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ABSTRACT

In this paper we report the results of an experimental study of the pho-
toelectric yield of doped solid rare gases in the extreme ultraviolet
fw = 8 eV to 30 eV) spanning the range of impurity excitations, exciton sta-
tes and interband transitions. Results were obtained for Xe in Kr, Xe in Ar,
Kr in Ar and benzene in Ar, Kr and Xe. For dilute atomic and molecular impu-
rities in solid rare gases three intrinsic photoemission mechanisms are exhi-
bited:
a) Direct excitation from the impurity state above the impurity
threshold.
b) Electronic energy transfer from the host exciton states to the
impurity states resulting in exciton induced impurity photo-—
emission.
¢) Direct photoemission from the host matrix at energies above the
matrix threshold.
The photoemission thresholds from impurity states via processes a) or b) re-
sult in detailed information regarding electron affinities of solid rare gases
which are in good agreement with recent data for the pure solids. A detailed
study of exciton induced photoemission was conducted on Xe/Ar mixtures. The
energy dependent photoemission line shape at different film thicknesses and at
different concentrations was analyzed in terms of a kinetic picture involving
competition between energy transfer from "free'" excitons and exciton trapping.
A quantitative estimate of the diffusion length of Wannier excitoms in solid

Ar was extracted.



I. INTRODUCTION

The optical properties of solid rare gases have attracted considerable in-

1)

terest in the past few years both from the theoretical and the experimen-

talz)

points of view, The electronic energy levels of these large gap insula-
tors have been extensively studied by absorption and reflection spectroscopy,
elucidating the nature of exciton states and interband transitions in these
systems. Recent measurements of the photoelectric yield from pure rare gas
solids provided additional information on the location of the vaccum level,
the scattering of photoexcited electrons and the decay of excitonsB_s). It is
of interest to extend these investigations to study photoemission from doped
solid rare gases. In the ﬁZ;ent paper we report the results of an experimen-
tal study of the photoemission yield in the energy range 8 to 30 eV from
doped solid rare gases using dilute rare gas alloys Xe in Kr, Xe in Ar, Kr

in Ar, and a molecular impurity, i.e. Benzene in Ar, Kr and Xe. The goals of
this investigations have been twofold. First, additional information

can be obtained from photoemission studies from dilute impurity states in solid
rare gases on the electron affinities of these solids. These data will be com—

4)

plementary to those obtained from the experiments3’ on the pure solids. Second,
and more interesting, photoemission from mixed solidsprovides a powerful tool
for the study of exciton dynamics in solid rare gases by monitoring exciton
induced impurity photoemission originating from electron energy transfer from

the "free" exciton levels to the impurity states6).

The energy, Vo’ of the bottom of the conduction band relative to the vacuum
level, i.e. Vo E—EA,in a solid rare gas, serves as an indicator for the deli-
cate balance between the repulsive and the attractive interactions exerted
on an electron by the solid, and is of considerable theoretical interest. Quite
reliable information is available on the energy required for electron injection
into liquid He7a), liquid Ne (e.g. Ref. 7b, 7¢), and liquid Ar7d) and on elec—
tron mobilities in the liquid rare gases. However, the extension of these tech-
niques for the corresponding solids is fraught with difficulties due to elec—
trode solid interface eflects zpd electron backsacttering corrections. Spectro-
scopic data for the low lying Wannier series in solid rare gases and in dilute
rare gas alloys yield the band gap EG for the pure solid and the impurity band

gap Eé for the impurity states., Independently E. has been determined recently

G
. s . 8) . .
from photoconductivity measurements for liquid Xe ) 1in agreement with the wvalue



determined from the Wannier series. The impurity band gap Eé is related to
V b
o ¥
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where IG 1s the impurity gas phase ionization potential and Pi is the pola-

«

rization energy of the medium by the positive hole. Theoretical estimates of

1 v .
G were utilized for an estimate of

Vo' The direct method for obtaining V0 in solid rare gases involves a combi-

P: together with experimental values of E

nation of photoemission threshold values (E and E;H) for the pure solid and

TH .
for the impurity state, respectively and spectroscopic data for EG or Eé,
whereupon
= - B 1 (1-23)
V0 EG TH for the pure solid
or
i i .
v = - 1 . (].Zb)
o EG ETH for the impurity state

Photoemission yield curves for pure solid rare gases and for some atomic
and molecular impurity states were recently reported and analyzed according
to eq.(1.2).In the present paper we present the results of a detailed study of
the photoemission thresholds in doped solid rare gases which yield further

reliable information regarding the V0 values.

Physical information concerning exciton dynamics in simple insulators
such as solid rare gases is of considerable interest. The vacuum ultraviolet
luminescence spectra of pure solid Ar, Kr and Xe exhibit the emission from
electronically excited, vibrationally relaxed rare gas diatomic molecules,
which result from an efficient exciton trapping processgz Medium
Perturbations of the diatomic molecule are minorg’lg. No emission could
be detected from exciton states in these solidslo’ll). Thus, from the exciton
radiative lifetime T, = ]0-9 sec (estimated from the integrated oscillaz?f
strength), we infer that exciton trapping occurs within T <'%/IOO = 10 sec.
Relevant information regarding exciton dynamics can be obtained from experi-
mental studies of photoemission resulting from electronic energy transfer from
bound Wanmer excitons to some impurity states in solid rare gases6). Now the
lowest bound Wannier exciton states of the matrix, characterizgd by the energy
levels, En (n=1,2,...), can be located either above or below E;H. In the former

case, i.e. E_ > E;H (for all n) direct photoemission from impurity states will



. 1 <
be observed in the energy range ETH -
< i

E1 - ETH’ one can expect photoemission due to energy transfer from free exci-

<

E Ei' In the htter case, when

> " . N B .
ton states, En (n = 1), of the solid to the impurity., It is important to em—
phasize that this Auger—tpye impurity ionization process can result only from
the "collision" of a free exciton with the impurity. The electronic energy,

E

9,

. 10,1 . . . .
of the trapped exciton »13) (that is the diatomic molecule) is too low,

s
igé. EM z E;H to induce impurity ionization (see fig. 1). A dramatic enhance-
ment of the photoemission yield of Xe lightly doped with benzene and in Xe/Kr
(doping level ~ 1 Z) was observed6) when excited into the exciton bands of

the host crystal. These results provide direct information pertaining to ex~
citon dynamics in solid Xe and Kr, and provided an estimate for the exciton
diffusion length in solid Xe. Exciton induced photoem’ssion in solid rare gases
bears a close analogy to photoemission from alkali halides containing F cen-

2)

1 . . . . ;
ters . However, in the former case the effect prevails information regarding

=11 =12 Ec13)

free exciton dynamics on the time scale t«10 - 10 S prior to exci-

ton trapping.

In summary, three extrinsic photoemission mechanisms can be observed for

dilute atomic and molecular impurity states in solid rare gases:

a) Direct excitation of the impurity state above
1
ETH’
b) Electronic energy transfer from the host matrix Wannier states,
< 1 . . .
En, (n=1,2...) located at En = E;H to the impurity resulting
in exciton induced impurity photoemission;
¢) at energies aboveETH,direct photoemission from the host matrix

is exhibited.

These processes constitute the subject of the present study.



IT. EXPERIMENTAL TECHNIQUES

2.1 Apparatus

In this work we have employed two types of experimental setups. The one
limited to the "low" energy range of 6-11.5 eV while the second spanned the

high energy region of 9 eV to 35 eV,

2.1.1 Low _Energy Experiments

The vacuum ultraviolet light source consisted of a high pressure (2-5 Atm)

4)

high intensity gas pulsed discharge lam.p1 The light source emits a train of
pulses, the pulse width being 2 usec, with a repetition rate which could be
varied in the range 10-250 pulseg/sec . The light was passed through a 0.3
meter Czerny-Turner monochromator (McPherson 218) with a grating blazed at
1500 K, employing a spectral resolution of 5% (~ 0.025 eV). The monochromator
was separated from the sample chamber by a LiF window. The optical arrangement
allowed for a simultaneous measurement of optical absorption and photoemission
yield, The emitter electrode consisted of a 3 mm wide gold strip evaporated

on a LiF window. The collector electrode was a gold ring of 15 mm diameter,
located 30 mm from the emitter. The signal was amplified by a differential
amplifier (Brookdeal — 9432) followed by a low noise amplifier (Brookdeal

- 450) and finally amplified and integrated by a Boxcar integrator (Brook-
deal) which was triggered by the same electrical pulse used for the lamp
triggering. In this way a noise level of 5;(]0_18 amps was achieved for the
measurement of the photoelectric current. The samples were prepared by depo-
sition of a gaseous mixture on the emitter electrode mounted on a variable
temperature helium flow cryostat at 40° K for Xe samples, at 30° K for Kr
samples and 20° K for Ar samples. These temperatures provided well annealed
films. The B8aseous mixtures were prepared and handled in an UHV system pre-
viously pumped down to less than 10“9 torr. The sample chamber was pumped by

an ion pump and a cryogenic pump down to less than ]O_9 torr.

The photon energy range from 9 to 35 eV was spanned with the continuous

synchrotron radiation of the electron accelerator DESY. Details of the appa-

15)

ratus used will be given elsewhere . Measurements were made with an ultra-



high vacuum system for combined optical and photoemission measurements in the
) -1 .

extreme vacuum ultraviolet at pressures lower than 5x10 © torr. Light was

admitted into the sample chamber through the exit slit of a normal incidence

6)

monochromator1 , which served as part of a differential pumping unit against
the base pressure in the synchrotron beam line and in the monochromator, where
the pressure was in the lxlO_7 torr range. The samples were prepé}ed in situ
by condensing the rare gases as thin films onto a cryogenically cooled gold
substrate. The low temperatures for solidifying the rare gases were obtained
with the aid of a bakeable, liquid He flow cryostat with two radiation

shields (see fig. 2). This ecryostat offers the additional advantages of a rota-
table sample holder as well as the posibility to tilt the sample in order to
achieve optimum alignment with respect to the light beam. The reflectance at
normal incidence could be measured with an open electrostatic photomultiplier
simultaneously with the yield. The samples could be removed out of the light

beam for the determination of the incident photon flux with the same photo—

multiplier.

Yield spectra were measured by a continuous scan of the incident photon
energy with a resolution of 2 & over the whole spectral range from 9 to 35 eV.
Photoelectrons from the samples were collected by a plane copper mesh of 75 %

light transmittance in front of the emitting surface with an electric field of

2000 V/em to insure saturation of the photovpurrent.

2.1.3 Determination_of Film Thickness

As has been shown earlier, photoemission from solid rare gases is depen-

4b)

dent on the film thickness of the samples . In the present investigation the
thickness dependence of the lineshapes of the yield curves shall be discussed.
To this end the film thickness of the samples was determined in the "low"
energy experiment from the oscillations of the transmittance and in the "high"
energy experiment from those of the reflectance observed simultaneously for
visible and UV-light with increasing thickness during the evaporation. The
accuracy of the values for the thickness given with our results amounts to

+ 10 K.



2.2 Determination of Photoemission Yields

Photoemission measurements on insulators are hampered by sample char-
3)

ging”’ . This problem was minimized by measuring the yield spectra of thin

films or for low sample currents.

For the determination of the absolute yield per incident photon the ab-
solute intensity of the incoming photon flux was measured with a Samson
double ionization chamber placed at the exit slit of the monochromator. The
values thus obtained were further checked by comparing themt the measured
photo current of the gold coated substrate before evaporation of the rare gas

films.

In order to obtain quantitative values for the yield from the samples,
the measured yield curves (Ym) were corrected for the reflectance from the va-
cuum sample interface as well as for a structureless contribution from se-—
cond order light from the monochromator (Y2) (~3 7 of 20 eV intensity at
10 eV):

Y = (2.1)

where R is the reFlectance of the sample-substrate combination measured si-

multaneously with the yield for each individual sample.

For spectral ranges outside the regions of strong absorption of the
samples (e.g. below the first exciton) one observes a contribution to the
photoyield, due to hot 2lectrons excited at the gold substrate, which travel
through the rare gas film and escape intowthe vacuum. It is worth noting that
this hot electron contribution to the yield is an interesting phenomenon in
itself. It gives information about the scattering length of electrons photo=-
injected into the rare gas. The energy loss of electrons emitted from the
gold substrate was studied in the low energy setup by investigating the thick-
ness dependence of the yield in the spectral range where the sample is opti-
cally transparent. A quantitative assessment of the hot electron contribution
in our experiments is, however, not easy because a precise knowledge of the
light intensity at the gold substrate is necessary for a detailed investiga-—

tion of the phenomenon.



We are interested in the yield spectra from the rare gas samples.
Therefore, we have roughly separated the hot electron contribution by sub—
tracting from the yield YC the contribution from the Au substrate Y g° For

A

Y,, v used the gold yield, taking into account the simultaneously deter-
mined reflectance from the sample-Au sandwich but neglecting the absorption
within the sample. The corrected yields are thus taken as Y = Yc - YAu'

2.3 Samples

An ultrahigh vacuum gas handling system was used for the preparation of
the samples. The purity of the rare gases from L'Air Liquide and Matheson
research grade was - 99.9997 %, > 99.9999 % for Ar, = 99.997 Z, > 99.995 %
for Kr and = 99.997 Z for Xe, respectively. They were used without further
attempts for purification. Between gases of different suppliers no differen-
ce for the results could be stated. Sample composition was controlled by
mixing the appropriate amounts of the constituents in the gas handling
system; the amounts were controlled by measuring the total pressure, These
mixtures were evaporated at temperatures below the sublimation temperature
of both constituents. The composition of the samples given with our results
refers to the relative partial pressures of the total pressure of 1000 Torr
in the gas handling system. Ideal mixing as well as equal sticking coefficients
for the various components of a mixture have to be assumed, if this is regar-

ded as the true sample composition.

The speed of evaporation could be varied by a needle valve. Typical va-

lues used were 2-25 X/sec.

We shall frequently refer to the photoelectric yield spectra from ''pure"
samples. In order to get an estimate for the changes which impurities would
cause in the spectra, yield spectra from rare gases doped with NZDZ and CH4
have been investigated during the course of the present experiment. In any
case the features discussed below were not affected by this doping. The
reason for this is the fact that in view of their high ionization potential,
the energy gap E; of these impurities is so large that they cannot contri-

bute effectively to photoemission.




2.4 Spectroscopic Data

When reflectance spectra are presented together with the photoemission
cﬁrves, the former refer to the spectra measured for the particular sample
studied. It should be noted that these reflectance spectra should not be
used for a deduction of optical constants, because for these thin films strong
interference effects are still present, This particular aspect of the rare gas
films has been, on the other hand, exploited to deduce optical constants from
the change of reflectance with film thickness or, if the optical constants are

17,18)

known, to determine the film thickness of a particular sample . Absorp-

tion coefficients for Ar have been taken from a careful reinvestigation of

9)

. . . . 1
the optical constants in the excitonic range and those for Kr and Xe from

the available absorption spectrazo). The data handling system used to process

21)

the spectroscopic data is described elsewhere

IIT, EXPERIMENTAL RESULTS

We shall now proceed to present the experimental data for the energy
dependence of the photoemission curves, Y(E), from lightly doped solid rare
gases. For all systems studied the energy dependent photoelectric yield was
found to vary with sample thickness, d, and with the concentration LK] of
rare gas guest atoms. These features will be discussed in detail for the Xe
doped Ar films. For the other systems typical spectra are presented. The pho—
toemission onsets are independent of d and [RJ. Experimentally there exists,
however, a lower limit for the concentration and thickness of the films which
can be investigated, since a minimal amount of absorption is required in or-

der to obtain a clearly detectable onset of the yield.

3.1 Impurity States in Krypton

In Fig. 3 we present the photoelectric yield spectrum for 1 Z Xe
in Kr. For the sake of comparison the yield spectrum of undoped Kr4a) as
well as the reflectance from the doped sample are shown. The values for the
energy gap of Kr as obtained from optical experiments (e.g. Ref. 2)

Eg = 11.58 eV as well as the threshold energy ETH = 11.9 eV are marked

by arrows. The curves which have been corrected as described in section 2 re-



present the relative yields per photon penetrating into the sample. Above

13 eV both curves reach values for the yield of ~ 50 Z.

The yield £from the Xe in Kr system has been recently studied also by Ophir

et al.6)

up to energies of 11.2 eV. In Fig. 4 the two spectra are compared
and we notice that below 10 eV there is fair agreement between the two ex—
periments. The strong onset of emission at 10.3 eV is only indicated as a

small dip and subsequent shoulder in the previous experiment.

The source of the discrepancy betweenthe result presented here for Xe/Kr

3 . 6 . - . .
and that previously obtained ) is due to the very low absoprtion coefficient,

)

thin films were used and as mentioned above it is difficult under these condi-

k, at the threshold energy around 10.3 eV. In the work of Ophir et a1.6

tionsjto observe the onset clearly. Thus a higher apparent onset was assig-
ned. An apparent higher onset has been repeated with the synchrotron radia-
tion source when thin films of Xe/Kr were used.

i

The photoemission onset for Xe/Kr occurs at ETH = 10.3 eV, which to-
i

gether with the spectroscopic value EG = 10.1 eV, as derived from the data

of Ref. 22 results in VO = 0.2 2 0.1 eV. Below 10.25 eV a weak photoemission
yield is exhibited, which cannot be assigned to an intrinsic process, as it
occurs below E%H. Electronic energy migration from the Xe impurity state to
the gold substrate followed by electron ejection from the cathode may be re-

sponsible for this process.

The most remarkable difference between the photoemission spectra of
Xe/Kr and of pure Kr involves the strong enhancement of the yield below
ETH of solid Kr, a;ris evident from Fig. 3, The photoemission yield bet-
ween 10.3 eV and ETH = 11.9 eV reaches the value of ~ 40 7, which exceeds
that of pure Kr by more than one order of magnitude. This photoemission
occurs in the energy range where the Kr matrix is strongly absorbing, as

is evident from Fig. 4. As in this system the maximum of the first Wannier

exciton of Kr is located at 10,17 eV while E;H = 10,3 eV for the Xe impu-
rity we assert that photoemission in the range 10.3 - 11.9 eV originates

from exciton induced photoionization of the Xe impurtiy. It is important to
notice that light absorption into the n = I (3/2) exiton state of Kr which
peaks at 10.17 eV does not result in impurtiy emission, while the n = 1(1/2)

state is active in exciton enhancded photoemission. This result was interpre—



ted by asserting that the non radiative multiphonon relaxation
n=1(1/2) + n=1 (3/2) is slow on the time scale of energy transfer from

'mobile' free exciton state to the impurity.

We note that the absorption maxima of the n = 1(1/2) and n = 2 (3/2)
exciton correspond to minima in the yield spectra (Fig. 3, Fig. 4). A very
similar behaviour of the yield lineshape has been observed for the Xe/Ar

and C6H6/Xe. Tt will be discussed in detail for the case Xe/Ar below.

Benzene_in Krypton

The photoemission yield spectrum of benzene doped solid krypton (doping

level ~ 1 Z) is presented in Fig. 5. We also display an extrapolation of the

/2

square root of the yield y1 as a function of energy which esults in

E C6H6/Kr = (8.4 * 0.05) eV in agreement with the value observed previous-—

44 i

ly . The energy band gap EG =(8.18 = 0.05) eV of this system was deter-—
mined spectroscopiea11y24). These two values result inthe electron affinity

EE - E;H= -(0.22 : 0.10) eV. The electron affinity
obtained here compares very well with that obtained from photoemission yield

4a)

of solid krypton: Vo
measurements performed upon the pure Kr It is also in good agreement with
the experimental value observed for Xe in Kr (see above), and compares fairly
with the value of -0.62 eV deduced from solely spectroscopic data where

an estimate of the medium polarization by the positive hole has to'be incor-
porated into the computationza). The low photoemission threshold E;H = 8.4 eV
< E, implies that photoemission in the range 8.4 - 10 eV originates from

1
direct photoionization of the impurity.

3.2 Impurity States in Argon

In Fig, 6 we display a photoelectric yield curve for a thin Ar film doped
with 1 Z Kr. The yield from pure Ar and the simultaneously determined reflec-

tance spectrum are givenfor comparison.

The threshold energy for pure Ar, ETH = 13.9 eV and the band gap energy

as obtained from the convergence of exciton series Eg = 14.2 eV are indicated
4a)

by arrows. They result in a positive electron affinity v, = +0.3 eV
The onset in Kr/Ar is at 12.2 eV and thus the Kr impurity gap is estimated
to be E; = 12.5 eV. Compared to the pure Ar the doped films exhibit an en-



hanced yield between 12,2 eV and E___ = 13.9 eV. The photoemission yield in

TH
the range 12.2 - 13.4 eV overlaps the host exciton series and is assigned

to exciton induced impurity photoemission.

As is the case of Xe/Kr, the Kr/Ar system does not exhibit exciton
induced phatoemission following excitation into the n = 1(3/2) state (peaking
at 12.1 eV) which is lower than E;H’ while the n = 1(1/2) is active in the
energy transfer process. Again, the n = 1(1/2) » n = 1(3/2) non radiative re-
laxation process is dow (at the concentration employed by us) on the time
scale of the energy transfer to the impurtiy. Finally, we notice that the
exciton induced yields are larger for the higher members (n > 1) of
the T'(1/2) Ar exciton series than for the n = 1(1/2) exciton. This effect
indicates that electronic relaxation between the high members of the T (1/2)
exciton series and the n = | exciton level is not 'instantaneous' on the time
scale of electronic energy transfer. In this way excitation into different
n-states of the host Wannier series will, after energy transfer to the impu-
rity, result in electrons originating from the same impurity level but with
different kinetic energies. The energy dependence of the escape length will
modify the yields at different energies. More interesting, the impurity pho-
toionization cross sections and the exciton diffusion length can depend on the

n-state. These problems deserve further study.

2

As shown in Fig. 5 the photoemission threshold of benzene doped solid ar-

+
gon is observed at an enerpgy of ETCGHG/Ar = (8.0 - 0.05) &V, in agreement with

the value observed previouslyzs)
Cefle/Ar _(g.51 £ 0.05) ev

. The energy band gap obtained from absorption

24), resulting in a V0 = (+0.5 : 0.1)

spectroscopy is Eg
eV. The system of CGH6 in Ar provides an example for direct impurity photo-

ionization.

The photoelectric yield curve for pure Ar and for a sample containing

0.3 Z Xe are compared in Fig. 7. The threshold energy ETH = 13,9 eV and band

gap EG = 14.2 eV of the host are marked by arrows.A.more detailed spectrum
near the onset of the Xe impurity (Fig. 8) results in E;H = 10.2 eV whereupon

from Eé = 10.54 we get Vo = +0,34 eV for solid Ar.




In the energy region below E,_ . = 13.9 eV two distinct photoemission

mechanisms are exhibited in Xe/ArTHIn the range 10.2 eV to 11.9 eV below the
n = 1(3/2) exciton of Ar, emission originates from direct photoionization

of the impurity. In the range 11.2 - 13.9 eV exciton induced photoemission

is exhibited while above 13.9 eV intrinsic photoemission from the host ma-
trix takes place. The photoemission line shapes for different film thick-
ness, d, are displayed in Fig. 9. Fig. 10 portrays photoemission in the ener-
gy range 11-15 eV where induced exciton photoionization takes place together
with the absorption spectrum of solid Ar as obtained from an analysis of the

19)

optical constants These photoemission yield curves exhibit some inter-—

esting features:

a) At high d values Y exhibits minima at 12.1 eV, 12.25 eV and 13.6 eV,

These minima correspond to the maxima of the n = 1(3/2), n = 1(1/2)

and n = 2(3/2) Ar exciton states, respectively.

b)Y The n

curve exhibited at all d values

2(1/2) exciton state coincides with a maximum of the Y

Decreasing the film thickness: from 800 £ to 370 % results in the
disappearance of the minimum in the Y curve at 13.6 eV which is

replaced by a maximum coinciding with the n = 2(3/2) exciton peak.

d) For even thinner films d ~90 & the minima at 12.1 eV and 12.25 eV
are replaced by maxima which cdncide with the n = 1(3/2) and

n = 1(1/2) exciton states, respectively.

We note in passing that the d dependence of the Y curve for doped solid
rare gases differs drastically from the behaviour of pure rare gas solids
where Y below ETH is independent of the thickneséP)These features provide
important information concerning exciton dynamics in this system and will

be analyzed in section 4.2.

Another interesting feature of these results should be mentioned. Further
in the high energy part of the spectrum at 19 eV the decrease of the relative
photoelectric yield (as compared to Y at photon energies hw < ~17 eV) is more
pronounced for the thicker films.

An example is shown in Fig. 11 for the dependence of the photoyield on the

Xenon concentration.



3.3 Electron Escape Length in Pure Solid Ar

An attempt was made to measure the escape length, L, of electrons in
pure solid Ar by monitoring the photocurrent from the gold emitter electrode

as a function of the thickness of pure Ar. We present here preliminary results,

Further work is in progress. The excitation of the gold sub-

strate was conducted in the energy range 8-10 eV where solid argon is opti-
cally transparent. The films were deposited at the rate of 90 K/min, the
thickness being determined by oscillation in the transmittance of visible
light at 6600 K. We expect the photocurrent to be given by 1 = io exp(=d/L).
The results for several photon energies are presented in Fig. 12. They exhi-
bit two components. The short component is characterized by d = 220 X and is
tentatively assigned to primary surface coverage layer which exhibits strong
efficient energy loss effects. For thicker samples (d = 200 £) we get

L = 1350 A at 8.00 eV, L = 1250 & at 8.70 ev, and L = 1950 & at 9.18 ev.

IV. DISCUSSION

Following the basic classification of the photoemission mechanisms in
lightly doped solid rare gases which were presented in section I, it is
convenient to divide the photoelectric yield curves into three different
spectral region, which we shall name A to C in order of increasing photon
energy. In region A direct photoionization of theguest impurities above the
vacuum level is observed. In region B, the spectral range where the exciton
band of the host matrix is located, exciton induced impurity ionization

ocecurs. Finally, in region C, located above E 0 for the host, direct photo-

T
emission from the host matrix is exhibited.

In Table I we have ilentified these three regions for the systems stu-
died in the present work. The following general features of these three re-

gions should be considered:

1) In region A the lineshape  the Y curve when properly corrected
for the substrate photoemission is independent of the thickness
and of impurity concentration.' The situation is reminescent of

photoemission from the pure solids.

2) In region B the Y curve exhibits a marked dependence on the

film thickness and of the impurity concentration.




3) In region C the general appearance of the yield curve is not very
sensitive to the sample thickness and the impurity concentration,
However, at higher energies, above ~17 eV, such effects, which are

not well understood, were exhibited in the Xe/Ar system.

We now proceed to extract further information from these data regarding

energy levels and exciton dynamics.

4.1 Electron Affinities

Pedestrian but relevant information from our data involves the thres-

. .. . , i
hold energies for photoemission from impurity states. The E values are,

TH
of course, independent of whether direct impurity photoionization or energy
transfer induced mpurity photoionization takes place. A comment concerning

i .. . .
the accuracy of the E data 1s in order., There 1s at present no rigorous

justification for an ;zrticular functional form for an extrapolation of the
yield curves for insulators near threshold. Simple square root extrapolations
are reasonableZS). Fig. 13 provides a comprehensive view of the threshold
regions for the various systems that were sudied by us and extrapolated this
way. The V values obtalned from the present study combining the photoemission
E;H and the spectroscopic Eg data are summarized in Tab. 2 together with the
data for the pure solids. The satisfactory agreement obtained for the VO va-
lues for the impurity states and the pure solids provides additional strong
support for the assignment of the Wannier impurity states in the doped rare

gases.,

+0.3) with the availab-
-0.45 eV for liquid

A comparison of the V. values for solid Ar (V
7d)

le experimental VO = -0.33 eV

and theoretical VO
Ar26)

indicates that in the solid the relative importance of the short range
repulsive kinetic energy contribution is somewhat larger than in the liquid,

24). Another kind of useful

thus correcting an earlier theoretical estimate
energetic information which can be extracted from the experimental impurity
photoemission thresholds involves the polarization energy, P_, of the medium

by the positive impurity ion, Utilizing eqs. (l.1) and (2.2) we readily have

and these data are assembled in Tab. 4, The resulting polarization energies



are reasonable and can be accounted for in terms of refined semiclassical

. . . . . 27

calculations. A first step in that direction was already attempted ).
After establishing a reliable set of VO values, we are convinced that

the E;H data and, with some minor numerical corrections, the energy level

. 2 . . .
scheme for atomlczz) and molecular “ Wannier impurity states are self-
consistent and reliable. On the strength of this evidence we can proceed

to consider the problem of exciton dynamics.

4.2 Exciton Induced Photoemission

Impurity ionization originating from electronic energy transfer from

8)

. . .. . 2 .
an exciton state bears a close analogy to Penning ionization in the gas

phase and to exciton collisions resulting in Auger-type ionization in or-
ganic crystals. The present study demonstrated the generality of exciton

induced impurity photoionization process in solid rare gases. We shall first
i

TH
available data on the optical luminescence spectra of homonuclear rare gas
10,29)

consider the emergetics of this process. The E_ . values together with the

diatomic molecules in these solids (see Table 3) conclusively rule

out the possikility of electronic emergy transfer from the trapped exciton
(i.e. the diatomic molecule) to the impurity states studied by us. It is al-
so evident from the data assembled in Table 3 that this process can occur
from the lowest lying n = 1(3/?) exciton for impurity states characterized
by a moderately low value of E;H, or from higher exciton states when

E, < Ei . We thus conclude that in general exciton states play the role

1 TH
of energy donors in this process.

After having established the nature of the energy donor states in our
system the next question pertains to the problem of the mechanism of the
energy transfer process. Most interesting in this context is the question
whether the process can be described in terms of long range dipol inter-
actions between a static excitation or whether exciton motion has to be
invoked for the proper interpretation of the data. The simplest kinetic
scheme involving competition between exciton trapping and energy transfer
from immobile excitons to homogenously distributed impurities is governed

by the equation



where n(x,t) is the number density of "free' excitons at the distance x from
the surface, ¢ the absorption coefficient, Io the incident light intensity,
S is the rate constant for impurity ionization, Dﬂ the impurity concentra-
tion and T, is the "free" exciton lifetime. Under steady state conditions

n(x t) = n(x) and we get

- X

n(x) = ottIO e (4.2)
The photoemission yield is now
s[r _
Y = EL-I e x/L n{x)dx (4.3)
o)
Q
whereupon eqs. (2) and (3) result in
¥ = 18(R) %= (1-exp(- S@r+1)}) (4.4)
- aL+1 . SXPLT T .
where
_ 1 T -1
t={—~ +s [g] } (4.5)

o}

Eq.(4.4)does not provide a proper interpretation for the energy dependence and
the d dependence of Y for Xe/Ar mixtures which was presented in section 3.2.
In particular, this simple approach cannot explain the dips in the photoemis-—
sion curves for thick samples which coincide with the exciton absorption

peaks.

We conclude that a physical model involving immobile excitons cannot
provide an adequate interpretation of the experimental data and are inevi-
tably led to a physical picture which involves energy transfer from mobile
exciton competing with exciton trapping. Eq.(4.1) is now generalized to in-
corporate exciton diffusion whereupon the number density n(x,t) of "free"

mobile exitons is governed by the diffusion equation,
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2
ﬂéit‘-’-tl =D -a—“g—}’:g—t-)- + ol exp{ -ax } - i%ﬂ - s []] n(x,t) (4.6)

where D is the exciton diffusion coefficient. Under steady state conditions

the solution is

o 1l

n(x) = a- { A’exp (~-%) + B'exp (%5 - exp(-ax)} (4.7)

aZ+ 22-1
The boundary conditions appropriate for a film of finite thickness are

n(o) = 0, n(d) = 0 (4.8)

. . . . / '
which result in the following expression for A and B’

A’= exp(-ad) - exp(d/L) (4.9)
exp(-d/&) - exp(d/%)

f_ exp(-d/2) - exp(-ad)
B = e (d/D) — exp (@T0) (4.10)

The photoemission yield (4.3) take the form

:
SIR] * & A+ L - & d d
Y=a£'l-l { L+ % []—exp(-I"f)}
B L - % - |_ Ll cexp (—qd - 3
* [I-exp (d/2 - 4/L) ST l:l exp (-ad L)]}

where the effective exciton lifetime is given by eq. (4.5) and the (concen-

(4.11)

tration dependent) exciton diffusion length in the doped crystal is
[ =[D (;’_+ s [r] )":l 1/2 (4.12)
o]

being related to the diffusion length in the pure crystal

/2

=
i

1
(o - TO) (4.13)

via

x
n

-1/2
b, (t+s oo [RD (4.14)



We note in passing that in the limit 28>0 (i.e. Ly > 0 or large values of

S - TODﬂ ) Y « aL(a-L+D) "} for thick samples, exhibiting a monotonous in-
crease of Y with a. Our observation of a minimum in the Y curve at the ma-
xima of the n = 1(3/2), n = 1(1/2) and n = 2(3/2) excitons of Ar implies that
2 1is finite and that exciton diffusion occurs. The experimental data for the
thickness and concentration dependence of the Y curves in Xe/Ar mixtures were
analyzed according to eqs. (4.11-4,14) together with (4.5) invoking the

following simplifying assumptions:

a) The exciton diffusion length, &, at a given impurity concentration
is constant for all excitation energies. This assumption can be
justified provided that the rate of multiphonon radiationless
relaxation32 of higher (n > 1) exciton states to the lowest
n=1(3/2) and n = 1(1/2) exciton states is fast on the time
scale of the effective exciton lifetime 1. All the energy trans-
fer process will then occur from the n = 1 exciton states, and
the diffusion lengths of the n = 1(3/2) and n = 1(1/2) excitons
are expected to be similar. A rigorous justification for this
assumption prevails, if in addition to the conditions stated
aboeve the n = 1(1/2) > n = 1(3/2) radiationless relaxation is ultra-
fast. However, this latter condition does not hold for Xe/Ar and
Kr/Ar systems (see sections 3.1 and 3.2). In view of our ignorance
regarding rates of non radiative relaxation of high exciton states
we shall refrain from advancing more complex kinetic schemes in-
volving several exciton state and adopt this simplifying assumption
concerning the energy independence of %. We should bear in mind that
more detailed and accurate experiments of the type described herein
might provide pertinent information concerning the radiationless

relaxation rates between high and low Wannier exciton states,

b) We assume that the electron escape length L is weakly.varying with
the excitation energy. We have demonstrated in section 3.3 that L
is practically constant within the margin of experimental error
in the energy range 8-10 eV, and we shall take L = 1200 £ also for
the higher 11-14 eV region. Provided that the electronic relaxation
rate between exciton states is fast relative to T-I this assumption

is fully satisfied.

. . . . + 2P
c) Energy transfer cross sections resulting in the formation of Xe( 3/2)
dominates over the low 11-11.5 eV energy range, where we have neg-

lected the possibility of formation of Xg(zP , a process which

1/2)
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will not result in photoemission. This result is an overestimate

of the calculated photoemission yield at these "low" energies. At
+.2

higher energies above 11.5 eV we assume that both levels Xe( P3/2)

and Xg(zP]/z) contribute via energy transfer,

Under these cilircumstances, eq..(a.ll) is rewritten in the form
¥(E) = st[R] F (2(R),L,k(E),d) 4.15)

with k being the absorption coefficient(n = (n + ik)), where we have
separated a kinetic type contribution STIRJ from the diffusion and es-

cape term F.

At constant d and [R] the photoemission yield is determined by three

parameters:

A= —1L; B= /L ; C = St (4.16)

where A is the light wavelength. At high Xe concentration we expect that
C'IXé] +] and Y = F being determined by A and B only. Numerical calculations
of Y vs E at such high concentrations were performed utilizing the experi-

9

mental absorption coefficientsi of solid Ar over a wide range of A and B
parameters. Representative data for two film thicknesses d = 800 % and
a=1902X are presented in Fig., 14. From these numerical results we assert
that for thick films the symmetric splitting of the Y curve around n = 1(3/2),
n=1/(1/2) and n = 2(3/2) exciton states occurs for a large number of A
and B pairs for which A> 10 (L > 800 K) and B > 0.03 (& > 24 K). The proper
A value may be chosen by the experimental determination of L = 1200 X at
low energies which implies A = 15. Alternatively, we can utilize absolute
quantum yields for the determination of A and B which simultaneously result
in the symmetric splitting and give the proper absolute Y values say at the
three lowest excitons peak energies., In Fig. 15 we plot the calculated Y
values at several energies as a function of A and B, noting that Y is de-
termined by the product AxB that is by £ rather than by A and B separately.
The same behaviour is also exhibited for thin films. Finally, the thickness
dependence of Y at a given energy is plotted for different AxB GE%&) values

in Fig. 16.



We start with high concentration [ké] = 0.3 7 where we assume that
Sr[Xé] 1. A semiquantitative fit of the Y(E) curves at different thicknes—

ses and the absolute values of Y was accomplished with the parameters
0
L =1200 A /L = 0.05

the first value being consistent with the experimental L value. In Fig., 17 we
compare the Y(E) theoretical and experimental iineshapes at different d va-
lues. The calculated curves have been divided by a factor of two, thus taking
into account that only half of the numbers of excited electrons have a mo-
mentum component towards the surface. In view of this assumption, the agree—
ment is satisfatory. In Fig. 18 we present the absolute Y values at 2 ener-
gies as a function of d, again the results are gratifying. Finally, the pa-
rameter C = Set1  was determined for the concentration dependence in the energy
range spanning the n=2 and n=3 excitons of Ar for two film thickness, corre-
sponding to d = 370 & and d = 700 &. In figures 19 and 20 we compare the ex-
perimental concentration dependence with the predictions of the diffusion
model. The best fit between theory and experiment was accomplished taking

- - - -3. . .
STO=10 3(ppm) L or Sro=6x10 20 ¢m ~ in more conventional units.

This result together with & =~ 60 & at 0.3 % (Xe] yields with the aid of eq.
4.11 the value of 20 = 120 & for the exciton diffusion length in molecular
crystals. The exciton diffusion lengths in Ar obtained herein is close to

that in Xe implying an exciton diffusion coefficient of 0.6 cm? sec™l. The
approximate value of § = 6x1078 cm™3 sec™! for the n=1 exciton of the Xe
impurity in Ar is not far from the value 5x10~7 em™3 sec™! for the n=] exciton
in solid Xe®. Both values were estimated taking T, 10712 sec. This S value
for solid Ar together with D can be used to extract a mean f;ee path for

1/2

scattering of the Wannier excitons. Setting S = (IIR?) <V2> and D =

A<VZ> 1/2 where R is the reaction radius, <V2> 1/2

s, the r.m.s. exciton group
velocity and A the exciton mean free path, we get A = (D/S)I RZ2, which with
R = 10 & results in A =~ 3 &. Thus A is of the order of lattice spacing and

the exciton motion is diffusive, rather than coherent.

We have now to elucidate the nature of the "hidden" approximations involved
in the diffusion model. These will be segregated into the nature of the

exciton motion in the bulk and the cardinal role of surface effects. The
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diffuse motion of the free n=] Wannier exciton implicitly assumed by us
is self consitent both with the short mean free path A=3 % deduced from
our kinetic data and furthermore is compatible with the large optical

half line width (~0.1 eV) of the n=1 exciton exhibited in the optical
spectra of pure rare gases’. The large optical line width which exceeds

the theoretical estimate, based on Toyozawa's weak exciton-phonon coupling
theory32, by about one order of magnitude implies strong coupling between
the "free" n=1 exciton (prior to exciton trapping) and the lattice phonons,
whereupon exciton scattering occurs at each lattice site. Thus the appli-

cation of a classical diffusion equation is fully justified.

Turning now to the role played by surface and boundary effects we focus
attention on the boundary conditions, eq. 4.8, utilized by us. The con-
dition n(d)=0 is fully justified as we have recently demonstra62%33that
the extrinsic weak photoemission resulting from optical excitation of bound

Wannier exciton states, located below E originates from exciton diffu-

TH?
sion to the gold substrate followed by electronic energy transfer which
results in electron ejection from the substrate. Thus the n=! excitons are
destroyed at x=d. The second boundary condition n(o)=0 is more subtile.For
an ideal crystal extending to the lower boundary x=0, it might have been
preferable to utilize Simpson's boundary condition31 D%E = 0 at x=0, which
implies that the exciton flux vanishes on the outer surface. From the
operational point of view this boundary condition does not provide an
adequate interpretation of our-experimental results. Fﬂrthermore, surface
effects will probably result in enhanced exciton trapping or exciton ra-
diationless deactivation at the surfacé:fThese effects are at present ill
defined and not well understood for simple insulators. The effect of the
surface as a sink for '"free'" excitons provides a central ingredient of our
phenomenogical approach. Our approach bears a formal analogy to the ''dead

layer" model originally advanced by Hebb3? to explain exciton induced photo-

ionization of F-centers in alkali halides. To establish the relation between
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our dynamic approach and the phenomenological "dead layer' model we
portray in figure 2! the local concentrations of free excitons calculated
from our diffusion model for several values of k. Near the surface n(x)
is low, rising to a maximum value and then decreasing as exp(~kx).
Approximation of the steeply rising curve at low x by a step function

(see fig. 21),

x<h

n(x)

I
o}

(4.17)

o\'e-“h'X>h
2

It

n(x)

results in the basic assumption underlying Hebb's approach. Our diffusion
model implies that the approximate cut off h depends on the absorption
coefficient, however, this dependence is not very strong, as evident from
figure 22. It is not surprising that the quantum vield

oL

Y = st(R) iy (expl- %(aLH)} - expi{- E(QLH)}J (4.18)

for the dead layer model, provides a semiquantitative description of our
results. In figures 23 and 24 we present typical numerical data from

eq. (4.18), which provide a reasonable fit of our experimental data with
h=30 R, although we mote that for small d values the dynamic approach is
superior. Our dynamic approach is superior to the "dead layer' model be-
cause of two reasons. First, from the physical point of view we were able
to provide a proper ratiénalization to the nature of the dead layer which
provides only a crude approximation to the role of the surface on the
reduction of the local concentration of free excitons near the boundary.
We have to assume that free excitons do not exist only over a thickness
which spans a single monomolecular layer, and not over a range of

h= 20-50 X. Second, from the point of view of the ».1id state spectro-
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copist, if indeed surface effects were drastic as to create a dead

layer of thickness 20-50 R J1ﬂk;;

xarid the optical constants would be
grossly modified, while our approach implies only minor modifications

of the bulk optical properties by the boundary condition n(0)=0. Third,
our approach is more physical, demonstrating the nature of pertinent

information extracted from photoionization yields en exciton dynamics

in simple insulators.

Further extension of these studies to encompass a wide class of systems
over the available temperature range will provide intéresting information
regarding exciton dynamics, exciton trapping lifetimes and electronic

relaxation between exciton states in "simple" insulators.




TABLE 1: Segregation of photoemission ranges in doped solid rare gases
(energies in eV).

(Blanks have not been measured.)

A B C
Xe/Kr not existing 10.3 - 11.9 > 11,9
Xe/Ar 0.8 - 11.9 11.9 - 13.9 > 13.9
Kr/Ar not existing 11,9 - 13.9 > 13.9
CcH /Ar 8.00 - 11.9
C6H6/Kr 8.40 - 10.1
CGH6/Xe not existing 8.15 - 9.7 > 9.7




TABLE 2: Energy gap, Eg’ threshold energy (ETh) and Vo values
(Vo = ~-EA) for pure and doped rare gases (energies in eV).
system "Eg o Vo(E -EA) Matrix
Ne (pure) a) 21.4 21.4 £ 0.1 0.0 * 0. Ne
e) 20.2 + 0.2 1.2 0.2 "
Ar (pure) b) 14.2 13.9 0.3 . Ar
Kr 1in Ar c) 12.5 12.2 0.3 Ar
Xe in Ar c) 10.54 10.23 0.31 Ar
CHe in Ar c) 8.51 8.00 0.51 Ar
Kr (pure) b) 11.6 11.9 -0.3 Kr
Xe 1in Kr c) 10.1 10,30 -0.2 Kr
CgHg in Kr c) 8.18 8.4 -0.22 Kr
Xe (pure) b) 9.3 9.7 -0.4 Xe
d) 9.28 9.74 -0.46
C6H6 in Xe c) 7.75 8.15 -0.4 Xe

References to Table 2:

a)

b)
c)
d)
e)

: Ref. 4c
The experimental value for V0 constitutes a lower limit

for V0 and does not exclude the possibility that

V 1is positive.
o)

: Ref.
: this
Ref.

.

ba
work

6

: unpublished results from energy distribution measurements

Ref.35




TABLE 3: Activity of the lowest n = 1(3/2) exciton in impurity induced
ionization (energies in eV).
(3/72) i (3/2) . b)

System E] a) ETh E] active EMtA o)

Xe/Ar 12.1 10.2 + 9.93 + 0.53
(0.3)

Xe/Kr 10.17 10.3 - 8.35 + 0.39
(0.15)

Kr/Ar 12.1 12,2 - 9.93 + 0.53
(0.3)

CBHB/Xe 8.36 8.15 + 7.10 £ 0.30
(0.16)

a) Numbers in brackets represent the line width (Ref. 24).

b)

c)

E, ¢ Peak energy of molecular emission of diatomic molecules

in solids (Ref. 10a).

A ¢ line width in molecular emission (Ref. 10a).




TABLE 4: P, values for atomic and molecular impurities (energies in eV)
Host Guest Eih I; Pi

Ar Kr' 12.2. 14.0 - 1.8

Ar Xe' 10.2 12.13 - 1.93

Kr Xe' 10.3 12.13 - 1.83

Ar C6H6: 8.0 9,24 - 1.24

Kr C6H6+ 8.4 9.24 - 0.84

Xe C6H6 8.15 9.24 - 1,09

TABLE 5: Exciton lifetimes and exciton diffusion length in molecular
— ecrystals.

Crystal Exciton To(sec) 20 (2)

Reference

Anthracene singlet 25%10 > 150 a
Anthracene triplet 25){10-3 105 b
Xe n=1(3/2) 10”2071 75 e
Ar n=1(3/2) 10712-107 1! 120 present

References to Table 5:

a)

b) : M. Levine, A. Szoke and J. Jortner, J. Chem. Phys. 45,1591(1966)

c)

Ref. 6

: 0.4. Simpson, Proc.

Roy. Soc. A238, 402 (1957)
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig,

Fig.

Fig.

1:

2:

Schematic scheme of the energy levels involved in photoelectron
emission from doped solid rare gases. VB valence band,CB conduction
band, ETH

. i . . ,
states of the host matrix, En exciton states of the impurity,

vacuum level, VO electron affinity ( E-EA), En exciton

M trapped exciton states of the host matrix, G impurity state
of the guest atoms or molecules. The arrows indicate the various

processes discussed in the text.

Experimental arrangement for the simultaneous measurement of photo-
emission yield and reflectance spectra at liquid He temperatures
in the photon energy range 9 to 35 eV. B light beam from the mono-
chromator, ES exit slit, M photomultiplier, K cryostat, SH shields,
P pivot, Q quarz substrate, Au gold film, C copper mesh, GH gas

handling system, V needle valve.

Photoelectric yield per photon penetrating into the sample for
1 2 Xe in Kr (solid curve) and pure Kr (dashed curve (Ref. 4a)).
The insert shows the reflectance measured simultaneously for the

same sample.

Comparison of the photoelectric yield spectrum of Xe doped Kr films
as observed in the present study (solid curve) and from Ref. 6
(dashed curve). The absorption of pure Kr is shown for compari-

son (Ref. 20).

Photoelectric yield spectra of solid Ar, Kr and Xe doped with ben-
zene. The insert shows a square root extrapolation of the yield

curves.

Photoelectric yield per photon penetrating into the sample for
1 Z Kr in Ar (solid curve) and pure Ar (dashed curve (Ref. 4b)).

The insert shows the reflectance measured simultaneously.

Photoelectric yield per photon penetrating into the sample for
0.3 Z Xe in Ar (solid curve) and pure Ar (dashed curve (Ref. 4b)).
The insert shows the reflectance measured simultaneously. The three

photoemission ranges A, B, and C are indicated (see text).



Fig. 8: Photoelectric yield for 0.5 % Xe in Ar in the threshold region.

The insert schows a square root extrapolation of the yield

Fig. 9 9; Photoelectric yield per photon penetrating into the sample for
0.3 % Xe in Ar for four different film thicknesses d = 90 R,
0 0 ]
d, = 270 A, d, = 370 A, and d, = 800 A. The dashed curve is the

2 3 4
reflectance measured for the thickest film, d4.

Fig. 10: Photoelectic yield per photon penetrating into the sample for
0.3 2 Xe in Ar in the excitonic range for three different
film thicknesses. The absorption coefficient k (fi = n+ik) of

pure Ar is given for comparison (Ref. 19).

Fig., 11: Dependence of the photoelectric yield of Xe doped Ar films on
o
the Xe concentration. The film thickness is 60 A. The spectra
are not corrected for the hot electron contribution from the

gold substrate and the reflectivity. Photoelectric yield curves
for the gold substrate and for pure Ar films are also shown.

Fig. 12: Dependence of the photocurrent of hot electrons from the gold
substrate on the thickness of pure Ar overlayer for three dif-
ferent photon energies'hw1 = 80 eV,"r’iw2 = 8,70 eV, and

ﬁmB = 9,18 eV. For these energies the Ar films are transparent.

Fig. 13: Onset of strong photoelectron emission for pure rare gases

(Ref. 4a) and various guest-host matrix combinations.

Fig. l4: Calculated photoemission yield spectra for Xe doped Ar films
for film thicknesse d = 90 K and 4 = 800 X. The electron escape
length L is taken to be 1200 g, the exciton diffusion length
2 1is varied between 12 X and 240 g.

Fig. 15: Calculated diffusion and escape term F(&,L,k,d) of the photoelectric
yield as a function of the electron attenation length A (in units
A/4m). The exciton diffusion length 2(in units A/4m) is taken as

a parameter.



Fig. 16: Calculated diffusion and escape term F(%,L,k,d) of the photo-
electric yield as a function of the film thickness d. The
exciton diffusion length & (in units A/47m) is taken as a

parameter.

Fig. 17: Comparison of calculated and measured photoelectric yield curves
for 0.3 % Xe in Ar for three film thicknesses. For the calcula-
] =] - =
tion2= 60 A, L = 1200 A and S+1+|[Xe| = 1 as well as the ab-

sorption coefficient shown have been used.

Fig. 18: Absolute photoelectric yield as a function of film thickness d.
The solid curves give the calculated yield using A = 15, B =.05,

Crosses and circles give the experimental results.

Fig. 19: Measured and calculated concentration dependence of the yield
for Xe/Ar mixtures using a film thickness of 370 X. The vield
was calculated for differeht parameters STO (dashed lines).
The solid curve shows the best fit for S'ro=10-3 {ppm_l). The

electron attenuation length was taken as 1200 X.

Fig. 20: The same as Fig. 19 but for a film thickness of d=700 . Again

the value of Sr0=10-3 [ppm_l) fits the measurement,

Fig. 21: Calculated number of free mobile excitons n(x) at distance x from
the surface for a 800 X thick film using the diffusion model for
different absorption coefficients k. ! An exciton diffusion length of

2=60 X and an elecron attenuation length L=1200 X are used.

Fig. 22: Dependence of the inherent "dead layer" of the diffusion model
on the absorption coefficient. As "dead layer" the distance
corresponding to (I-e_l) of the maximum value of n(x) was taken

from Fig. 21.

Fig. 23: Calculated spectral dependence of the yield using the dead layer
model (eq. 4.18) for several thicknesses h of the dead layer.
The same absorption coefficients as in Fig. 10 and an electron

attenuation length of 1200 X are used.



Fig. 24: The same as Fig. 23 but with a film thickness of 100 X. The
general shape corresponds well with the measurement but taking

h=30 & from Fig. 23 the absolute values are too high by more
than a factor of 2.
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