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Free Exciton Energy Transfer Ir Kr-iu sSandwicles

Ne Schwentner (a), G. Martens (a) and H.W. Rudolf (b)
Institut flir Experimentalphysik der Universitdt Kiel (a),
Sektion Physik der Universitdt tiinchen (b)

Subject classification: 15.5.1, th4e3.1, 17, 23

The photoelectron yield of Kr-sau sandwiclies caused by energy
transfer of Kr excitons to the iu substrate has becn reuvcsured.
The range for energy transfer of Kr excitons has been determined
from the dependence of the yield on the thickness of thc Kr
overlayer for several excitation energies witnin the n =1,

n' =y and n = 2 exciton bands. lhe derived diffusion lengths of
free excitons depend strongly ¢n the individual exciton state
and increase monotonically with the exciton energy within one
exciton band as well as to higher exciton states from 3C £ for
the n = 1 up to 300 R for the n = 2 excitons., The efficiency for
electron emission due to exciton decay exceeds the usual photo-
electron yield of Au by a factor of 10.

Die durch den Energielibertrag von Kr Exzitonen auf die su linter=
lage bewirkte Photoelektronenausbeute von Kr-su Schichtsystemen
wurde gemessen. Die Reichweite fiir den Energieiitertrag von Kr
Txzitonen wurde aus der »bhidngigkeit der rusbeute von der Dicke
der Xr Deckschicht fiir mehrere Anregungsenergien innerhalb der
n=1,n" =1und n =2 Exzitonenbanden bestimmt. Die ermittelten
Diffusionslingen der freien Exzitonen sind stark vom jeweiligen
Exzitonenzustand abhingig und nehmen monoton mit der Exzitonenener-
gie sowohl innerhalb eines kExzitonbandes als auch zu ndheren
Exzitonenzusténden hin zu, ausgehend von 30 £ rir die n =1,

bis zu 300 § fiir die n = 2 Exzitonen. Die Effizienz der Elek-
tronenemission durch den Zerfall von Exzitonen ilbersteigt die
normale Photoelektronenausbeute von fu um einen raktor 10.

submitted to: phys. stat. sol.

Introduction:

A theory of exciton-phonon coupling predicts for rare gas solids
s coexistence of free and selftrapped excitons (1). In some
luminescence experiments emission of free excitons has been
identified for Xe, Kr &nd sr besides the well known emission

of selftrapped cxcitons (2,3,4). The intensity ratio of emission
from free excitons and selftrapped excitons of =zbout 10"5 is
surprisingly low compared with the expectance of stable or at
least metastable free excitons (1) and compured to the large
barriers for selftrapping (3). Evidently the rate constants for
radiative decay (2,4,5) of 102 to 167 (57') are too small to
compete effectively with selftrapping. Fhotoelectron yield
experiments {6) have shown that energy transfer from rare gas
matrices to rare gas guest atoms is fast enough to compete with
selftrapping. in solid Xe, Kr and .r selftrapping leads to
excimer like centers similar to the free R; excimers (2,3,4,7)s
The energy of these centers is lower by the amount of the
excimer binding energy of O.5 = 1 eV than that of the lowest free
exciton states (fig. 1). Therefore the free and the localized
states can be easily distinguished by their energies (4,5,7).
Utilizing this energy difference it has been demonstrated by
photoelectron snergy distribution measurements (8) on Xe doped

#r matrices, that indeed energies of free excitons (fig. 1)

are transfered, Furthermore it became clear that energy transfer
can even compete with electronic relaxation within the higher

free exciton states (8). Therefore one can hope to find a depen-
dence 0f the transfer range on the primarily excited free

exciton states in rare gas solids, whereas in the extensively
studied systems of rolecular crystals the interpretation usually
starts from the electronically relaxed lowest singulet and triplet
excitons (9).

¥e report on the transfer efficiency of different Xr excitons
to &« gold substrate versus Xr film thickness. The transfer
efficiency is monitored by the amount of electrons emitted from
the substrate through the Kr overlayer, thus exploiting the
lzrge penetration depth of low energetic electrons in rare gas
films (10C). i siwmilar experiment has been reported for Xe
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overlayers {11) but the guantum efficiency for the transfer
was too low to analyse an energy dependence of the trunsfer
range. Fron the energy dependence of the transfer range in

Kr we zre able to decide whether energy transfer only from
selftrapped excitons or also from free or even from higher
excited free exciton stetes takes place =@nd if the transfer
range is different for these exciton stotes. The experimentally
determined parareters are not sufficient to intend a complete
description of the transport mechanisms which has to be post-
poned until also the time dependence of the transfer processes
has been studied.

Results:

¥r films have been condensed on z gold coated substrate cooled
by o liquid Hle flow cryostat to about 10 K. The background
pressure was well below 10_9 mb, The films have been excited

by light from the synchrotron DESY in Hamburg which as been
monochrometized with o resolution of 2 £ (about 20 meV at 10 eV).
A LiF filter has been used to suppress higher order light. The
film thickness has been monitorsd during deposition by mecsuring
the interference fringes in the reflected light at a wavelength
of 140C 9. This wavelength is still in the iransparent region of
Kr and it is short enough to provide a sensitivity for thin Kr
films of 10 £ and in general an accuracy of zbout 20 R for the
thickness. Fhotoelectrons emitted from the fu=Kr sandwhich have
been collected by a2 grid and the current of the order of 10'11A
flowing 0 the substrate has been detected. More detnils are
described elsewhere (8,12).

4 representative collection of yield curves of a Kr=~u sandwhich
in the range of the first excitons n=1, n'=1 and n=2 is shown in
fige2+. Due to the normalization to the bare nu substrate yield
the fu yield appears @s a straight line with intensity 1. For
very small film thickness of about 15 ¢ the positions of the
prominent n = 1 and n' = 1 maxima are shifted by about .17 eV
to lower energies {fig.3). These new moxima are attributed to
surface excitons (i14). They will be discussed after the analysis
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of energy transfer processes in films with thickness d¢> 50 2.

intrinsic photoelsctron emission from solid &r should not occur
for photon energies hw which are smaller than the vacuum level
hu:<EG + EA = 11.9 eV, where EG is the energy gap and EA the
electron affinity (15).

Other bulk effects like two photon excitations, exciton-exciton
interactions and exciton enhanced impurity ionisation can be
exciuded for the range of fig.2 due to thne low light intensity,
the decrezse af the yield with Kr film thickness and the purity of
the s2mples as it nas been discussed in (11). Therefore processes
which are extrinsic concerning the Kr film are responsible for
the yield in the whole spectral range shown in fig.2 and fige3.
‘The yield ¥ is composed of two interphase contributions (figalt)s
a) Electrons YAu fror the gold substrate which have been ex-
cited by photons traversing the Kr film.
b) Electrons YET from the gold substrate due to energy transfer
fror free or selftrapred excitons to the substrate.
. third contribution due to the decay of Kr excitons 2t the Kr
surface is unprobable since the excitons sre below the vscuum
level. It couid be essily identified since this comtribution
should remain up to lurge thickness. Fig.2 proves that it is
either zero or so weak that it can be neglected for our dis-
cussiona
=Ty ¥ Y (1)
¥ follows according to fig.4 from the incident 1ight intensity
1, the reflectivity R(d), the transmission of the Kr film, the
guantum efficiency QAu of the substrate for photoelectiron
emission, the escape probability P(d) for electrons through the
Kr films, the local density n{x) of photons absorbed in the
filrm (i.,es the local density of produced excitons), the proba-
bility T(x) for energy transfer to the substrate due to an
exciton created at the site x and the quantum efficiency QET
for electron emission from the substrate due to & trunsfered
exciton, The reflectivity R is calculated from the exuct
exoressions for & sandwhich (16) with the opticul constanis for
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Kr (1%) and for «u (17)s n(x) is approximated by
n(x) = {1-R) p exp (~px) with the extinction coefficient
no= Lk

¢ =1, (=a(d) Q7 @) exp(-pd) (2)

q
Yop = 1,00-0(a)) Qg Pld) ({PGXP('PX) B(x) dx  (3)

For & comparison with fig.2 and fig.3 the yileld Y has to be
normalized to the substrate yield Q,, = Ry (1-k{0}) to obtain
the relative yield Y,

¥, = (1-R(a)) (@) [& B(a) + exp(-ua)/(1-R(0)) ()
with the ratio of the guantum cfficiencies A

A= Q7 Qyy (5)
and the energy transfer function B{(d)

d
B(d) = | p exp(-px} T(x) dx : (6}

0

The escape prohabilty F(d) follows immediately from the relative
yield in the range from 8§ eV to 9 eV where Kr is transparent
(fige2)s The relative yields and thus also (d) zre constant in
this range therefore they are used alsoc for the whole renge up to
11.5 eV. Now the interesting quantities i and 2(d) can be extracted
from the experimental results.

Discussion:

First we want to give some qualitative arguments wuich illustrate
the final results. For & given thickness d and a fixed absorption
coefficient the yield is mainly determined by i and B (equ.f)e
Therefore = comparison of the yield for different photon energies
but with similnr k values shows if s and E depend on photon

energy l.e. the primary excited exciton state. ¥e choose d = 345 R
and 0.3 £ k < 0.4 (fig.2 and insert). These k vilues appear at

the low energetic flank of the n = 1 exciton (10.08 eV), on its
high energetic flank (10.3 eV), on the low energetic flank of

the n' = 1 exciton (10.7 eV), on its high energetic flank (10.95 eV)

b -

and 2t the onset of the n = 2 exciton (11.15 eV). The corres=-
ponding relative yields are 0.5, U.85, 135, 173, 2.3 (fig.2)
which increase monotonically. This increase is genersl and does
not depend on speciaily selected k values. It has to be attri-
buted to an ingreasing :» or b. Due to equ. 5 and since QAu is
known to increase with the photon energy (18,19,20) we conclude
that either the quantum efficiency QET or tue transfer efficiency
B incresse monotonically with the exciton energy. The memory of
the transfer process on the primary exciton energy is the main
result of these experiments. It shows that neither relaxation
witkin the bsnd of one exciton state nor electronic relaxation
between different exciton states (n = 2 —»n!' = 1—s n = 1)

nor selftrapping to excimer like centeres is completed before
energy transfer. The shift of the meximum in the yield curves

to icrger film thicknesses for higher photon energies (fig.2)
indicates that mainly the transfer range B increases with
exciton energy.

These observations are substantiazted by fits of thebexperimental
curves with appropricte expressions for & and B. For B four
different expressions have been used:

a) Diffusionmodel with diffusion lergth 1 and exciton density
zero at the Kr/enu interface. In one version B% the exciton
density is zero alsc at the Kr vacuum interface, which
corresponds to surface auenching of excitons (11,21)

pe2

Q _ I 1
b 22, [ sTancay/Dy - expl-pddinl + tanh{d?lj)} (7

Py

b) In the second versicn B§ tne gradient of the exciton density

is zero which corresponds to exciton reflection at the vacuum
interface (11,21)

2y e
R _ _pid- 1 R
Bp = u212—1 {cosn(d/l) - expl=pd) (1 +

tanﬂ{d(lz)} (8)

¢) Forster-Dexter model (11,22) with an effective transfer radius

dF for & planar geometry:

d
By = B exp(—px)/(1+((a=x)/a,)%) dx (9)
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d} The model for a dipol in front of a metallic mirror (23)
with an effective transfer radius dC

By = p z exp(-px)/(1+((d—x)/dc)3) dx (10)
The thickness dependence has been fitted with a least square
fit programm for fixed photon energies; The fits have been
repeated for zli photon energies between 10,00 eV and 11.3 eV
with steps in the photon energies of 5C meV resulting in 26 aoints
for 4 and B for each type of transfer expression. In a first run
the quantum efficiency QET and the transfer range parameter
{either 1 or dp or dc) have been treated as free fitting para=-
meters. Qdu is needed for the fit. XKrolikowski and Spicer
observed a nearly linear increase of qu from 0,005 (electrons/
photon) at 9 eV to 0.015 at 11 eV (19). A similar dependence but
an approximately 3 times larger absolute Qﬁu has besen reported
by Szmson (18) and by us (20). The evaluation is not sensitive
to the absolute value of Qﬁu' except for the absolute value of
QET’ therefore the photor energy dependence aiso of QET (equ.5)
will bte reliable but the absolute value may be uncertain by a
factor of 3, We prefer the higher value because it has been
obtained for comparable conditions,

From the fits we derive that QET is independent on pacton energy
and that it is 10 times larger than QLu @t 10.5 eVe. & lower
limit of Rpp 15 012 (electrons/exciton) znd a more probable
value is U.3¢6 (electrons/excitoun)s. Fu{thermore surface quenching
can be excluded since the fits with B; result in significantly

higher deviations thsn with the other expressions.

In a second run the fits have been repeated with a fixed

Qpp = 10 Qéu(huxz 1C¢.5 eV)e The results for the energy deven=
dence of the diffusion lengths 1 {for Eg) and for the effective
transfer radius dF (for QF) are shown in fig.5. Both transfer
ranges (1,dF) increase meonotonically with the exciton energies
as expected. There is no significant structure in the spectra
of 1 and dF which can be correlated to the individual exciton
state. The scattering in neighbouring points of the spectra
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reflects the uncertainities in the experimental spectra, the
optical constants and the change of the optical constants with
thickress (surface exciton) for the lowest thickness. The dashed
diagonals in fig.S serve as guldelines to indicate the trend.
Fits of the relative yield with Bg for the thickness dependence
are shown in fig. 6 for the four photon energies discussed
before, The increzse in yield intensity and diffusion length
for d = 545 9 is significant, Yhe low volue for hw = 11415 eV
at d = 5% £ has to be uttributed to the uncertainties above
rentioned, The quality of the fits (Rﬁ) is iilustrated in fig.?/
for the most significant thickness d = 345 £ and for 4 = 55 F,

Conclusion:

The selftruzpped excitons observed in luminescence are the final
stage for almost =11 excitons before radiative decay occurs if
they have not been quenched nonradiatively, Therefore there wiil
be a contribution of these selftrapved excitons to energy transfer
for «ll excitation energies. The selftrapped excitons are localized
by a rearrangemeni of neigkbouring atoms to an excimer like center
witk « reduced nesrest neighbour distance (3,4,7). These centers
are similer to "guest molecules" in a transparent medium due to
the localization and the reduction in energy., For such a system

o Forster-Dexter type description of energy transfer from loca-
lized centers to = plane is appropriate (equ. 9). Their contri-
bution to the transfer range has to be independend on excitation
energy because it starts from relaxed centers. If there is such

a contribution than the small values of dp of about 20 - 60 R

at the onset of the lowest exciton at 10 eV carn be identified
with this rorster=-Dexter type of transfer. In the expressions
given by Chance et al. (25) (equ. 10) which have been proven to

be vilid down to thicknesses below 10 £ (24) the integration
concerning also the depth of the plune to which energy is
transfered hns been included, Besides this correction both
formalisms represented by equ.9 and 1C are equivalent. Also the
fit with eque. 10 sgrees within 1C % with the results of equ.9.
For isotropic excitation and a radiative quantum efficency q
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{for @« Kr film without substrate) the trunsfer range dC in
equ. 10 can be calculated (23) by

dc = kiq nﬂuk}\_u)1/j (gmﬁn};r‘EAui' EKrlz)—1/j (11)

with q = 1 and the optical conmstants n,, = 1.2%, k,, =1,

€au = 0.56 + 1 2.5, mpp, = Teliy &g = 1+96 and the emission
wavelength A = 1470 R a transfer range do = 97 ¥ is obtained.
This value is larger than the resuli of a fit with equ. 10 of
2084, % 60, The difference can be attributed to a branching
of the selftrapped exciton states (fig.1) into singulet and
triplet states (4,5) with an intensity ratio of G.02 (25) for
the probably similer case of liquid Kr, If only singulet
excitone contribute to the dipol-dipol energy transfer than &
transfer range dc = 26 R is derived for the corresponding

g = 0,02 in agreement with the experimentcl result,

The increase of the transfer range with excitation energy
indicates a contribution to energy transfer from exciton states
before selftrapping. Now & two step process with coherent and/or
noncoherent mligrstion of the excitation energy in the resonant
exciton states and subsequent energy deposition has to be
considered in addition to the transfer from excitons which
survived long enough to become localized. Yhe transfer of free
excitons is described by « diffusion length 1. Cohereunt and non-
coherent mligration can contribute to the diffusion constant

D (9,26},

1l = 1 DT

1 means the free exciton lifetime which is expected to be three
to four orders of mognitudes lower than the radiative lifetimes
of the selftrapped states of 10'6 -1077 s (2,3,4).

The essential point is the monotonic increase of 1 within one
exciton band and also in going to higher exciton bands. #Within
one band the lifetime may increase since rore energy has to be
dissipated before the exciton is in thermzl equilibrium with

- 10 =

the lattice and before selftrapping starts. Also the diffusion
constant may vary for excitons with larger wave vectors and
larger group velocities @t higher energies in the band. The
increase of 1 to higher exciton states cun be caused by a larger
T when the times for electronic relaxation from n = 2 —ent = 1—
n = 1 are spent os free excitons, I'inally higher exciton states
witn a larger spatial extent may have also larger D values.

4 guantitative description of the free exciton mean free path
and diffusion length is complicated by the fact that intraband
scattering and clso interband scattering (27,28) in the set of
exciton bands displuyed in fige1l has to be considered, Further-
more the commonly used approximstion of parabolic exciton bands
(27,28) cannot be used throughout the whole range of the free
exciton bands as is well known for the exciton bands of rare

gas solids (28,29) &nd #s is evident from fig.l. The Lorentzian
line shapes of the n = 1 excitons of Kr(as well as Xe and Ar)
observed in absorption experiments (14) indicate that these
excitons belong to the cluss of wezk exciton phonon coupling
according to Toyozzwa's classificaticn (1). Lifetimes of the
excitons of some 10'“’r 8 due to exciton phonon scattering have
been derived from the experimental halfwidth (14). Fugal' (3)
estimated scattering times of 1079 = 10""'s for thermal exci~
tons near the bottom of the exciton bands which zre ruch larger
than those calculzated frorm the linewidthe With these long life-
times very large resn free puth's for electron phonon scattering
of saveral thousand © have been predicted (3). The experimental
1 values nave been attributed (3) to a more efficient locali-
zation with o locelization time 1, _= 107 s and to scattering
at grein boundaries scparated by distances z = 100 f. The
diffusion lencth 1 has been colculated from 1 = Y vzt [ with

v = {EE;;;?E‘ for an exciton with group velocity v and kinetic
energy Ekin' The diffusion length of fig. 5 can only be poorly
approxirated by this expression for the n = 1 exciton band
extending from 10 eV to 10.5 eV with ziy = 16" ¢n s and a
constant effictive mass m = 2.6 in units of the free electron
m.ss (3). The bove mentioned approximation of parabolic exciton
bends hes been used for these estimates (3).
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The large quantum efficiency QET compared to Qwu is due to the

surface sensitivity of the exciton decay 2t the substrate.

This process is similar to electron emission fror the decay

of excited metnstable rare gas ztoms at metal sgrfaces since

the energiss are compnrable (Rr jke = G.92 eV, JPO = 10455 eV).

The efficiencies ir the csse of wr ure not very nccurazte. For

Kr BTO s value of C.23 (electron/metast-bie ntom) hrs been

reported (30) which is similar to 0.12 £ G, < 0,304 ecently

the dominating role of Fenning ionisation compared to . ugcer

like processcs has been estoblisned by energy distribution

smensurerents of the emitted electrons for re .t Fd surfaces

(31).

The transport of exciton energy has veen studied ezrlier by

2n extensive investipation of the influencz of surfuace

contamination on photoliurinescerce excituliorn spectr: of

thick Kr films (34). The experimentzlly observsd guenching

of photoluminescence for excitztion in the region of the

n =1 and n' = 1 e¢xciton bands h:s been anslysed by cxpressions

similer to eaus 7,8 ©nd 9 but with zore generzl houndnry

conditions, These bound:ries corditions include =lso inter-

rediute cuses between exciton reflection and complete quencning.
fit ¢f the spectrz for clenn surfzces reaqulres exciton

reflection as boundsry condition (34) in agreerent with our

results, The question if the energy transfer is due to

excitor diffusion or due to dipol-dipcl interaction betwsen

the excitor and the contemination layer could not be snswered

by these photoluminescence expveriments (34). “he obtiined

mean diffusion length 1 = 200 R for the region of n = 1 «nd

n' = 1 excitons is concistent with our results (Fig.%).

corpirison of the iternatively determined =ffective tronsfer

radius dF vith dC values discussed by us ciarn be missleading

becsusce in our case the ~u substrste is the piriner for

dipol~dipol interaction, wherers in tne enrlier work the partner

is given by = contuminnition layer consisting of ztomsvharic

g:ses with unknown composition. "he assumption of » constant

diffusiocn length (54) is not in n~ereerent with our resultis.

This discrepincy indiates thit the present exwperiments «re
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wore sensitive for the erergy dependence of the diffusion
length,
Finelly the vositions of the n = 1 and n' = 1 surface excitons
of 1U.u2 =nd 1C.70 ev (fige 3) ngree within our azccuracy with
surface excitons nt 104,02 and 1U.66 ohserved by Srile et zl.
{(14). whe shift relctive to the bulk excitons is too large to
be explained by the internction with the gold substrite (32).
The magnitude of the yield for d = 15 9 isa consequence oOf
transfer range of 2u £ -~ 50 8 ©nad can be caiculated from the
bulk sbsorption coefficient shifting it by V.1 to v.2 eV to
lower energies. ‘*he diseppearsnce <t lnrge thicknesses will be
duz to =z reduced transfer afficiency comp:red to bulk excitons
sirce the surfzce excitons cannot neunetrste into the film.

The experimcnts t the sJeutsches Riektronen Syncurotron ULESY
in [ whbure have been supported by the J¥G. We cchrowledse the
help of Wre. Fe-de dinpsel in the exveriments and tae surport of

Professcr . stelnmenn,.
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Pigure captions

fige
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Fige
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63

Scnematic exciton bands of solid Kr.

TL.eft hond side: Energy of excimer type localized
excitons versus intermucleur separction r in analogy to
estimates for solid Xe (33).

RQight hend side: Free exciton bunds versus wave vector k
in analegy to the cnlculations for sr (28,29) including
experirent:l volues (eg.id).

: kr - Au sandwhich yield normcelized to the Au substrate

vield for 4 Kr thicknesses d. The positions of the n =1,
p' = 1 :nd n = 2 excitons .re mirked. The inset shows
the absorption coefficlent k of Kr (13).

: Compurisor of normelized Kr - iu sundwhich yield for

thickneszes of 15 9 (full curve) und of 55 ¢ {dashed
curves, see fize 2) in the region of n =1, n' = 1 and

n = 2 excitons,

scheme for the contributions qu and YET to the yield of
o Kre.u sandwhich withh reflectivity Re. The shaded beam
indic:.tes erergy transfer by excitons, the straight
bears thc escepe of the electrons ond the wavy beams

the light p~ss with incident intensity IO.

: Lower part: Bnerzy dependence of the diffusion length 1

(circles) -nd the effective transfer range dp (crosses)
(see text).
Upper part: . bsorption coefficient k of solid Kr.

Experimentnl yield (points) and correspanding fits (solid
lines) for « set of photon energies where the absorption
coefficients k of ¥r sre rotner similar (see text). For
the fits the optical const=nts for each photon energy have
been used.

Experimentsl yield (solid line, dashed line) ~nd fit
(circles, crosses) for o thickness d = 345 R and a = 55 &
respectively with the 1 spectrum of fige. D
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VACUUM Kr FILM Au SUBSTRATE
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