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Ultraviolet photoelectron spectroscopy and photoconductivity of CaF2

M. Huisinga, M. Reichling,* and E. Matthias
Freie Universität Berlin, Fachbereich Physik, Arnimallee 14, 14195 Berlin, Germany

~Received 30 August 1996!

Vacuum ultraviolet photoelectron spectroscopy and a systematic study of charging during irradiation with
21.2-eV photons was carried out on cleaved~111! surfaces of CaF2 crystals. The goal was twofold:~1! to find
ways of suppressing charging effects and~2! to use surface charging for monitoring photoconductivity. At-
tempts to reduce charging included crystal heating, use of negatively charged grids at the rear of the sample,
and flooding with low-energy electrons. At crystal temperatures between 220 and 350 °C both the negative grid
and the flood-gun technique produce charge-free surfaces. The enhanced photoconductivity during UV irra-
diation is explained by thermally activated diffusion ofVk centers. The observed temperature dependence
yields an activation energy of 0.3060.06 eV.@S0163-1829~97!05612-9#
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I. INTRODUCTION

In this contribution, we report on systematic vacuum
traviolet~VUV ! photoelectron spectroscopy~UPS! studies of
cleaved CaF2 single crystals. In view of future investigation
of the electronic structure of fluorides in the valence-ba
region, we tried to develop a technique that allows one
record spectra undisturbed by charging. UPS on insula
samples is generally obscured by charging phenomena c
ing a shift of peak position, peak broadening, and a distor
of the spectra due to lateral or depth-dependent charge i
mogeneities. For most ionic crystals it is impossible
record meaningful spectra at room temperature since
photoelectrons are retarded by the positive surface charg
CaF2, however, a conduction mechanism is activated at
elevated temperature that reduces surface charging an
lows one to measure photoemission spectra. This fact
quires a better understanding of the photoconductivity dur
irradiation.

The electrical conductivity of CaF2 is exclusively ionic.
1,2

It is related to the motion of fluorine ions and vacanc
through the lattice, a process that is only effective at su
ciently high temperatures~.500 °C!. Impurities, such as
oxygen or rare-earth ions, are known to increase
conductivity,3–5 as does irradiation with lasers.6 For the tem-
perature interval 200–300 °C an ionic conductivity of abo
10212 ~V cm!21 was reported.5 When irradiating with
21.2-eV photons we find a much higher conductivity
about 1028 ~V cm!21 in that temperature range. Hence, f
VUV photoconductivity an additional charge transpo
mechanism must come into play, which, however, might d
fer for different wavelengths. We propose that for 21.2-
light and elevated temperatures the mobility ofVk centers is
responsible for the increased photoconductivity of CaF2. The
Vk center consists of a valence-band hole trapped on a pa
adjacent fluorine ions.1 Its activation energy for migration
was determined7 to be 0.3 eV, which matches well the ons
of photoconductivity found in our experiments. The creati
of such valence-band holes is readily explained by pho
emission without charge compensation.

The following measures for minimizing charging durin
UPS on insulating samples have been proposed in the lit
550163-1829/97/55~12!/7600~6!/$10.00
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ture: One way is heating the crystals, as described by P
Paudyal, and Brandt.8 Activating photoconductivity was ap
plied by Salanek and Zallen,9 especially to micrometer thin
samples, as demonstrated in their work on As2S3 thin films.
A third approach to suppress charging during photoemiss
is to supply compensating charges by flooding the surf
with low-energy electrons from an auxiliary electron gu
~flood gun! ~Ref. 10! or a simple filament. The latter tech
nique was successfully utilized by Himpsel and Steinman11

in case of NaCl, while Salaneck and Zallen9 found no effect
on their valence electron spectra of As2S3. When ionic crys-
tals can be grown as epitaxial layers, charging can
avoided by investigating thin films on metal or semicondu
tor substrates. A number of photoemission experiments c
ducted on such films have been reported in the literature.12–19

In the case of CaF2, no charging was observed for film thick
nesses below eight F-Ca-F triple layers terminated by a~111!
surface.19

We investigated surface charging of large single crys
by observing both position and distortion of the valenc
band peak, and by comparing our spectra with those obta
for thin films by other authors. We also present an indep
dent way to determine the charge free state by observing
position of the secondary electron cutoff. To control cha
ing, the above-mentioned techniques were applied, and
ues of the apparent surface potential for the various exp
mental conditions are presented. In particular, it will
shown that a grid at negative voltage in electrical cont
with the rear of the sample leads to spectra free of charg
artifacts when used in conjunction with moderate heating
the crystal. It is expected that these observations for C2
apply to other insulating materials as well.

II. EXPERIMENT

Photoemission experiments were performed in a UH
chamber at a base pressure of 3310210 mbar. Photoelectrons
were excited by 21.2-eV light of a He discharge lamp a
recorded with a spherical energy analyzer according to
design of Jost.20 Spectra were taken by applying an accel
ating or retarding field to the analyzer, which was operated
all experiments at a constant pass energy of 10 eV. He
7600 © 1997 The American Physical Society
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55 7601ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY AND . . .
electrons measured at an accelerating voltage of110 V were
assumed to have zero kinetic energy. The light source
analyzer were mounted at a fixed angle of 90° with respec
each other and 45° to the surface normal. The chamber
equipped with a low-energy electron source that provid
3–5-eV electrons for flooding the sample. Samples w
commercial UV grade CaF2 crystals~2032033 mm3! from
K. Korth Company, Kiel, with~111! surfaces cleaved in air
These crystals were mounted in a copper frame that coul
heated up to temperatures of 400 °C. The crystal was e
trically insulated from the sample holder by means of th
ceramic plates. In order to apply a potential or to measure
sample current, the back of the crystal was covered b
stainless-steel mesh with separate electrical contact. A
example, during irradiation of a 4-mm2 surface area a
240 °C a chargeup of 2–5 V and a sample current of 2
was observed, amounting to a conductivity in the range
1028 ~V cm!21. The flux of photons emitted from our dis
charge lamp was determined to be about 231011 photons/s
by measuring the photocurrent of a thin gold foil and c
recting for the photoelectric yield of gold.21 Thus, a quantum
yield of 0.06 emitted electrons per incident photon could
determined.

III. RESULTS AND DISCUSSION

A. Variation of sample temperature

Initial photoemission experiments with CaF2 crystals per-
formed at room temperature did not give any useful res
i.e., we obtained zero counting rate over the entire rang
kinetic energies. Upon heating the sample the valence-b
emission emerged. Figure 1 shows photoemission spe
taken at temperatures between 190 °C and 290 °C. At a t
perature of 215 °C, a clearly developed valence-band p
appears around 1.5-eV kinetic energy. This peak shifts
higher energies with increasing temperature. At 290 °C
peak position reaches about 4.5 eV, but further heating u
400° ~not shown! still shifts the peak. This peak shift with
temperature is clearly related to a positive chargeup of
crystal surface. At room temperature, the ionic conductiv
of the crystal is too low to counteract the charge loss due
electron emission. Raising the temperature increases the
toconductivity by mobilizing charge carriers.

FIG. 1. The dependence of VUV photoemission spectra of C2
crystals on temperature. No spectrum could be obtained at r
temperature.
nd
to
as
d
e

be
c-

e
a
an

A
f

-

e

t;
of
nd
tra
m-
ak
to
e
to

e
y
to
ho-

To study this effect in more detail we recorded spectra
various temperatures and extracted the valence-band
positions. In order to obtain the corresponding surface po
tials, we compared these peak positions with the bind
energies reported for thin films. In Refs. 13 and 14, t
valence-band peak was found at a binding energy of 10
measured with respect to the valence-band maximum of
Si substrate. For film thicknesses beyond two triple laye
the Fermi level was found to be pinned at the Si valen
band maximum.13 For our spectrometer, the measured
netic energy of electrons emitted from the Fermi level
silver is 16.4 eV. Therefore, we expect to see the C2
valence-band peak for an uncharged surface at a kinetic
ergy of 6.4 eV, and any deviation of the peak position fro
this value is interpreted as due to surface charge. Althoug
has been observed that the position of the bands relativ
the Fermi level depends on the stoichiometry of t
interface13,14 or the deposition of material on top of th
film,15 the above interpretation is confirmed by our measu
ment of the secondary electron cutoff described in Sec. III
which constitutes an independent check that the surfac
uncharged. In Fig. 2 the logarithm of the inverse of the
deviations is plotted versus 1/T. The constantU0 appearing
in Fig. 2 is to match the units; its physical significance
explained in Sec. IV. From this Arrhenius-type graph t
activation energy of the charge carriers that are respons
for the additional photoconductivity during radiation wa
found to be 0.3060.06 eV~see also Sec. IV!.

In addition to the shift to higher kinetic energies, we o
served a growing yield with increasing temperature until
counting rate reaches a maximum at about 250 °C. Spe
taken at higher temperatures again show diminishing p
intensities. This yield variation is presently not well unde
stood. It may be caused by an increased recombination o
charge carriers with increasing temperature. On the o
hand, we cannot exclude instrumental effects such a
change in effective acceptance angle due to electron de
tion by the electric field variation originating from surfac
charge.

In another series of measurements we changed the V
radiation intensity. Figure 3 shows spectra taken at two te
peratures with intensities that differed by a factor of 2. T
results prove that the peak position does not shift sign

m

FIG. 2. Temperature dependence of the change of valence-
peak shifts. The shifts are a measure of the surface potentiaU
caused by charging. The Arrhenius-type plot is based on Eq.~5!
defining the quantityU0.
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cantly with light intensity, which means that the surface p
tential is not affected by intensity. Since in photoconduct
ity the number of charge carriers is expected to gr
proportionally to the light intensity we conclude that the i
crease of carrier density with intensity leads to a correspo
ingly larger current flow through the sample, thereby p
venting any increase of charging at higher intensities.

B. Negative grid potential

An attempt was made to change the electric field betw
sample and spectrometer and counteract the positive su
potential by applying a negative potential to a conduct
grid placed in contact with the rear side of the sample. W
such an arrangement still no photoelectron spectrum co
be observed at room temperature, even at grid voltage
high as2300 V. The situation changed again when heat
the sample. At temperatures higher than 200 °C we obse
a clear shift of the whole spectrum towards higher kine
energies when applying negative voltages to the grid as
lustrated in Fig. 4. The linear relationship between grid vo
age and peak position for three temperatures above 200
shown in Fig. 5. The peak position shifts linearly with gr
voltage and the slopes of the straight lines as well as
charge at zero grid potential depend on temperature.
horizontal dashed line indicates the peak position for an
charged surface expected from comparison with thin-film
sults. Its intersection with the straight line gives the g
voltage that needs to be applied to reach this peak positio
a given temperature. For example, at 240 °C28 V are re-
quired to compensate the surface charge potential an
record an undisturbed photoemission spectrum.

An independent way to determine the charge free stat
the observation of the shift of the low-energy cutoff of t
secondary electron peaks as a function of grid voltage, il
trated in Fig. 6. The surface charge is compensated when
secondary electron peak reaches a maximum while the cu
edge is still at the smallest possible kinetic energy. Figur
presents some spectra that served to determine this cr
grid potential at a sample temperature of 240 °C. A spectr
taken with a grounded grid at 240 °C~see Fig. 4! does not
show the whole secondary electron spectrum since very-l
energy electrons return to the sample surface due to its
tractive potential. On the other hand, for a grid potential
210 V the cutoff edge was found at a kinetic energy of ab

FIG. 3. Photoemission spectra at two sample temperatures
two VUV light intensities differing by a factor of 2.
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1.5 eV, implying that the surface potential was over comp
sated. From the spectra in Fig. 6 we conclude that a g
voltage of28 V is appropriate for balancing the surfac
potential due to charging. In this case, the valence band p
is again found at a kinetic energy of about 6.4 eV, consist
with the dashed lines in Fig. 5. Hence, analysis of the s
ondary electron peak as a function of grid voltage confir
the result obtained by comparison to thin film experimen

C. Charge compensation by low energy electrons

With the measures described so far, we tried to counte
surface charging due to photoemission by increasing
charge transport through the crystal. In order to obtain
sufficiently large photoconductivity, it was necessary
work at temperatures higher than 200 °C. However, for so
investigations, especially studies of defects, it may be de
able to measure photoemission spectra at lower temp

or

FIG. 4. Valence-band peak positions for different potentials
plied to a grid at the rear of the crystal, measured at two temp
tures.

FIG. 5. Shifts of the valence-band peak position with grid p
tential applied to the rear of the crystal. The slopes are 0.31 eV/
205 °C, 0.46 eV/V at 240 °C, and 0.6 eV/V at 270 °C.
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55 7603ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY AND . . .
tures. One way to approach this goal is to flood the surf
with low-energy electrons during the photoemissi
experiment10 by utilizing an auxiliary electron gun. We
tested this technique and showered the sample at room
perature with 4-eV electrons at different current levels. Ty
cal results are shown in Fig. 7. At a sufficiently high neutr
izing current it was indeed possible to reduce charging to
extent that the valence-band peak emerges from the el
peak of the flood-gun electrons. Charge compensa
clearly depends on the floodgun current, which can be c
trolled by taking the integral over the elastic electron pe
However, following this procedure at room temperature,
valence-band peak is strongly broadened compared to
results of higher-temperature measurements. This migh
due to depth-dependent inhomogeneities in charging an
buildup of a charge cloud by flood-gun electrons caus
inelastic scattering of the photoelectrons. When, howe
the photoconduction mechanism is activated by heating
crystal while the flood-gun current remains unchanged,
peak regains its original width as demonstrated in Fig. 8
medium flood-gun currents. Note that the valence-band p
in the spectrum taken at 250 °C is at a higher kinetic ene
compared to the value observed at 350 °C. This indicates
with this flood-gun current at 250 °C charging was overco

FIG. 6. Use of the secondary electron peak for determining
optimal grid potential, which ensures undisturbed photoemiss
spectra. The crystal temperature was 240 °C.

FIG. 7. Photoemission spectra recorded at room tempera
while flooding the surface with 4-eV electrons at three differe
current levels. The counting rate of the elastic peak was use
calibrate the current. The current levels were in units of 106 counts:
low: 2.0; medium: 2.6; and high: 3.8.
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pensated and the surface gained a negative potential.
conductivity of the crystal, on the other hand, is still to
small to remove this negative excess charge in the near
face region. At 350 °C the conductivity seems sufficient
allow the excess charge to flow through the crystal to
grounded grid behind the sample, thereby achieving cha
compensation within the total escape depth of the photoe
trons. In this case, the valence-band peak was again foun
a kinetic energy of about 6.4 eV.

IV. CONDUCTION MECHANISM

CaF2 is known to be an ionic conductor, the charge c
riers being mainly anti-Frenkel defects,2 involving equal
concentrations of F2 vacancies and F2 interstitials. The ac-
tivation energy for the formation of this defect has been m
sured to be 2.2–2.8 eV.1 The activation energies for migra
tion have been determined to be 0.53–1.64 eV for the an
interstitials and 0.52–0.87 eV for the anion vacancies.1 Cor-
responding to these activation energies, Svantner
Mariani5 determined an ionic conductivity of about 10212

~V cm!21 at 230 °C for their pure CaF2 samples. In our ex-
periment, the conductivity during VUV irradiation at 240 °
was found to be of the order of 1028 ~V cm!21, i.e., 4 orders
of magnitude higher. We propose that this strong enhan
ment is caused by mobileVk centers, generated in photo
emission. At elevated temperatures these molecular cat
remove the positive surface charge generated by photoe
sion. The activation energy for this motion could be det
mined to be 0.30 eV~see Fig. 2!, in good agreement with
values given in the literature.7,22

Such an interpretation is based on the fact that within
escape depth of the photoelectrons—which is roughly co
parable to the optical penetration depth of the 21.2-
radiation—photoemission creates holes in the valence b
that will not be neutralized by electrons to form self-trapp
excitons.23 Because of the strong electron-lattice coupling
CaF2 these holes will quickly be trapped and stabilize asVk
centers.24 At elevated temperatures theseVk centers can be
thermally activated22,25and serve as cations to increase ph
toconductivity. The large difference between the ion
conductivity5 and the one we observe during VUV irradia
tion suggests that the current is due to these photogene
carriers and in first order independent of interstitial and
trinsic ionic conductivity.

e
n

re
t
to

FIG. 8. Photoemission spectra taken at different temperat
under identical floodgun conditions~4 eV, medium current!.
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In this work we measured the photoconductivity ind
rectly via surface charging that shows up as a shift of p
toemission peaks. Consequently, the activation energy
derived from the variation of the surface potential with te
perature. The connection between photoconductivitys and
surface potentialU can be made by a simple model based
Ohm’s law,

j5sE, ~1!

where j is the current through the sample andE the electric
field across the sample. The positive charge sheet at
surface—the thickness of which is determined by the esc
depth of the photoelectrons—sets up an electric field

E5U/ed ~2!

across the crystal of thicknessd. The photoconductivitys
can be expressed in terms of the density of holes~Vk cen-
ters!, n, generated in photoemission times their mobil
m,2,26

s5nqm. ~3!

The thermal activation of theVk center motion is governed
by the Boltzmann distribution, which determines their m
bility. Hence, we can write

s5nqm0exp~2Ea /kT!, ~4!

wherem0 is the reference mobility atT→`. The density of
charge carriers,n, should be considered as an average qu
tity, which includes the average lifetime of theVk centers.

Combining Eqs.~1! through~4! we obtain

U0

U
5e2Ea /kT, ~5!

with

U05
ed

nq

j 0
m0

,

where j 0 is the photoinduced current density atT→`. For
Eq. ~5! to be valid, the ratioj 0/nq must be constant. Sinc
the number of holes generated in photoemission is pro
tional to the photon flux, a change in intensity causes a c
responding increase in current density.
n

la
-
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-
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r-

As can be seen in Fig. 2, Eq.~5! well describes the chang
of surface potential with temperature. Notice, however, t
the measurements covered only a rather narrow interva
the low-temperature regime. This assured that no ot
charge carriers were thermally activated and onlyVk centers
originating from photoemission contributed to the photoco
ductivity. The good agreement of the obtained activation
ergy with values given in the literature forVk centers7,22

confirms our model. It would be desirable, however, to co
a wider temperature interval both for gaining a better ac
racy and for reinforcing the model.

V. CONCLUSIONS

The effects of surface charging in UPS with 21.2-eV ph
ton energy have been studied. Two principles were teste
to their ability to produce undisturbed photoemission spec
One was to increase the charge transport through the cry
either by raising the temperature or by applying an exter
electric field. The other was to compensate the positive s
face charge by showering with low-energy electrons. In
ther case, sample temperatures higher than 200 °C wer
quired for recording meaningful spectra. The optimal way
obtain undisturbed spectra was a combination of heating
sample to 240 °C and applying a potential of28 V to the
rear of the 3-mm-thick crystal.

Surface charging in photoemission was utilized to inv
tigate the enhanced photoconductivity during VUV irrad
tion. At temperatures above 200 °C we found a strongly
hanced photoconductivity of the order of 1028 ~V cm!21,
which we suggest to be caused by thermally activatedVk
centers. A simple model was presented to relate the shif
photoemission spectra—which reflect the surfa
potential—to the photoconductivity. From the temperatu
dependence of the spectral shifts we obtained an activa
energy of 0.3060.06 eV for theVk centers and a quantum
efficiency of 6% for their generation.
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