavevector components of the order 

of hid, where h is Planck's constant and d is the distance from the 

dipole to the point of observation (compared to h/A for the radiation 

field, where A is the wavelength of the light). Thus for any emission 

energy at which the optical absorption is indirect there will be a 

distance below which the near field absorption is direct. At that 

distance and below the energy transfer rate is expected to exceed the 

CPS prediction. This is shown schematically for the case of Si in 

Figure 2. The approximate distance at which this effect will be 

important for Si can be estimated to be 2oA, since the wavevector 

required for the transition to be direct will be about one quarter the 

length of the Brillouin zone (the value will depend on the wavelength 

of emission), or 1/4*(1/S.43A). Stavola, Dexter, and Knox have 

addressed this type of question in a theoretical paperS. 
I 

Figuresla and lb can be used to estimate the classical 

prediction for the lifetime of the molecule for emission energies 

throughout the visible at distances where the l/d3 term dominates. 

Since a quantum yield of unity and an isolated molecular emission rate 

of 1 were used, the energy transfer rate at 3.2eV can be estimated for 

a molecule at this emission energy by mUltiplying the transfer rate in 
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Figure la for the appropriate distance by the molecular radiative rate. 

The wavelength can be scaled using Figure lb. The energy transfer 

rates to GaAs are about an order of magnitude higher than the rates to 

Si for wavelengths where the Si optical absorption is indirect. Notice 

that the l/d3 region begins at about lOOA for GaAs, whereas for Si it 

occurred at about SOA. At small separations, the wavelength dependence 

is fairly flat throughout the visible for GaAs. 
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Experimental 

The low-temperature UHV apparatus employed in these experiments 

has been described in detail elsewhere8 . Briefly, polished undoped 

(carrier concentrations <1014/cm3) single-crystalline GaAs (110) wafers 

(Crystal Specialties, Inc.) were clamped to an aluminum block and 

cleaned with several argon-ion-bombardment/anneal cycles. Low energy 

electron diffraction and Auger tests showed that this procedure yields 

reasonably clean, well ordered surfaces, although trace amounts of 

residual carbon often remain. The aluminum holder was cooled with a 

helium cold tip, and ultimate temperatures of about 30K were obtained. 

Ammonia spacers were condensed on the gallium arsenide surface, and the 

spacer layer thicknesses were measured with a rotating-analyzer 

ellipsometer. Monolayers of pyrazine were then condensed on the 

ammonia spacers. The pyrazine phosphorescence was excited at 3210A 

with an unpo1arized second stokes pulse (lOns duration) from an H2 

Raman-shifted KrF excimer laser (Lambda Physik EMGlOI). The emission 

was isolated with colored glass filters, detected by a photomultiplier, 

and time resolved and stored with a transient recorder interfaced to B 

computer. Measurements were made for ammonia spacer thicknesses 

between 20and 430A, and lifetimes were calculated by fitting the 

luminescence decay with a single exponential. The results are shown as 

points in Figure 3, and the values are contained in table 1. 
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Table 1. Compilation of lifetime and distance data for the 3n~* 

pyrazine/GaAs system. 

d(A) 

479 

214 

212 

113 

78 

55 

50 

24 

23 

f'(ms) 

12.4 

11.6 

12.0 

5.61 

1.55 

.870 

.505 

.043 

.046 
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Results and Discussion 

The observed distance dependence of the pyrazine 

phosphorescence lifetime was compared to the predictions of the CPS 

theory. The model used in the calculation placed the pyrazine 3A above 

the ammonia spacer and oriented parallel to the surface of the gallium 

arsenide. The dielectric constants were measured ellipsometrically 

during the ammonia depositions: (GaAs)-12.S + l7.0i and (NH3)-1.7 at 

l-3800A. A log-log plot of the calculated and experimental lifetime 

versus spacer thickness is shown in Figure 1. The best fit to the 

experimental measurements was obtained by use of a free molecular 

lifetime of 24ms and a quantum yield of .7 for the molecular emission. 

The CPS model reproduces, within experimental error, the 

qualitative dependence of the phosphorescence lifetime on molecule-

semiconductor separation. The lifetime is observed to decrease 

monotonically with decreasing separation, and an approximate cubic 

distance dependence is measured, as predicted by CPS theory. The 

calculation also reproduces the absolute lifetime measurements to 

within experimental error (due mainly to uncertainty in the spacer 
~-~ -------"- _.-_.-------

the possibility of a distance dependence 

slightly greater than d3 cannot be discounted without more accurate 

measurement. 

The success of the CPS theory suggests that the dominant 

mechanisms for energy transfer in the pyrazine/GaAs system are included 



in the local dielectric constant of the solid. Almost all of the 

energy is transferred through high wavevector components of the dipole 

near field. This is illustrated in Figure 4, which shows the classical 

energy transfer rate vs. wavevector component for several different 

molecule-semiconductor separations.. The shoulder which appears just 

above the radiation filed wavevector (k-l) corresponds to polariton 

excitation in the bulk. This decay mechanism is important for the 

transfer of energy to semiconductors below the onset of strong 

interband absorptions. However, the polariton modes are unimportant in 

the pyrazine/GaAs system, since they are short lived and decay quickly 

into interband excitations. 

One remaining issue is why in the tetracene/Si system, Hayashi, 

Castner and Boyd observed no reduction in fluorescence intensity as the 

molecule-semiconductor separation was reduced below 100A. In that 

experiment, the semiconductor substrates were prepared at 10- 8 torr and 

the layer of fluorescent molecules was 50A thick; this suggests the 

molecule-semiconductor separation could not be properly controlled in 

those experiments. 

88 



.r-------~------~------~------~ 

Figure 4. The 

calculated for various 

1/ 

wavevector 

separations 

spectrum of the energy transfer 

(20-100A) for the pyrazine/GaAs 

system. The wavevector, u, has been normalized to the radiation field 

wavevector. 
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Conclusions 

In conclusion. we have shown that the classical image-dipole 

model of electronic energy transfer predicts ef:eicient transfer of 

energy from electronically excited molecules emitting in the visible to 

5i and GaAs. These predictions have been experimentally verified for 

the pyrazine/GaAs system at 3.3eV for molecule-semiconductor 

separations as short as 20.\. The dominant decay mechanism is the 

transfer of energy to interband electron-hole excitations of the 

semiconductor through the high wavevector components of the dipole near 

field. 
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Chapter 2 

Excitation Transfer and Trapping in a Molecular Array 

Above a Semiconductor Surface: Pyrene/Si(lll) 

Introduction 

In the previous chapter it was shown that a triplet molecular 

excited state can excite an electron from the valence to the conduction 

band of a semiconductor by a dipole-dipole mechanism. The transfer of 

energy to semiconductors by a similar mechanism but using a singlet 

molecular excited state as the donor is of practical interest: it is 

hoped that by coating a semiconductor photoelectrode with a dye 

molecule, the efficiency of electron-hole pair creation in the solid 

can be increasedl , 2. This type of experiment raises new theoretical 

questions. Experiments on the dynamics of dye overlayers on 

transparent substrates (band gap below the molecular emission energy) 

show that there will be a competing channel for energy loss in the dye 

overlayer3- 20 . The excitation energy can transfer among the dye 

molecules, and can eventually be trapped by a nonradiative dimer or 

mul timer trap. These two mechanisms, and their interaction, are the 

subject of this chapter. 

The results will be presented from an experiment in which the 

fluorescence decays of pyrene separated from a Si crystal by xenon 
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spacers are measured. Si was chosen as the energy acceptor in these 

experiments because its band gap is indirect. The excitation of an 

electron into the conduction band in Si requires a source of momentum, 

which at intermediate molecule-semiconductor seyarations (20-l00A), 

will be supplied by the phonons of Si; below 20A the near field of the 

molecule can directly excite the electron hole-pair (see Part II, 

chapter 1, Figure 2, p. 76). An indirect band gap material is 

advantageous experimentally since it does not absorb visible energy as 

strongly as a direct gap material, like GaAs, and consequently the 

energy transfer rate to the surface will be relatively lower, 

permitting measurements at smaller molecule-semiconductor separations. 

It is necessary to choose a molecule for these experiments with 

a very large absorption cross section, in the neighborhood of 50,000 

liters/mole-cm~nd with a near unity fluorescence quantum yield, so the 

signal level will be observable even when the molecule is very close to 

the surface. The lifetime of the molecular excited state must also be 

relatively long compared to that of most singlet states, so that there 

will be sufficient time resolution at the short molecule-semiconductor 

separations. These two sets of requirements are contradictory, and can 

only be reconciled by exciting a state which rapidly internally 

converts to another, longer-lived state. Pyrene fulfills these 

requirements21 since it can be excited into S2 with 335 nm light with 

an E of 35,000 liters/mole-em, and efficiently internally converts to 

the Sl state, which has a radiative rate of about 106s -1. 
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Using this choice of molecule and semiconductor, and using a 

new lifetime measurement apparatus, we have obtained data on the 

coverage, wavelength and distance dependence of the fluorescence decay 

function. In what follows, the problem of excitation transfer and 

trapping in a molecular overlayer is discussed. The experimental 

apparatus and procedure are described. The fluorescence emission 

spectra and decays as a function of separation are then presented, 

along with data on the coverage and wavelength dependence of the data 

at 200A separation. In the final section a model 1s presented for the 

excitation transfer and trapping in the pyrene layers, and the relation 

between the intralayer energy transfer and the molecule-semiconductor 

energy transfer 1s discussed. 
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Theory: Models of two-dimensional energy transfer 

The dynamics of photoexcited overlayers have been studied 

extensively, using both 10w3- 8 and high9- 20 surface area nonabsorbing 

substrates (band gap greater than the molecular emission energy). At 

coverages below a monolayer the fluorescence decays from such 

assemblies are nonexponential, which has been attributed to Forster 

energy transfer and trapping. Even though the number of molecules in 

such an experiment is small,· they are highly concentrated. An upper 

limit on the average distance between molecules of lOoA2 area at one 

tenth monolayer coverage is 30A, which is comparable to the Forster RO 

for a typical singlet transition22 . At such high surface densities the 

molecules can stack, forming nonradiative dimers and multimers which 

act as traps. Consequently, the excitation energy can transfer between 

molecules in the layer until it finds a trap. In all of these 

experiments the fluorescence decay "rate" is found to increase with 

increasing coverage, as such a model would predict. 

Many procedures have been proposed for modeling the dynamics 

within a two dimensional amorphous photoexcited overlayer. These 

models make assumptions concerning the number of donors and acceptors 

and their radial and angular distribution functions. Then, assuming a 

Forster (or exchange) energy transfer mechanism, the exact decay 

function can be used. In Table I, Eqs. 2, 3, 4, and 6 are all decay 

laws of this type which have been applied to photoexcited monolayers. 
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In addition, Baumann and Fayer have derived the decay functions 

corresponding to many other types of distributions29 . 

A common feature to the models presented above is that an 

averaging of the energy transfer rate takes place over the spatial 

distribution of the molecules. Richert27 , and Richert and Bassler28 

have instead performed an average of the energy transfer rate over the 

distribution of site energies which are present in an amorphous 

crystal. They have studied the case in which there is excitation 

transfer and trapping among molecules located on a regular three 

dimensional lattice, but whose energies, due to inhomogeneous 

broadening, are distributed according to a Gaussian distribution. If 

kT is less than the width of the Gaussian there will be a cascade from 

higher to lower energy as time progresses. High energy excitations can 

transfer their energy to lower energy ones, with the energy difference 

taken up by the surrounding bath. The low energy excitations cannot 

transfer their energy back without thermal activation. This means the 

high energy side of the spectrum will decay faster. According to such 

a model, the fluorescence decay will be given by an expression of the 

Kohlrausch type23 - 25 , Eq. 5, with an independent multiplicative decay 

time corresponding to isolated molecule decay, Eq. 6. Richert and 

Bassler have applied this formalism to the dynamics of triplet excitons 

in bulk amorphous organic crystals wi th some success28 . For these 

triplet states the exchange interaction, rather than Forster transfer, 

is the mechanism for the excitation transfer. 
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Table 1. 
Decay Law 

Eq.l. Biexponential 

Parameters 

N(t) - Alexp(.-t/rl) + A2exP( -t/r2) 

<r> - (Alrl2 + A2 r 22)/(Alrl + A2r2) 

<r> - expectation value 
of the time 

Eq.2. Forster Energy Transfer and Trapping, 1 Donor, 1 Acceptor, 
Isotropically Distributed4 ,6 

N(t) - Aexp(-t/r-l.354C(t/r)·33),.. - isolated molecule decay time 
C - concentration of traps 

Eq.3 Forster Energy Transfer and Trapping, 1 Donor, 1 Acceptor, 1 
Independent Species, lsotropically Distributed4 ,6 

Eq.4. Forster Energy Transfer and Trapping, 2 Donors, 2 Acceptors, 
Isotropically Distributed, One lndepenedent Species4 

N(t) - Alexp(-t/1'l) + A2eXp(-t/1'2-1.354C2(t~1'2)·33) 
+ (1-Al-A2)exp(-t/r3-1.354C3(t/1'3)' 3) 

Eq.5. Kohlrausch Decay Function23 - 25 

N(t) - Aexp(-t/1')a o < a < 1 

Eq. 6. Forster Energy Transfer and Tra~ping, One Donor. One Acceptor, 
Distributed on a Fractal Surface18 - 20 ,2 

N(t) - Aexp(-C(t/1')Q-t/r) 
o < a < .5 
a - a/s 

C - concentration of traps 
l' - isolated molecule decay time 
a - fractal dimension 
s - 6 for Forster energy transfer 

Eq.7. Forster Energy Transfer and Trapping, Gaussian Distribution of 
Donor Energies, Distributed Uniformly on a Regular Lattice27 ,28 

N(t) - Aexp(-C(t/r)a_t/1'O) 
o < Q < 1 
a- l - (a/4kT)2 + 1 

C - concentration of· traps 
l' - hopping time 
o - inhomogeneous width 
1'0 0 isolated molecule decay time 
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Experimental 

Single crystal wafers of Si(111) 500 IJm thick, with 10ohm-crn 

resistivity, were cleaved and etched under inert atmosphere according 

to the procedure of Aspnes30 . The samples were mounted on Tantalum 

backings and placed in a UHV chamber which has been described 

previous1y3l. Tantalum was chosen because, due to its high melting 

point, it does not 1nterdiffuse with S1 at the annealing temperature. 

The crystals were cleaned by sputtering with 1KV argon ions at 5x10- 5 

torr for one hour, and subsequent annealing for 10 minutes at 900C. 

Auger spectroscopy showed the crystals to be free of impurities after 

this treatment. 

In previous experiments on energy transfer to metals, and in 

the pyrazine/GaAs experiment a 10Hz lOns laser was used to excite the 

triplet state of a molecule, and the molecular phosphorescence decay 

was collected on a transient recorder. In this experiment time

correlated single photon counting was employed to measure the lifetime 

of a singlet state32 . The photon counting technique permits the 

collection of ,low background decays obeying Poisson statistics with 

good signal to noise even when the emission is very weak. In addition, 

this technique has a large dynamic range in time, and minimizes effects 

due to laser heating of the substrate. 

A schematic of the apparatus is shown in Figure 1. The laser 

consists of a Coherent CR-8 Argon ion laser with the cavity extended to 
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Figure 1. Schematic of the apparatus. KCP PM'! is the micro-

channel plate photomultiplier tube. PD 1s a photodiode. Disc is a 

constant fraction discriminator. TAC 1s a time-to-amp11tude converter. 
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match the Coherent 38MHz modelocking frequency. The modelocked ion 

laser is used to synchronously pump a model 700 dye laser, which is 

also cavity-dumped, so that the repetition rate can be adjusted from 

3SMHz down to single shot. Us ing DCM, the dye laser produces 40rn\.7 

average power at a repetition rate of 3.8MHz, with a pulse duration of 

2ps. The 670nm output is doubled in a lmm thick Lil03 crystal, 

yielding approximately ImY of average power at 33Snm. 

100 

The peak temperature induced in the sample by this laser and by 

a 10Hz IOns laser can be compared, assuming Gaussian laser pulses in 

space and in time, and that all the absorbed energy is confined to the 

surface. The temperature rise is given by33: 

/:!:r -
49.5 (l-R) t 

P 
K d c ,.. 

where R is the reflectance, I is the peak power at the center of the 

laser beam in MW/cm2, tp is the pulse width in nanoseconds, K is the 

thermal conductivity in W/cm-K, d is the density in g/cm3 , and c is the 

specific heat in J/g-I{. For single crystal n-type Si of 10 ohm-cm 

resistivity, the reflectance34 is .563 at 33Snm' the thermal 

conductivity35 is 10· the density is 2.33, and the specific heat3 6 is 

.1674· For the high rep rate system I-I. and tp-. 002. while for the 

low rep rate system 1-40 and tp-IO. Using ImY of average power in both 

cases. and assuming the beams are focussed to a 100 m FWHM spatial 

pulsewidth, the high rep rate system induces a peak temperature rise of 

.3K, while the low rep rate one raises the temperature 90K. 



In these experiments the fluorescence emission was collected 

using a quartz f/1 lens mounted in the UHV chamber, and the scattered 

laser light was rejected using an Instruments SA H-10 f/3.2 

monochromator with a ruled grating with 1200 grooves/mm blazed at 400nm 

and lmm slits, or 8nm resolution. The fluorescence was imaged onto the 

cathode of an RCA C3l034A GaAs photomultiplier. The phototube pulses 

were fed into an EG&G-Ortec model 583 discriminator, the output from 

which was used as the start pulse for a Canberra 2043 time-to-amplitude 

converter. A reference pulse from the Coherent cavity dumper was used 

as the stop pulse. A multichannel analyzer was inexpensively 

constructed using an ADAC Model 1023 100KHz AID board interfaced to an 

LSI 11/73 computer. 

The photon counting technique is generally advantageous for 

these experiments, but it is restricted to measuring lifetimes longer 

than 50-100 picoseconds 37 ,38 and less than 5 microseconds. On the fast 

end, the limi t is imposed by the width and jitter of the 

photomultiplier pulse. Using the GaAs tube an instrument function of 

about 600ps FWHM was obtained, making measurements below one nanosecond 

difficult. Recently, the photomultiplier was replaced by a Hammamatsu 

microchannel plate photomultiplier, which has a risetime of 200ps, and 

yields an instrument function of 90ps. Very long lifetimes cannot be 

easily measured with this technique, because the interpulse spacing of 

the laser must exceed the lifetime being measured by about a factor of 

ten, and only one fluorescence photon can be collected for every 100 

laser pulses to avoid distorting the decay. For lifetimes longer than 
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a few microseconds this latter restriction makes it extremely difficult 

to collect a decay. The range of lifetimes which can be measured with 

the apparatus is sufficient to study the energy transfer in question 

over a wide range of distances. 

In a typical experiment the clean Si crystal was cooled to 2SK 

and the optical constants were monitored in time ellipsometrically as a 

spacer layer was grown on the substrate. Once the spacer was 

deposited, a layer of pyrene could be dosed, using the ellipsometer to 

monitor the coverage. Zone refined pyrene from Materials by Metron, 

was introduced into the UHV chamber through a dedicated diffusion 

pumped inlet line maintained at 150C. Once the pyrene was deposited a 

fluorescence emission spectrum or decay time could be obtained. In a 

subsequent deposition of pyrene, the ellipsometer could no longer be 

reliably used to measure the coverage. This is because the errors in 

measuring, first the optical constants of the bare Si, then the change 

induced by the Xe spacer, and then the change induced by the pyrene are 

all compounded. In addition, the ellipsometer readings drift a tenth 

of a degree over a period of a few hours, making multiple submonolayer 

measurements impossible. 



Results 

In these experiments the fluorescence decays from submonolayers 

of ?yrene separated from Si(lll) by Xe spacer layers were collected as 

a function of: (i) coverage; (ii) wavelength; and (iii) separation from 

Si(l11). Time independent fluorescence emission spectra were also 

collected as a function of coverage. The fluorescence signal was shown 

to be linear with incident laser intensity, while the fluorescence 

decays did not change with laser power. Fits of the data were 

performed to the Kohlrausch and to the biexponential decay laws, using 

the program Curfit by Bevington39 , which employs the Marquardt 

algorithm. The fluorescence decays were sufficiently long lived that 

it was unnecessary to deconvolute the instrument response function. 

A sample fit to a biexponential is shown in Fig. 2a. Following Richert 

and B.1ssler27 , 28, the following form of the Kohlrausch equation was 

used: 

J(t) - N(2t)!N(t) - exp «l-2Q)(t/r)Q) 

Fits of the data to this expression requires only two adjustable 

parameters, and an example is shown in Fig. 2b. 

Coverage dependence of the fluorescence emission spectrum as 

well as the fluorescence decay function was studied using a 200A thick 

xenon spacer to separate the pyrene from the xenon. Accurate 

determination of the coverage for submonolayers has proven difficult in 
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experiments on flat substrates. The best me.thod for determining the 

trends as a function of coverage was the following. Once the spacer 

was deposited a small amount of pyrene was deposited while monitoring 

the fluorescence count level. A fluorescence emission spectrum and a 

decay function at 390nm emission wavelength were then collected. More 

pyrene was deposited, and a new emission spectrum and decay were 

collected. This process was repeated several times. In this manner 

there is complete certainty that only the coverage has changed between 

successive experiments, and that the coverage has increased. 

Approximate coverage in such an experiment can be inferred by 

comparison with experiments in which a single deposition of pyrene is 

performed using the ellipsometer to measure the coverage. Relative 

fluorescence emission intensity, cannot be used as a measure of 

coverage, since the quantum yield presumably changes with coverage. 

In Fig. 3 are shown the fluorescence emission spectra obtained 

from an experiment of this type. At low coverage, there is one peak at 

390nm. With increasing coverage this peak shifts to lower energy and a 

new peak at 480nm grows in. The results from fitting the fluorescence 

decays as a function of coverage are shown in Table 2. With increasing 

coverage. the value of ~ and of Q, the parameters of the Koh1rausch 

equation, decrease. The expectation value of the time, <r>, derived 

from the fit to a biexponential, increases with increasing coverage. 

The same trends in the wavelength studies were observed at all 

coverages on the 200A thick spacer layers, and the results from one 
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such experiment are shown in Table 3. Going from high to low emission 

energy the relaxation time, 1', of the Kohlrausch equation, and the 

expectation value of the time, <1'>, increased throughout the 390nm 

band. The 480nm band did not show a wavelength dependence. 

The distance dependence of the fluorescence decays collected 

with a 390nm bandpass interference filter from submonolayers of pyrene 

on xenon spacer layers of varying thickness is shown in Figure 4. The 

coverage was always close to one half monolayer, as measured 

ellipsometrically. The appropriate distance is indicated next to each 

curve. The results of the fits to these decays are shown in Table 4. 

The lifetime decreases monotonically as a function of molecule

semiconductor separation, for both the double exponential and the 

Kohlrausch form. The fluorescence signal level which could be obtained 

with the full repetition rate and unattenuated laser beam was 

substantially reduced from a few million counts per second at 200A to a 

few thousand at 17A. 

Fluorescence decays as a function of coverage were collected 

using 200A thick Ar and Kr spacer layers, as well as an 800A thick Ar 

spacer layer. The behavior was qualitatively similar to the Xe spacer 

layer experiments, but the "rate" of decay, determined by visual 

inspection, was greater on Xe than Kr, and greater on Kr than Ar, 

presumably due to the external heavy atom effect. Experiments were 

performed in which cap layers of Xe were grown on top of the pyrene, 

but the fluorescence decays were unchanged by this procedure. 
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Figure 2a. Fit of a typical fluorescence decay to a 

biexponential. This decay function was obtained using a 200A thick Xe 

spacer, at a pyrene coverage of approximately two thirds of a 

monolayer, and at 390nm emission wavelength. The points represent the 

data, the line represents the best fit, with parameters, Al - 74.8, 

~l - 17.2, A2 - 23.6, ~2 D 54.8, <~> - 36.1. 
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Figure 2b. Fit of the same decay function, to the Koh1rausch 

The fit parameters are Q - .636, f' - 15.6. Note that in 

performing fits to the Kohlrausch form one adjustable parameter is 

eliminated by dividing the data at time 2t by the data at time t. 
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Figure 3. Fluorescence emission spectra from submonolayer 

films of pyrene on a 200! thick xenon spacer on top of Si(111). The 

excitation wavelength is 33Snm. At low coverage, there is one peak at 

390nm. With increasing coverage, a peak at 480nm grows in, while the 

390nm peak shifts. The lowest coverage 1s estimated to be one tenth of 

a monolayer; the highest, one monolayer. 
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Figure 4. Fluorescence decay functions for three different 

spacer layer thicknesses, all collected at 390nm emission wavelength 

and at approximately half monolayer coverage. 



Table 2. Coverage Dependence 

Kohlrausch Eq. Biexponential 

e a " "2 <r> 

-.1 .927 30.8 68.4 20.8 31.6 42.2 31.1 

.812 23.9 65.7 20.9 34.3 42.9 32.3 

.837 27.3 61. 3 21.5 38.7 43.0 33.5 

.738 23.0 93.2 28.3 6.8 76.8 36.3 

.618 15.3 91.5 26.7 8.5 87.5 40.8 

.575 13.6 89.6 26.2 10.4 90.6 44.6 

-1. .511 12.2 86.1 27.4 13.9 115. 62.6 

Shown in this table are the results from a coverage dependence of the 
fluorescence decay of pyrene on a 200A Xe spacer above Si(111). The 
decays were collected at 390nm. The lowest coverage is estimated to be 
one tenth of a monolayer. the highest one monolayer. All lifetimes are 
i.n nanoseconds. 
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Table 3. Vavelength Dependence 

Kohlrausch Eq. Biexponential 

l(nm) a " "1 "2 <1'> 

380 .560 9.35 75.1 15.8 17.2 54.3 32.8 

390 .636 15.6 74.8 17.2 23.6 54.8 36.1 

400 .659 17.8 71.6 18.7 24.8 56.2 37.8 

420 .658 19.2 71.1 19.7 28.7 58.4 40.8 

480 .615 11.5 85.7 17.1 17.7 51. 7 30.4 

Shown in this table are the results from a wavelength dependence of the 
fluorescence decay of pyrene on a 200! Xe spacer above Si(lll). The 
coverage is estimated to be about two thirds of a monolayer. All 
lifetimes are in nanoseconds. 
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Table 4. Distance Dependence 

Kohlrausch Eq. Biexponential 

d(A) Q " A1 "1 A2 1'2 <1'> 

196 .738 23.0 93.3 28.3 6.7 76.8 36.3 

28 .756 8.55 59.0 6.7 32.2 16.3 12.2 

17 .660 3.28 59.3 3.0 29.5 8.7 6.4 

Shown here is the distance dependence of the decay function, collected 
at half monolayer coverage and at 390nm. All lifetimes are in 
nanoseconds. 



Discussion 

In this section, possible mechanisms for the coverage and 

wavelength dependencies observed on the 200A thick spacer layers are 

discussed first, and it is concluded that excitation transfer and 

trapping within the photoexcited overlayer can provide a reasonable 

explanation for the observations. Next, the question of choosing the 

appropriate decay function to model the data is discussed. Finally, 

the question of molecule-semiconductor energy transfer is treated. 

While there is a pyrene-spacer layer interaction, it is 

probably not responsible for the shape of the decay functions, and the 

observed coverage and wavelength dependence. The decays. both in this 

experiment and in previous molecule-solid energy transfer experiments, 

are shorter-lived for smaller spacer layer thicknesses when the spacers 

are thin (less than looA) , but very similar for thick spacer layers 

(comparing 200 to SOOA). Similar results were obtained using Ar, Kr, 

or Xe as the spacer. For Ar, 25K is close to the annealing 

temperature40 ,4l, so the Ar spacers should be flat. Matrix 

spectroscopists have concluded that aromatic hydrocarbons, do not 

diffuse in inert gas matrices, unless the temperature is well above the 

annealing temperature4l . Amirav and Jortner42 have studied the 

fluorescence decays from (Kr)n-tetracene and (Xe)n-tetracene complexes 

in molecular beams. They found that the first inert gas atom increased 

the decay rate of the molecule by an external heavy atom effect, while 

addition of more inert gas atoms to the complex had no effect. The 
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decays for the Kr complexes remained exponential, while the Xe decays 

were too fast to observe in time I and could only be studied by 

comparing relative emission intensities. While none of these 

observations constitute proof I taken together. they suggest that 

inhomogenei ty in the spacers, or spacerapyrene interaction are not 

responsible for the dynamics observed here. 

According to the CPS model, at large molecule-semiconductor 

separations I the radiative rate of the molecule is modulated as a 

function of wavelength by the reflected field from the semiconductor. 

The model predicts a wavelength dependence, opposite in direction to 

the one observed for the 390 nm peak, while no wavelength dependence is 

observed for the 480nm peak. The radiative rate for the Sl state of 

pyrene is on the order of 1 microsecond, while the decays observed in 

this experiment are one order of magnitude shorter lived. This 

suggests that nonradiative processes dominate, and the modulation of 

the radiative rate by the reflected field from the semiconductor is not 

important. 

It is very plausible that Forster excitation transfer and 

trapping in the pyrene layer could be responsible for the decays 

observed. The Ro for the Sl state of pyrene in dilute cyclohexane 

solution is small22 , only about loA. The exact number for the present 

configuration cannot be easily obtained since this would require 

knowing the absorption spectrum of Sl for the pyrene on the Xe layer. 

Associations between ground state pyrene molecules, as observed by Yare 
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for pyrene on silica gel, could increase the value of RO. At ten 

percent of a monolayer, if the molecules stick wherever they hit the 

surface, many of the molecules would have nearest neighbors. 

It is possible that the pyrene molecules can diffuse 

sufficiently rapidly on the xenon spacer to form an equilibrium 

structure. The rate of diffusion of pyrene on a solid Xe surface 

cannot be easily estimated, as the following crude calculation 

demonstrates. The Xe-pyrene binding energy can be assumed to be 

lOOOcm- l , based on the observations of Amirav and Jortner42. Following 

Somorjai43 , the activation energy for diffusion can be obtained by 

calculating the Boltzmann speed in two dimensions of pyrene at 25K, 

which is l300cm/s. Assuming a box size of loA, this yields a frequency 

factor of 1. 3xlOlOs- 1 , and a diffusion rate of . 01cm/s. If, on the 

other hand, the activation energy for diffusion were SOOcm- 1 , the 

diffusion rate would be slower than 10- Scm/s. Regardless of whether 

the distribution is random, or of another type, it appears likely that 

at 10 percent of a monolayer the pyrene molecules will be close enough 

for Forster excitation transfer to be important. 

It is known from experiments in solution, and the crystalline 

and amorphous phases, that an electronically excited pyrene molecule 

can form a complex with a ground state pyrene molecule, and that the 

resulting excimer is stabilized by a few thousand wavenumbers relative 

to the monomer21. At 2SK an excimer cannot dissociate into one excited 

and one ground state monomer. The monomer emission is located at about 

115 



116 

390nm and the excimer at 480nm, depending on the environment. The 

crystal structure of pyrene is dimeric in form, so that almost all the 

crystal emission takes place from excimers. In the crystal the excimer 

decay time is temperature dependent, increasing from 11Sns at room 

temperature to l8Sns at 30K and below44 - 54 . In cyclohexane solution at 

room temperature the monomer emission lifetime is 44Sns, and the 

lifetime becomes longer as the· temperature is decreased2l . In the 

present discussion the assumption will be made that the isolated 

excimer decays faster than an isolated monomer. There have been many 

reports of monomer emission from crystalline or amorphous solid pyrene, 

in which the monomers are assumed to occupy defect sites44 - S4 . The 

lifetimes reported for this type of monomer emission vary over a wide 

range, from 8 to 900ns; the observed temperature dependence of the 

emission has also varied between the experiments, suggesting that the 

results depend on details of sample preparation. 

The 390nm emission band observed in the present experiments can 

be assigned to emission from electronic states localized on one 

molecule, although these states can be perturbed by the presence of 

other ground state molecules (e.g., Ware's bound ground state 

associationl7 ). The excitation energy can transfer among these 

Wmonomer" excited states, and can eventually be trapped by an excimer. 

Since the intrinsic excimer decay rate is assumed to be faster than the 

intrinsic monomer decay time, and since the excimers are populated by 

the monomers, the fluorescence decay function at the excimer emission 

wavelength will parallel the decay of the monomer population. No 



risetime need be observed in the excimer emission, since some fraction 

of the molecules initially excited will be in a position to form an 

excimer without any hopping. The excimer formation time in the crystal 

is not yet firmly established, but is certainly much faster than the 

instrument response in the present experiment52 ,54.' 

If the distribution of the molecules on the surface were known, 

then the exact decay function for the model discussed above could be 

used to quantify the decays. However, it is very difficult to proceed 

in the reverse direction, and use the fluorescence decay function alone 

to determine the appropriate decay law. An examination of the 

predicted decay laws for various distributions, shown in table 1, 

reveals that knowledge of a large number of parameters is required. 

Faced with this situation, many researchers have preferred to fit to 

the biexponential, which, although lacking in physical interpretation, 

produces reasonable fits. 

As the coverage is increased the amount of excimer emission 

increases in the fluorescence emission spectrum, so that the 

concentration of traps, as well as the concentration of monomers, has 

increased. Therefore, the decay time ought to decrease with increasing 

coverage. An examination of the fits to the biexponential form reveals 

that the expectation value of the time increases with increasing 

coverage. The simplest functional form in table 1, the Kohlrausch form 

shows more physical behavior. The relaxation time l' decreases with 

increasing coverage. This functional form requires only two adjustable 
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parameters; it will therefore be used to evaluate the trends in the 

data. 

The relaxation time within the monomer emission band shows a 

wavelength dependence, increasing towards lower energy. This trend is 

consistent with the spectral diffusion model of Richert and B4ssler, in 

which jumps of an excitation to sites higher in energy are less 

probable than jumps to sites lower in energy. The parameter a is 

inversely related to an inhomogeneous width,so that the decrease of a 

with coverage corresponds to a broadening. This interpretation makes 

sense since in the limit of very low coverage an exponential decay will 

be recovered, while the perturbation due to other molecules on the 

surface can be expected to become more important as the coverage 

increases, and hence the spectral width should broaden. The shift with 

coverage in the 390nm band observed in the time-independent emission 

spectra suggests that the distribution of site energies are coverage 

dependent. 

The decays become faster, and the quantum yield drops as the 

molecule-semiconductor separation is reduced, because of through space 

energy transfer. The semiconductor should be viewed as a separate, 

independent trap for the excitation energy. The CPS calculations argue 

that at 200A separation, the intralayer dynamics alone are important; 

at very short separations, the energy transfer rate to the 

semiconductor will exceed the hopping rate in the pyrene layer, even at 

high coverage. Thus at 2A, the wavelength dependence of the decay 
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should be dominated by the optical response of the semiconductor, and 

no coverage dependence to the decay time should be observed. Much of 

our knowledge concerning molecule-solid energy transfer derives froIIi 

experiments performed at intermediate separations, between 10 and 10oA. 

where both mechanisms will be important. In this regime. the 

interaction between these mechanisms has not been considered 

previously. Thus, it will be necessary to perform a coverage and 

wavelength dependence at more than one molecule-semiconductor 

separation before these effects can be separated. 
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Conclusions 

In this work it has been demonstrated that when a monolayer of 

fluorophores is placed near a semiconductor surf,ace both intralayer 

energy transfer and moleculeosemiconductor energy transfer can play an 

important role in determining the excited state lifetime. The 

description of the pyrene intralayer dynamics which has been presented, 

based on the notion that the excimers act as traps, and that spectral 

diffusion takes place within the monomer band can qualitatively explain 

the trends in the 200A data, and in particular the wavelength and 

coverage dependence of the decays. In order to test this description 

quantitatively, a better experimental determination of the coverage, as 

well as theoretical work are needed. The CPS calculations and the 

limited experimental 

indicate that image 

important role in 

distance dependence which have been presented 

dipole energy transfer should also play an 

determining the lifetimes of molecules near 

semiconductor surfaces. 
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Appendix A 

Classical Calculation of Energy Transfer Rates 

This appendix contains a computer program which uses the CPS 

model to calculate the rates of energy transfer from a molecule to a 

solid for 78 different molecule-solid separations. Many aspects of 

these computations have already been discussed in the first chapter. 

The program, called ddmpar, is for a parallel dipole, located at a 

spacer/vacuum interface. The program computes the lifetime of the 

molecule. including radiative and nonradiative energy transfer. The 

required input parameters are: the quantum yield, infinite distance 

decay rate, and the emission wavelength of the molecule; the dielectric 

constants of the spacer layer and the solid. 

In the integration, the energy transfer from each wavevector 

component of the dipole field is summed to give the total energy 

transfer rate. Because the integrand diverges on the real axis, the 

integration is performed along three legs in the complex plane, as is 

indicated in Figure 1. The parameters a is set to be 1. The 

integration over each leg is broken down into several parts. The 

integrand must be summed along the b (wavevector) axis, until 

convergence occurs. Summing beyond the point of convergence can lead 

to erroneous results. The point of convergence will be different 

depending on the molecule-solid separation; therefore, the energy 
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larger values of b, until convergence is obtained. 

The integration is performed using Gauss-Legendre quadrature. 

According to this technique, the integral of the function over the: 

interval from -1 to 1 is given by: 

+1 

J f(x)dx - r ~if(x.) 
-1 i 1 

where the weights, ~i' and abscissae, xi, are stored in the computer 

and have been chosen to emulate a Legendre polynomial of the 

appropriate order (in this case 24). Integration over any other 

interval is accomplished by a change of variable. This is done in the 

subroutine DOIBCFo 

1m 

0 b Re 
~ 

1 3 , 
-ia .. 

2 -ia +b 

XBL 868·8914 

Figure 10 Integration Path in the Complex Plane. 



program ddmpar 
dimension time(2) 
real*8 S,d2,Sn,d2n,cl,c2,F,G,a,b,bO,sum,ans2,ans3 
real*8 d20,d2f,dinc,lambda,ansa2,binc,sumi 
complex*16 i,ll,12,13,r12p,rl3p,e2,e3,tc,tcsq,anum2,el 
complex*16 r12s,r13s,Fl,F2,F3,F4,FS,F6,fbufl,fbuf2,fbuf3 
integer J.K . 
real*8 weight(96),abcis(96) ,aa(3) ,tau(lOOO) 
real*8 wgt(24),abc(24) 
open(l,file-'wa' ,status-'old') 
do 4S8 iqS-l,24 
read(l,*) abc(iqS),wgt(iqS) 

4S8 continue 
i - cmplx (0.,1.) 

c write(6,*)' This program computes the excited state lifetime 
of' 
c write(6,*)' a molecule above a surface in the manner of 
Chance, ' 
c write(6,*)' Prock and Silbey(JCP 63,lS89(l97S».The integral 
form' 
c write(6.*)' evaluated here is the integral from 0 to infinity 
of'· 
c write(6,*)' , 
c write{6, *)' f-(F{d2n, -r12p)*F(Sn, -rl3p)/F(d2n+Sn, -r12pr13p» 

c write(6,*)' -l.S*Im(f*tc*tc*tc/ll)' 
c write(6,*)' 
c write(6.*)' case of parallel dipole.The integral is evaluated' 
e write(6.*)' numerically in three steps: first from the origin' 

e write(6.*)' to -i*a along the imaginary axis. second from -i*a 
to' 
e write(6.*)' b-i*a parallel to the real axis, third from b-i*a 
to' 
e write(6.*)' ~ parallel to the imaginary axis.' 
c write(6.*)' , 
c ********************************* 
e enter the input params into the log file 
e ********************************* 

e 
c 

write{6,*) , program ddmpar' 

write(6.*)' The quantum yield of the molecule is:' 
read(S,*) q 
write(6,*) q 
write(6.*)' The infinite distance decay rate is:' 
read(S,*) bO 
write(6.*) bO 
write(6.*)' The emission wavelength in angstroms is:' 
read(S.*) lambda 
write(6,*) lambda 
write(6,*)' The molecule to spacer layer distance(A) is:' 
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read(5,*) S 
write(6,*) S 
write(6,*)' The vacuum dielectric constant is: ' 
read(5,707) e3 
write(6,*) e3 
write(6,*) , The dielectric constant of the spacer layer is:' 
read(5,707) el 

707 format(2F20.5) 
write(6,*) el 
write(6,*) , The dielectric constant of the surface is:' 
read(5,707) e2 
write(6,*) e2 
M-24 
write(6,*) , Number of parts integral is divided into:' 
read(5,*) parts 
write(6,*) parts 
if (parts .eq. 0) stop 
n - ifix(parts) 

c write (6,*)' The path integrated is:' 
c write(6,*)'1 path from 0 to -i*a' 
c write(6,*) '2 - path from -i*a to b-i*a' 
c write(6,*)'3 path from b-i*a to b' 
c write(6,*)'4 all three paths' 

read (5,*) mm 
c write(6,*)' Path number chosen' ,mm 
c write (6,*) , 

write (6,*) 'k d(ang) tau' 
call flush (6) 

c ***************************************** 
c setup do loop for changing distance(d2) 
c **************************************** 

d2-1. 
do 50 K - 1,78 
if (K .le. 9) goto 1101 
if (K .1e. 14) goto 1102 
if (K .le. 34) goto1l03 
goto 1104 

1101 dinc-l. 
goto 1100 

1102 dinc-2. 
goto 1100 

1103 dinc-5. 
goto 1100 

1104 dinc-20. 
1100 d2 - d2 + dine 
c d2-d20+dinc*(K-1) 
c 
c *********************************** 
c 
c 
c 
c 

setup criteria for convergence 
*********************************** 

127 



1001 

1002 

1003 

1004 
1010 

a-l. 
swni-O. 
b-O. 
if (d2 .ge. 
if (d2 .ge. 
if (d2 .ge. 
if (d2 .ge. 
binc-10. 
goto 1010 
binc-sO. 
goto 1010 
binc-100. 
goto 1010 
binc-sOO. 
b-b+binc 

150. ) 
20. ) 
10. ) 
2. ) 

goto 1001 
goto 1002 
goto 1003 
goto 1004 

c write (6,*)'b-',b 
c *********************************** 
c decide which of the three or all 
c integration paths which are used 
c ************************************* 

if (mm .ne. 4) go to 234 
go to 222 

234 kk - mm 
go to 345 

222 do 909 kk - 1,3 
345 go to (400,401,400) kk 
400 uplim - a 

n-ifix«parts!b)+l.) 
delta-uplim/n 
go to 123 

401 uplim - b 
n-ifix(parts) 
delta - up1im/parts 

123 F .... O. 
G ... O. 
Sn - 6.2S31S*S*cdsqrt(el)/lambda 
d2n .. d2*Sn/S 
ansa2 - O. 
cl - O. 
c2 - delta 

c *********************************** 
c setup do loop which obtains 
c weights and abscissae for Gauss-Legendre Polynomials 
c ****************************************** 

do 100 ll-l,n 
ans3 - O. 
call D01BCF(cl,c2,weight,abcis,abc,wgt) 
if (lfail .eq. 0) go to SOl 
write (6,SOO) Ifal1 

SOO format ('ifa1l -' ,12) 
c *************************************************** 
c setup do loop to compute integrand and integral 
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c ******************************************************* 
801 do 200 J-1,M 

ans2 - O. 
c**************decide on path ****************************** 

goto (500,501,502) kk 
500 tc - -i*abcis(J) 

goto 900 
501 tc - abcis(J) - i*a 

goto 900 
502 tc - -i*abcis(J) + b 
c************* compute integrand ***************************** 
c 
900 tcsq-tc*tc 

c 

c 

c 

c 

c 

11 - -i*cdsqrt(l. - tcsq) 
12 - -i*cdsqrt(e2/el - tcsq) 
13 - -i*cdsqrt(e3/el - tcsq) 

rl2p -
r13p 
r12s -
r13s -

(el*12 - e2*11)/(el*12 + e2*11) 
(el*13 - e3*11)/(el*13 + e3*11) 
(1l-12)/(1l+12) 
(1l-13)/(1l+13) 

fbufl-cdexp(-2.*11*d2n) 
fbuf2-cdexp(-2.*11*Sn) 
fbuf3-fbufl*fbuf2 

Fl- 1. + r12p*fbufl 
F2 1. + r13p*fbuf2 
F3 - 1. + (-1.*r12p*r13p)*fbuf3 
F4 1. + r12s*fbufl 
FS - 1. + r13s*fbuf2 
F6 -1. + (-1.*r12s*r13s)*fbuf3 

anum2 - «F4*F5/F6) + (1.-tcsq)*(Fl*F2/F3» 
anum2 - anum2*tc/ll 

c********do sum for the right path and the total******************** 
c 

goto (600,601,602) kk 
600 ans2 - -.75*dimag(-1*anum2) 

goto 199 
601 ans2 - -.75*dimag(anum2) 

goto199 
602 ans2 - -.75*dimag(i*anum2) 
199 ans2 - weight(J)*ans2 

ans3 - ans2 + ans3 
200 continue 

ansa2 - ansa2 + ans3 
cl - cl + delta 
c2 - c2 + delta 

100 continue 
if (mm .ne. 4) goto 456 
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aa(kk) - ansa2 
909 continue 

sum - aa(l) + aa(2) + aa(3) +1. 
c write(6,*) 'aa(1),aa(2),aa(3),sum' 
c write(6.*)aa(1),aa(2),aa(3),sum 

goto 567 
456 sum - ansa2 
567 sum - (l.-sum*q) * bO 
c 
c test for convergence 
c 

if «abs (sumi-sum)/sum)*lOO. .le. .1) goto 1000 
sumi-sum 
goto 1010 

1000 tau(K) - l./sum 

50 

c 
c 

write (6,*) k,d2,tau(k) 
call flush (6) 
continue 
elapse-etime(time) 
write (6,*) 'elapsed time user time 
write (6,*) elapse,' , ,time{l),' 
end 

sys time' 
, • time (2) 

subroutine DOlBCF(a,b,weight,abcis,abc,wgt) 
c 

real*8 we1ght(24) ,abc1s(24) ,a,b 
real*8 wgt(24),abc(24) 
d-(b-a)/2. 
e-(a+b)/2. 
do 100 1-1,24 
abcis(i)-d*abc(1)+e 

100 weight(i)-wgt(i)*d 
return 
end 
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The following is an example of the input parameters for the 
computer program, and a sample output. The sample is for energy 
transfer to Si from a parallel dipole emitting at 4.0eV. 

program ddmpar 
The quantum yield of the molecule is: 

1.00000 
The infinite distance decay rate is: 

1.0000000000000 
The emission wavelength in angstroms is: 

3099.0000000000 
The molecule to spacer layer distance(A) is: 

2.0000000000000 
The vacuum dielectric constant is: 

( 1.0000000000000, 0.) 
The dielectric constant of the spacer layer is: 

( 1.6600000000000, 0.) 
The dielectric constant of the surface is: 

( 12.240000000000, 35.939000000000) 
Number of parts integral is divided into: 

50.0000 
k 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

d(ang) 
2.0000000000000 
3.0000000000000 
4.0000000000000 
5.0000000000000 
6.0000000000000 
7.0000000000000 
8.0000000000000 
9.0000000000000 
10.000000000000 

12.000000000000 
14.000000000000 
16.000000000000 
18.000000000000 
20.000000000000 
25.000000000000 
30.000000000000 
35.000000000000 
40.000000000000 
45.000000000000 
50.000000000000 
55.00000000000·0 
60.000000000000 
65.000000000000 
70.000000000000 
75.000000000000 
80.000000000000 
85.000000000000 
90.000000000000 
95.000000000000 

tau 
9.0631909917317d-06 
2.9504513824989d-05 
6.7703382774095d-05 
1.2861563112221d-04 
2.1708493501743d-04 
3.3788807750553d-04 
4.9574714525293d-04 
6.9532962201659d-04 
9.4124371902260d-04 

1.5901594967257d-03 
2.4778773585382d-03 
3.638320iI70563d-03 
5.1036601088739d-03 
6.9040652907630d-03 
1.3048153637139d-02 
2.1820237138898d-02 
3.3478228313213d-02 
4.8167856242530d-02 
6.5927583121253d-02 
8.6700373000322d-02 

0.11034977089015 
0.13667771342908 
0.16544202787050 
0.19637218985508 
0.22918257794302 
0.26358298485293 
0.29928651012900 
0.33601516890348 
0.37350363929984 

131 



30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 

100.00000000000 
105.00000000000 
110.00000000000 
115.00000000000 
120.00000000000 
140.00000000000 
160.00000000000 
180.00000000000 
200.00000000000 
220.000000'00000 
240.00000000000 
260.00000000000 
280.00000000000 
300.00000000000 
320.00000000000 
340.00000000000 
360.00000000000 
380.00000000000 
400.00000000000 
420.00000000000 
440.00000000000 
460.00000000000 
480.00000000000 
500.00000000000 
520.00000000000 
540.00000000000 
560.00000000000 
580.00000000000 
600.00000000000 
620.00000000000 
640.00000000000 
660.00000000000 
680.00000000000 
700.00000000000 
720.00000000000 
740.00000000000 
760.00000000000 
780.00000000000 
800.00000000000 
820.00000000000 
840.00000000000 
860.00000000000 
880.00000000000 
900.00000000000 
920.00000000000 
940.00000000000 
960.00000000000 
980.00000000000 
1000.0000000000 

0.41150157582789 
0.44977487262259 
0.48810619482065 
0.52629502611371 
0.56415741556781 
0.70921741135011 
0.83826678375278 
0.94649883233626 

1.0317166004248 
1.0941419540790 
1.1355412301062 
1.1586331245179 
1.1665513515935 
1.1624472879354 
1.1492359028551 
1.1294623310494 
1.1052561410585 
1.0783413702036 
1.0500769173400 
1.0215096315953 

0.99342917413056 
0.96641872013192 
0.94089887010394 
0.91716411932797 
0.89541229726004 
0.87576787004313 
0.85830014060551 
0.84303734096679 
0.82997748809545 
0.81909672430300 
0.81035571584576 
0.80370455342449 
0.79908649076089 
0.79644077250438 
0.79570473796856 
0.79681533915840 

, 0.79971017659683 
0.80432813127479 
0.81060965286683 
0.81849675103457 
0.82793272664843 
0.83886167207856 
0.85122776374124 
0.86497436555141 
0.88004295876239 
0.89637191195894 
0.91389510489691 
0.93254042170111 
0.95222813292087 

elapsed time 
1671. 35 

user time 
1658.00 

sys time 
13.3500 
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Appendix B 

Time-correlated Single Photon Counting 

Computer Interface and Programs 

The time-correlated single photon counting technique is a well 

known method for the measurement of fluorescence lifetimes. In this 

technique, a high repetition rate light source is used to excite the 

sample. The intensity of the light pulses are such that a fluorescence 

photon is emitted on average no more than once for every 100 laser 

pulses. Yhen a fluorescence photon is emitted it is detected, using a 

fast risetime detector. The resulting pulse is used to trigger a 

discriminator, the output from which triggers a voltage ramp (time-to

amplitude converter, TAC). The TAC voltage increases linearly with 

time until a trigger from the next laser pulse is used to stop the 

ramp. The voltage (time) of this event is stored in computer memory, 

and the sequence is repeated many times, so that a histogram of the 

fluorescence decay function is built up. 

The apparatus in use in our laboratory has been described in 

Part II, chapter 2, and consists almost entirely of commercially 

available components. The method for storing the value of the voltage 

output from the time-to-amplitude converter is the subject of this 

appendix. The hardware consists of a Canberra 2043 TAC, an ADAC 
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corporation model 1023 analog-to-digital converter in a DEC LSI 11/73 

computer, and a homemade circuit for interfacing the TAC to the A/D 

converter. The software consists of a fortran program, called PHOTON, 

which plots and stores the data and related information, and a macro 

program called TAC, which actually collects the data. Figure 1 shows 

the schematic of the interface circuit, Figure 2 shows the interface 

timing. Next, the computer programs PHOTON and TAC are appended. 
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Interface Between TAC and AID Converter 

+5V 
~ __ Unused 

Inputs 

Preset D 

74574 
CLRt:--od Valid Stop (from T AC) 

a a CLK~ __ 14 bit (From Computer) 
~--~------~--~ 

7406 
(Open 
Collector) 

AID 
Trigger 

2K 

Delay: 

TAC 
Gate 

+5V 

+5V 

74123 

... sv 

Valid ... SV 
Stop 

Figurel. Circuit diagram of interface between TAC and AID converter. 
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Interface Timing 

Software raises 14 Bit, 
causing T AC Ga~e and 
AID trigger to go high 

! 
,4 B" (From Computer) I 

.... 

Q "1 
I 

Software 
Lower 
'4 bit 

1 

______ v_al_id __ St_o~P~(T_A_C~) __________ ~r--l~------------------
1 

T AC has received Start 
and Stop from the 
experiment. It then 
raises the Valid Stop, 
which lowers the gate 
and the AID trigger. 
AID converter triggers 
on the falling edge. 

XB~ 850 c;;.Jc 

Figure 2. Timing of interface between TAC and AID converter. 
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PROGRAM PHOTON 
C***************************************************** 
C 
C 
C 
C 

THIS PROGRAM CALLS THE MACRO ROUTINE TAC AND 
COLLECTS THE DATA PRODUCED BY TAC. THE DATA IS THEN 
PLOTTED ON THE SCREEN. THE USER WILL IS ASKED TO ENTER 

C A NUMBER OF PARAMETERS, WHICH CAN BE STORED ON DISK 
C ALONG WITH THE DATA 
C 
C****************************************************** 
C 

C 

INTEGER DATA(512),VECTOR(4096) 
INTEGER I,J,T,X,Y 
INTEGER MAX, PTCYC, TB, TOTCYC 
LOGICAL*l FLNM(17) ,DAT(17) ,COMM(71) ,KB,TIGM(8) 
INTEGER*4 BEGIN,FINISH,TICTOC,TEMP 

C******************************************************** 
C 
C INITIALIZE MEMORY 
C 
c********************************************************* 
C 

DO 1 1-1,4096 
VECTOR(1)-O 

1 CONTINUE 
C 

C********************************************************* 
C 
C COLLECT THE DATA 
C 

C********************************************************* 
C 

PTCYC - 100 
WRITE (5,1050) 

1050 FORMAT ('$ENTER THE TIMEBASE IN NANOSECONDS:') 
READ (5,*) TB 
WRITE (5,1060) 

1060 FORMAT ('$ENTER NUMBER OF 100 POINT CYCLES TO BE COLLECTED:') 
READ (5,*) TOTCYC 
NCYCLE - TOTCYC 
I-JSUB(TICTOC,TICTOC,TICTOC) 

1062 CALL GT1M(BEG1N) 
CALL JJCVT(BEGIN) 
CALL TAC (NCYCLE,PTCYC,VECTOR,KB) 
CALL GTIM(F1NISH) 
WRITE (5,*) ('IBEL1 2') 
CALL JJCVT(FINISH) 
I-JSUB(FINISH,BEGIN,TEMP) 
1-JADD(TEMP,T1CTOC,T1CTOC) 
IF (NCYCLE .LE. 0 .OR. KB .EQ. 'S') GOTO 1068 
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1065 

1068 

14 
C 

WRITE (5,1065) NCYCLE, TOTCYC 
FORMAT ('+Yet to go:' ,110,' of' ,16) 
GOTO 1062 
NCYCLE - TOTCYC - NCYCLE 
CALL JJCVT(TICTOC) 
CALL TIMASC(TICTOC,TIGM) 
WRITE (5.*) , !WOR 0' 
TYPE 14,(TIGM(I),I-l,S) 
FORMAT(' Scan time hrs:min:sec ' ,SAl) 

C********************************************************* 
C 
C DECIDE WHETHER TO PLOT 512 OR 4096 CHANNELS 
C 
C********************************************************* 

WRITE (5,1070) 
1070 FORMAT ('$ENTER 1 TO PLOT 512 CHANNELS, 2 TO PLOT 1024:') 

READ (5.*) ITIM 
IF (ITIM .EQ. 2) GOTO 50 
IF (ITIM .EQ. 1) GOTO 1200 

c********************************************************* 
C 
C AVERAGE EVERY 8 POINTS 
C 

c********************************************************* 
C 

DO 40 1-0,511 
A-O. 
DO 15 J-1,8 
A - A + VECTOR(8*I+J) 

15 CONTINUE 
DATA(I+1) - A/8 

40 CONTINUE 

C 
C 
'C 

50 

52 

51 
C 

GOTO 55 

ONLY DO 1024 POINTS 

DO 51 1-0.511 
A-O. 
DO 52 J-1,2 
A-A+VECTOR(2*I+J+1023) 
CONTINUE 
DATA(I+1) - A/2 
CONTINUE 

C**********ONLY DO 512 POINTS********* 
C 

C 

1200 

1210 
55 

DO 1210 1-0,511 
DATA (I+1)-VECTOR 
CONTINUE 
CONTINUE 

(1+1024) 
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C********************************************************* 
C 
C INVERT TIMEBASE? 
C 

C********************************************************* 
C 

1080 

1030 

WRITE (5,1080) 
FORMAT ('$ENTER 1 TO INVERT TIMEBASE:') 
READ (5,*) T 
IF (T .NE. 1) GOTO 1020 
DO 1030 1-1,256 
T - DATA(I) 
DATA(I) - DATA(S13-I) 
DATA(S13-I) - T 
CONTINUE 

C 

c********************************************************* 
C 
C FIND MAX 
C 

C********************************************************* 
C 

1020 

10 

MAX-1 
DO 10 1-1,512 
IF (DATA(I) .GT. 
CONTINUE 
MAX - MAX +1 

MAX) MAX-DATA(I) 

C 

c********************************************************* 
C SET UP THE SCREEN 
C 

c********************************************************* 
C 

1010 WRITE (5,*) ('!ERA !WOR 33!GRA 1,26,9,73') 
C 

C********************************************************* 
C 
C DRAW THE BORDERS 
C 

C********************************************************* 
C 

WRITE (5,*) ('!VEC 0,0,0,349,511,349,511,0,0,0') 
C 

C********************************************************* 
C 
C PLOT EACH POINT 
C 
c********************************************************* 
C 

29 FORMAT (' IVEC',I5,',',IS) 
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C 

DO 90 X-1,511 
IF (DATA(X) .GT. MAX) GOTO 90 
Y - (FLOAT(DATA(X»/FLOAT(MAX»*350. 

85 WRITE (5,29) X,Y 
WRITE(5,*) '!PIE l' 

90 CONTINUE 

C********************************************************* 
C 
C PUT HI CI< MARKS ON GRAPH 
C 
C********************************************************* 
C 

70 

60 

61 

FORMAT (' !VEC ' ,IS,',' ,IS,',' ,15,',' ,IS) 
DO 60 1-0,8 
X - 64*1 - 1 
WRITE (5,70) X,O,X,5 
CONTINUE 
DO 61 1-0,10 
Y .. 35*1 ~ 1 
WRITE (5,70) 0,Y,5,Y 
CONTINUE 

C 
c********************************************************* 
C 
C ENTER VALUES NEXT TO HICKS 
C 
C********************************************************* 
C 

T - TB 
IF (ITIM .EQ. 1) T-IFIX«FLOAT(TB)/8.)*10.) 
IF (lTIM .EQ. 2) T-TB/4 
DO 100 1-1,10 
T ... TI10 
J - I 
IF (T .LT. 1) GOTO 101 

100 CONTINUE 
101 T - J 

220 
210 

200 

WRITE (5,*) ('!WOR H') 
FORMAT ('+'. IS) 
FORMAT (' IJUM ',15,',',15) 
DO 200 1-0,2 
X .. 6 + 1*(32 - T/2) 
Y - 27 - 1*13 
YRITE(5,210) 27,X 
X - I*TB/2 
WRITE(5,220) X 
WRITE(5,210) Y,2 
Y .. I*MAX/2 
WRITE(5,220) Y 
CONTINUE 
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C 

C********************************************************* 
C 
C CHANGE MAX? 
C 

C********************************************************* 
C 

c 

WRITE (5,*) ('IMON H') 
WRITE (5,1090) 

1090 FORMAT ('$ENTER 1 TO CHANGE MAX ... ') 
READ (5.*) T 
IF (T .NE. 1) GOTO 690 
WRITE (5,1100) 

1100 FORMAT ('$ENTER NEW MAX(I5) ... ') 
READ (5,805) MAX 
GOTO 1010 

c********************************************************* 
C 
C ADD PERTINENT INFO TO SCREEN 
C 

c********************************************************* 
C 

690 
700 

710 

730 

740 

745 

750 

760 

WRITE (5,700) 
FORMAT ('$ENTER 1 TO SAVE DATA ... ') 
READ (5,*) T 
IF (T .NE. 1) GOTO 800 
WRITE (5,*) ('IWOR H') 
WRITE (5,*) ('IJUM 29,10') 
WRITE (5,710) 
FORMAT ('$DATE:') 
CALL GETSTR(5,DAT,16,ERR) 
WRITE (5.*) ('IJUM 30,10') 
WRITE (5,730) 
FORMAT ('$DATA FILENAME:') 
CALL GETSTR(5,FLNM,16,ERR) 
WRITE (5,*) ('IJUM 31,10') 
WRITE (5,740) TB 
FORMAT ('$TIMEBASE(NS):' ,18) 
WRITE (5,*) ('IJUM 32,10') 
WRITE (5,745) 
FORMAT ('$COUNTS PER SECOND:') 
READ (5,770) CPS 
WRITE (5,*) ('IJUM 29,48') 
WRITE (5,750) NCYCLE 
FORMAT ('$NCYCLE:' ,15) 
WRITE (5,*) ('IJUM 30,48') 
WRITE (5,760) 
FORMAT (' $WLNG(NM):') 
READ (5,770) WVLNG 
WRITE (5,*) ('IJUM 31,48') 

141 



C 

WITE (5,780) 
780 FORMAT ('$RPRAT(KHZ):') 

READ (5,770) RPRAT 
WITE (5,*) ('IJUM 32,48') 
WITE (5,790) 

790 FORMAT ('$EPUL(NJ):') 
READ (5,770) EPUL 

770 FORMAT (Fa.O) 
WITE (5,*) ('IJUM 33,10') 
WITE (5,890) 

890 FORMAT ('$COMMENT:') 
CALL GETSTR (5, COMM, 70, ERR) 

C********************************************************* 
C 
C FWHM CALC 
C 

c********************************************************* 
C 

WRITE (5,*) ('!MON H') 
WRITE (5,905) 

905 FORMAT ('$ENTER 1 FOR FWHM .•. ') 
READ (5,*) T 
IF (T .NE. 1) GOTO 1000 

T - (MAX-l)/2 
X - -1 
Y - -1 
DO 910 1 - 1, 512 
IF (DATA(I) .LT. T) GOTO 910 
X-I 
DO 900 J - I, 512 
IF (DATA(J) .GT. T) GOTO 900 
Y em J 
GOTO 920 

900 CONTINUE 
910 CONTINUE 

920 FYHM - (Y-X)/512.*TB 
WITE (5,*) ('IWOR H') 
WITE (5,*) ('!JUM 3,55') 
WITE (5,950) FWHM 

950 FORMAT ('$FWHK(NS):' ,F6.4) 
C 
c********************************************************* 
c 
C STORE DATA ON DISK 
C 
c********************************************************* 
C 
1000 OPEN (UNIT-l,FORM-'FORMATTED' ,NAME-FLNM) 

CALL PUTSTR(l,DAT.'O' ,ERR) 
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CALL PUTSTR(l,FLNM,'O' ,ERR) 
WRITE (1,804) TB 

804 FORMAT (18) 
WRITE (1,805) NCYCLE 

805 FORMAT (IS) 
WRITE (1,770) WVLNG,RPRAT,EPUL 
CALL PUTSTR (l,COMM,'O' ,ERR) 
DO 810 1-1,512,8 

807 WRITE (1,820) I,(DATA(I+J),J-O,7) 
820 FORMAT (2X,I5,3X,8(I6,2X» 
810 CONTINUE 

CLOSE (UNIT-1) 
800 WRITE (5,*) ('!MON H,K') 

STOP 
~D 
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TAC: : 

input 

.TITLE TAC 

.MCALL . TTINR 

MOV 
MOV 
MOV 
MOV 
MOV 
BIS 

MOV 
MOV 
MOV 
CLR 
MOV 

MOV 

;RO holds data and receives character from keyboard 
new A/D data register---164002 

;Rl holds points/cyc1e---PTCYC 
;R2 CONTAINS ADDRESS OF OLD A/D CSR~--176770 
;R3 CONTAINS ADDRESS OF NEW A/D CSR---164000 
;R4 CONTAINS ADDRESS OF ARRAY "VECTOR" 
;R5 holds number of cyc1es---NCYCLE 
;TAC INTERFACE CIRCUIT USES 14' BIT OF OLD A/D CSR 
2(R5),NCYAD ;address of NCYCLE in word NCYAD 
@4(R5),PTCYC ;READ IN "PTCYC" 
6(R5),R4 ;PUT ADDRESS OF "VECTOR" INTO R4 
10(R5),KBAD ;address of KB in word KBAD 
@NCYAD,R5 ;put NCYCLE in RS 
#10000,@#44 ;raise 12 bit of job status word (JSW) 

#176770,R2 
#164000,R3 
#32, (R3) 
(R2) 
164002,RO 

#40000 , (R2) 

so that CR not necessary for 

;GAIN-l, MUXCHAN-O, EXT TRIGGER ENABLE 
;KAKE SURE 14 BIT STARTS LOW 
;READ DATA TO INSURE 'done bit'(7 bit) 

OF NEW A/D CSR IS LOW 
;RAISE 14 BIT, PERFORMED BEFORE LOOP 

SO THAT DATA IS PROCESSED 
WILE A/D IS CONVERTING 
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CYCLE: MOV 
PSYCLE: TSTB 

BPL 

PTCYC,R1 
(R3) 
PSYCLE 

;INITIALIZE points/cycle 
;LOWER BYTE OF NEW A/D CSR WILL BE NEG 

IF 'done bit' IS SET, MUCH 
FASTER 

'BEQ' 
CLR (R2) 
TST (R3) 
BMI ERROR 
MOV 164002,RO 
MOV #40000, (R2) 
ASL RO 
ADD R4.RO 
INC (RO) 
SOB R1,PSYCLE 

.ITINR 
BCC OUT 

SOB R5,CYCLE 
BR BYE 

ERROR: MOV 

TEST THAN 'BIT' FOLLOWED BY 

;LOWER 14 BIT 

;READ DATA 
;RAISE 14 BIT 
;MULT DATA BY 2, 1 data chan/word mem 
;ADD 2xDATA TO BASE ADDRESS 
;INCREMENT DATA CHANNEL 

;check keyboard buffer 

;error handling routine 

" 
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MOV 164002,RS for misread data 
MOV #32. (R3) 
TST (R3) 
BMI ERROR 

. TSTB (R3) 
BMI ERROR 
MOV #40000. (R2) 
BR PSYCLE 

OUT: DEC RS ;routine to interrupt data 
MOV RO.@KBAD collection 

BYE: MOV RS.@NCYAD 
BlC #10000.@#44 ; lower 12 bit of JSW 
RTS PC 

NCYAD: .BI....KW 1 ;holds address of NCYCLE 
PTCYC: .BI....KW 1 ;ho1ds PTCYC 
KBAD: .BI....KW 1 ;holds address of KB 

. END TAC 
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