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Extrinsic photoemission from pure solid rare gases at energies below the direct photoemission threshold is
assigned to the diffusion of “free” mobile excitons (prior to exciton trapping) to the gold (emitter) substrate
followed by exciton-enhanced electron ejection from the electrode. From a semiquantitative study of the
extrinsic photoemission yield of solid Xe as a function of the film thickness we get the diffusion length I~300

A, for exciton migration on the time scale of 107'-10~'? sec.

Some of the most interesting features of exciton states
in molecular crystals involve electronic energy transfer
by excitons.' There have been extensive studies of the
dyngmics of Frenkel type singlet and triplet excitons in
organic crystals and in polymers, ~® resulting in the ex-
citon diffusion length I which together with the exciton
effective lifetime v (which includes both radiative and
nonradiative decay channels) give the exciton diffusion
coefficient D. These data for exciton dynamics in or-
ganic crystals, obtained at moderately high tempera-
tures, correspond to incoherent, diffusive type, motion
of excitons, which are strongly coupled to the lattice
phonons. '®® It is interesting to inquire whether similar
dynamic information can be obtained for Wannier, hy-
drogenic type excitons (characterized by a principal
quantum number 72> 2) or for intermediate type n=1 ex-
citons' in simple insulators, such as solid rare gases.
Apart from intrinsic interest in extension of studies on
exciton dynamics to new systems, the “simple” insula-
tors mentioned above are of considerable interest in
view of the ultrashort lifetime of mobile excitons in
these solids. The vacuum ultraviolet optical emission
spectra of pure solid Ar, Kr, and Xe exhibit the emis-
sion from the electronically excited, vibrationally re-
laxed, rare gas homonuclear diatomic molecules. 1 Ag
no luminescence could be observed from “free” exciton
states, 11 we conclude that efficient exciton trapping oc-
curs on a time scale 7, which is short relative to radia-
tive lifetime 7,, i.e., 7<10%7,. As 7,107 sec, as in-
ferred from the integrated oscillator strength for the
n=1 transition,!? 7~10"1-10"'% sec. The trapped ex-
citon is practically immobile in view of small polaron
effects. The “free” excitons'® can migrate in pure rare-
gas solids and it will be interesting to gain physical in-
formation pertaining to exciton dynamics on the pico-
second time scale in these systems. In this context, we
have recently studied'* exciton induced photoemission
resulting from exciton induced Auger type ionization of
atomic and molecular impurities by n=1(P;,,) “free”
excitons, which result in the following diffusion lengths
for these “free” excitons: [=170 A for pure solid Xe
at 30 °K"*15 and ! = 120 A for pure solid Ar at
20 OK. 14b,14c

We would like to propose that pertinent data on exciton
dynamics in pure solid rare gases can be obtained from
extrinsic photoemission data at energies below the di-
rect photoemission threshold. In this article we present
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the results of a study of extrinsic photoemission from
solid Xe, which are assigned to exciton diffusion to a
gold substrate followed by electron ejection from the
electrode. These experiments provide a new method to
determine exciton diffusion lengths in solid rare gases.

Intrinsic photoemission from pure'*'®~'® solid rare

gases is exhibited at energies E,,= E; - V,, where E is
the interband threshold while V, corresponds to the en-
ergy of the bottom of the conduction band relative to the
vacuum level. It is now empirically well established'*'!8-'®
that all pure solid rare gases exhibit extrinsic photo-
emission following excitation in the excitonic region at
energies below the threshold energy E,,. This extrinsic
photoemission exhibits a pronounced structure in the ex-
citonic region. Several possible interpretations of this
effect should be considered:

(a) Exciton enhanced impurity ionization, 8 Qur re-
cent results for doped crystals' using ultrapure samples
(impurity content not exceeding 1 ppm) and controlled
doping conditions, seem to rule out this possibility.

(b) Nonlinear processes such as collisions between two
“free” excitons, ' nonradiative long range coupling be-
tween a pair of localized excited diatomic molecules,
or a (one-photon) photoionization process of a free ex-
citon? or of a trapped excited diatomic molecule. These
interesting processes are improbable under the condition
of weak light intensities employed in such photoemission
studies. These mechanisms can be definitely ruled out
as the photoemission quantum yield is independent of the
light intensity. *

After eliminating possible bulk effects we have to focus
attention on the role of interphases, bearing in mind that
such photoemission studies are conducted on thin films,
which are mounted on a metal (in our case gold) emitter
electrode. The following additional mechanisms should
be considered:

(c) Tonization of excitons at the insulator—vacuum in-
terface.?! Although our current understanding of surface
states of insulators is meager it should be noted that the
energy of the lowest n=1 exciton in solid Xe is located
at the energy 1.2 eV below E,, and 0. 8 eV below E;
while for other rare gases these energy values are even
higher, and it is difficult to conceive how the surface
states of an insulator can overcome this large energy
gap required for decay by ionization. Furthermore,
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such a mechanism will imply that the yield for the ex-
trinsic process is independent of the film thickness d,

at least when d is sufficiently large to form a uniform
layer. Our results, reported herein, demonstrate a
strong d dependence of the yield and thus this mechanism
can be safely rejected.

(d) Energy transfer (ET) from a localized, excited,
diatomic molecule to the gold substrate, resulting in
electron ejection from the gold. This mechanism can be
described in terms of a (second order) nonradiative pro-
cess where the donor molecule undergoes a bound-con-
tinuum transition which is accompanied by ionization of
the acceptor, i.e., the metal film. This process bears
a close analogy to the Forster—Dexter? mechanism,
Kuhn et al.? have utilized a similar process to study
the quenching of low electronically excited molecular
states by energy transfer to a gold substrate involving
interband excitation in the metal.

(e) Exciton diffusion (ED) to the gold substrate fol-
lowed by electronejection from the electrode.'** “Free, ”
mobile excitons have to participate in this process which
thus takes place on the time scale £~ 7. The energy
transfer from the “free” exciton to the metal near the
metal-insulator interface will again proceed by the
Forster—Dexter mechanism?? involving the nonradiative
decay of the exciton accompanied by the ionization of
the metal. Both mechanism (d) and (e) are possible and
plausible. To establish the dominant mechanism for
extrinsic photoemission, we have studied the thickness
dependence of the extrinsic photoemission yield from
solid Xe,

Photoemission studies were conducted in the energy
range 6-9.5 eV. The energy range 8.1-9.7 eV corre-
sponds to excitation of bound excitons, being located
below E,=9.7 eV. The vacuum ultraviolet light source
consisted of a high pressure (2-5 atm) high intensity gas
pulsed discharge lamp.?* 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 pulses
sec™'. The light was passed through a 0.3 m Czerny-
Turner monochromator (McPherson 218) with a grating
blazed at 1500 A, employing a spectral resolution of 5 A
(0.025 eV). The monochromator was separated from the
sample chamber by a LiF window, The optical arrange-
ment allowed for a simultaneous measurement of optical
absorption and photoemission yield. The emitter elec-
trode consisted of a 3 mm wide gold strip evaporated on
a LiF window. The collector electrode was a gold ring
of 15 mm in 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 which was triggered by the same
electrical pulse used for the lamp triggering. In this
way a noise level of 5x10-!® A was achieved for the mea-
surement of the photoelectric current. The samples
were prepared by deposition of gaseous Xe (Matheson
research grade) on the emitter electrode which was
mounted on a variable temperature helium flow cryostat
at 40 °K. This deposition temperature provides a well
annealed sample. The films were deposited at the rate

of 50 A/min. The gaseous mixtures were prepared and
handled in an ultrahigh vacuum system previously
pumped down to less than 10-° torr.

The film thickness d was determined from the mea-
surement of the “oscillations” in the apparent transmit-
tance of the Xe film deposited on the LiF holder in the
spectral range above the onset of spectral absorption
(» >1600 &). Measurements of d were conducted with
visible light at A =6600 A and with vuv radiation at 1600
A. The film thickness was determined by counting the
number M of wavelengths in the recorded spectrum vs
time, which are given by d = (M1/2)(n® - sin®6)-'/2, where
n is the refractive index (n®=2.23%%) and 6 is the angle
of incidence. As is apparent from Fig, 1d monitored at
6600 A exhibits a linear variation with the time of de-
composition, d was further monitored by the same
method at 1600 A yielding identical results, The ac-
curacy of the determinations of 4 amounts to + 10 A.

We have also measured the escape length L of elec-
trons in pure solid Xe by monitoring the photocurrent
from the gold emitter electrode in the spectral region
1600-1550 A where solid Xe is optically transparent.
We expect the photocurrent ¢ to be given by i =1,
xexp(—d/L). The results for several photon energies
are displayed in Fig. 2. They exhibit two components,
a fast initial drop of 30% from d =0 to d =40 A followed
by an exponential decay of i and d. The short component
is attributed to a primary surface coverage layer, which
exhibits strong energy loss effects. It is possible that
the first few layers of the film nucleate in a different
configuration than the bulk. In the absence of structural
data we cannot dwell further on this point. The long
component results in L = 850 f\, which is practically en-
ergy independent in the narrow energy range 7.7-8.0

FILM THICKNESS (A°)

(6] 1000 2000 3000
[T ‘ I ' l ' I e
}_

5

k-

E L

D

m

g |

<

>

l: b

[%2)

2

[1V}

|_

E L

-

I

5 L

-
I . | , | ) 1
(o] 20 40 60

TIME OF DEPOSITION (MIN.)

FIG. 1. Determination of the thickness of Xe films deposited
on LiF as a function of the deposition time #, by the measure-
ment of the optical interference bands in the apparent trans-
mission at 6600 A. ‘
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FIG. 2. A semilogarithmic plot of the photoemission current

i from the gold emitter electrode (mounted on LiF) as a func-
tion of the thickness d of the Xe film, Data are presented for
three values of the photon energies in the spectral range where
solid Xe is optically transparent. The escape length L of the
photoelectrons, which were ejected for the gold and escaped
from the sample is obtained from the slope of the straight solid
line according to i =i,exp(-d/L).

eV, This value for the escape length is solid Xe is com-
parable to the value L=1200 A observed™® in solid Ar.
These values of L for solid rare gases are large com-
pared to other materials.?® In large gap insulators, the
mechanisms of energy loss for electrons are inefficient
allowing for a long mean free path of the hot electrons.

The extrinsic photoemission yield ¥ from solid Xe in
the excitonic region 8,0-9.5 eV is portrayed in Fig. 3
for different values of the film thickness. We note that
increasing d results in the attenuation of the photoemis-
sion from the pure gold. This effect cannot be wholly
attributed to the trivial causes of optical absorption and
reduction of the escape probability of the photoelectrons
emitted via direct photon absorption by the gold because
of two reasons. First, the energy dependence of ¥ ex-
hibits pronounced peaks at the energies n=1(P;,,) ex-
citon located at 8.35 eV and for n = 2(3P,,,) exciton lo-
cated at 9,05 eV, Second, when these experimental data
are corrected for optical absorption and for energy loss
by the Xe film a finite extrinsic photocurrent, Y,, re-
sults. Y, is given by

Y,=Y-Y4y,exp[-d(k+1/L)] 1)

and is displayed in Fig. 4. It was derived from the ¥

values of Fig. 3 using the experimental values for the
absorption coefficient, #2527 the relative values for
photoemission from pure gold®® ¥5,, together with value
L =850 A, whichwas assumed to be only weakly energy de-
pendent through the whole energy range. An approximate
estimate of the absolute values of ¥, was obtained using
the absolute photoemission data for pure gold reported
by Krolikowski and Spicer, %

The central question we now face is whether the ex~
trinsic photoemission can be described in terms of a
long range dipolar interaction between a static localized
excitation with the gold surface® or, alternatively,
whether motion of “free” excitons has to be invoked for
a proper interpretation of the data. Consider first the
ET process induced by dipole-dipole coupling??:23
[mechanism (d)]. The rate of ET from a localized ex-
citation separated by the distance d, = (d — x) from the
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FIG. 3. Experimental photoemission yields Y=1i/I, (where I,
is the incident light intensity) from solid Xe deposited on the
gold emitter electrode for various values of the Xe film thick-
ness. The yield from the gold electrode (which is mounted on
the LiF substrate) is also shown for comparison. The (approx-
imate) absolute yields were obtained from the photoemission
data for pure gold (Ref. 26). The positions of the n=1 (P,,)
and n=2 (2P3 /2) excitons of solid Xe are marked by arrows.
The upper insert portrays schematically the extrinsic photo-
emission mechanism via “free” exciton diffusion to the gold
followed by electron ejection f rom the electrode.
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surface to it, is
kgr(d1)=77/d4=77/(d—x)4; 2)

where the coefficient 77 is given in terms of Forster’s
theory23 for the appropriate geometry. The photoemis-

sion yield is
¢ kkge(d=x)exp(-kx) (—d)

Y'_L & berd—x)+ 758 CP\L ) ®)
where 7, is the radiative lifetime of the diatomic rare
gas molecule. Defining dy=(n7,)"/* for an effective
transfer radius we get for the ET mechanism

exp(— kx)dx @)

vrem(F) [ T

The experimental data for the d dependence of ¥, at

8.35 eV and at 9.05 eV could not be adequately accounted
for by Eq. (4). While the low d range (d <200 A) could
be fit with dp=150 A the ¥, values for higher d (500-700
A) conforms to dy=300 A, thus the data for the d depen-
dence of ¥, cannot be fit with a single value of d, and the
discrepancy is a serious one,

We conclude that the dominating mechanism respon-
sible for extrinsic photoemission in our system involves
diffusion of “free” excitons to the gold surface. Invok-
ing the diffusion model previously advanced by us in the
study of exciton enhanced impurity photoionization!* the
number density n(x, f) of “free,” mobile, excitons is
governed by the diffusion equation,

on(x,t)
ot

2,
p? ’;(;‘z ), kI, exp(~ kx)-i’fri), (5)

where I, is the incident light intensity,

Under steady state conditions with the boundary con-
ditions™ (o) =0 and n(d)=0, Eq. (5) results in

n(x)=A exp(—x/1) + Bexp(x/1) - C exp(— kx), (6a)

1075

A= Clexp(d/1) - exp(=kd))/[exp(d/1) - exp(~d/1)],  (6D)
B=C[exp(~ kd) - exp(-d/1)]/[exp(d/1) - exp(-d/1)], (bc)
C=ILkt/(RE-1), (6d)
I=(D7)!/2, (6e)

The extrinsic photoemission yield can be now expressed
in terms of the exciton flux at x =d,

1 an ~d
rog (o) =(F) ®
which with the aid of Eq. (6) takes the following final
form for the ED mechanism

___ k1 12— exp(- kd)[exp(—d/1) + exp(d/1)]
TRR -1 exp(d/1) - exp(~ d/1)

YC

~klexp(- kd)} exp(-d/L). (8)

Our most reliable experimental data for ¥, span the
energy range 8,0~8.6 eV of the lowest n=1(*P;,,) ex-
citon where our assumption concerning the energy inde-
pendence of L can be quite safely applied. In this ener-
gy region the absorption coefficient varies in the range
(170 A)! (at 8.4 eV) and (2200 A)-! (at 8.0 eV). In Fig.
5 we portray the thickness dependence of Y, analysed in
terms of the diffusion model, Eq, (8), The agreement
between theory and experiment for =300 A is excellent,
On the basis of numerical calculations we assert that the
deviations of the experimental data from the prediction
of the ED model with =300 A amount to an uncertainty
of 20% in the absolute value of I. In Fig. 6 we display
the energy dependence of Y, which again exhibits good
agreement with Eq. (8) for the same [ value, I is
gratifying that a single value of =300 A fits the data
over a broad range of experimental parameters, i.e.,
d=40-1000 A and k-' =170-2000 A, thus providing strong
support for the extrinsic photoemission mechanism pro-
posed herein,

The extrinsic photoemission yield in the energy range
around 9.1 eV, corresponding to the n=2(*P;,,) Wannier

o (o o
> o @
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o4
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0 L
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] ]
500 000
FIG. 5. The thickness dependence of the extrinsic photoemis-
sion yield at 8,35 eV, Open circles represent experimental

data, while the solid curve was calculated from the diffusion
model. Best fit obtained for 1 =300 A,
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FIG. 6. The energy dependence of the extrinsic photoemission
yield at constant d. Solid lines correspond to the experimental
data, while the dashed curves correspond to the result of the
diffusion model [Eq. (8)] with I=300 A,

exciton in solid Xe, exhibits somewhat higher values of
Y, than expected on the basis of Eq. (8) with 2=300 A.

It is tempting to conjecture that this excess extrinsic
yield originates from n =2 excitons characterized by a
higher diffusion length and which eject electrons at high-
er energy and thus with higher initial yield from the gold
substrate. Such an interpretation would imply that the
nonradiative n =2 - =1 multiphonon nonradiative relax-
ation process occurs on the time scale 10-'2-10-!! sec,
which is comparable to the lifetime of “free” mobile ex-
citons, Extension of our studies will provide interesting
information concerning radiationless electronic relax-
ation phenomena between exciton states in simple insula-
tors.

The diffusion length I=300 A for the “free” n=1 (*P; ;)
exciton in solid Xe obtained from extrinsic photoemis~
sion studies lies within a numerical factor of 2 with the
value' 7=170 A previously obtained from exciton induced
impurity photoemission in this system. It should be no-
ticed that we have explicitly assumed that energy trans-
fer occurs once the exciton reaches x=d. A more de-
tailed examination of the long-range energy transfer
process from the “free” exciton to the metal surface,
which can occur over a distance of dy~ 100 A or so, will
result in some lowering of I. Thus the agreement be-

tween the results of our previous work!* and the present
data is as good as can be expected,

On the basis of the broad optical absorption linewidth,
I'=0.16 eV, of the n=1(3P,,,) exciton® we argue that the
“free” exciton in this system corresponds to the strong
exciton—photon coupling limit!'® and that lattice phonon
relaxation “around” the exciton is efficient (on a time
scale much shorter than 7). The exciton diffusion coef-
ficient D=1 ¢m?® sec™! is estimated taking 7~ 10-!! sec.
For diffusive, incoherent exciton motion®>®° D = M2a%/
64T, where M is the transfer integral and =5 A corre-
sponds to the internuclear spacing, resulting in M ~0,2
eV, which is reasonable.

In the present work we have presented rather detailed
results for extrinsic photoemission from solid Xe. This
phenomenon is, however, general and can in fact be en-
countered in any insulator where the exciton diffusion
length is sufficiently large. In the case of solid rare
gases other than solid Xe studied herein the following
qualitative observations support the generality of this
effect: (a) As we have already mentioned, extrinsic
photoemission resulting from excitation in the exciton
region was observed for Kr, #1617 Ar %17 pd Ne, 3°
(b) Photoelectron energy distribution studies for solid
Ar induced by excitation in the energy range 12-12.6
reveal® the appearance of an EDC peak near the vacuum
level, similar to that observed from the pure gold sub-
strate,®® this component exhibits an enhancement (rela-
tive to the pure gold) at low d values (250 1°&) and then
decreases with increasing d. This result concurs with
the proposed ED mechanism.,

Finally, we would like to emphasize an important
quantitative difference between the extrinsic photoemis-
sion in solid Ar, Kr, and Xe and that expected from
solid Ne. In the former case efficient exciton trapping
occurs and the “free” exciton lifetime is 10-'2-10-!! sec,
whereupon the diffusion length is relatively small. In
the case of solid Ne exciton trapping does not take place
and the optical emission exhibits the radiative decay of
a “phonon dressed” free exciton.% Thus in solid Ne the
lifetime of the “free” exciton is ~10-® sec and the diffu-
sion length will exceed by one order of magnitude the I
value observed in solid Xe and in solid Ar. Dramatic
extrinsic photoemission effects are expected in the ex-
citonic series of moderately thick Ne films.
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