Journal of the Korean Chemical Soctety
1996, Vol. 40, No. 12
Printed in the Republic of Korea

HAAXAE YIS M R O S8

L4TH - 1P
daaherl e s
(1996. 9. 10 AP

Construction of Inverse Photoemission Spectrometer and Its Application

Jeong Won Kim and Sehun Kim
Department of Chemistry and Center for Molecular Science, Korea Advanced Institute
of Science & Technology, Taejon 305-701, Korea
(Received September 10, 1996)

2 o ZAXEHY v|AHF ARUA AelE AT AFHATFIE AN Aot o
B7)e 22RF Agel AR AxE F3E712 A Aok AAEL AE A EH )45 AF

e B F& AEES & AFVES AT UL T 5 YAtk ©) T AAHQ g
074 eVe)i, $72&718 L+ ¢k 10 counts/sectpAolth. sh}e] A2 A Ge(111) A8 IFHAE-F
2HEYL o]E3Q AAEFAL A dAFsch

ABSTRACT. An inverse photoemission spectrometer has been built and tested to study the unoccu-
pied electron energy states of solid surfaces. It consists of a low energy electron gun and a band pass
photon detector in an ultra-high vacuum chamber. The electron ray tracing simulation and current measu-
rement of the electron gun show a good focus and a high flux of electron current. The overall resolution
of the spectrometer is 0.74 eV and the sensitivity of the photon detector is about 10 counts/sec:pA.
As a test experiment, the inverse photoemission spectra of a Ge(111) sample is in good agreement with

v e

the theoretical result.

INTRODUCTION

One of the major aims of surface scientists is
to understand the electronic band structures of
solid surfaces because the electronic band structu-
res are an important basis characterizing a given
solid surface. Using the photoionization pheno-
mena is a conventional method to study these pro-
perties of solids. From the direct photoemission
process we obtain the informations of the occupied
states, but little about the unoccupied states. Inve-
rse Photoemission Spectroscopy (IPS) has been
developed as a technique for probing the unoccu-
pied electronic states in solids."* The direct access
of the unoccupied electronic states of a solid sur-
face plays an important role in the study of the
surface chemical bonds.®> Most actively studied to-

pics are the surface states associated with the
long-range nature of the image potential,® the con-
duction band and dangling bond states of semicon-
ductors, and the electronic structural changes due
to adsorption and metal-semiconductor contacts.
In addition to the momentum resolved IPS, using
a spin-polarized electron gun, one obtains spin-
dependant spectra, and it is possible to investigate
the magnetic properties of surfaces and thin films.®
IPS is nearly ideal in the sense that it is capable
of determining all the quantum numbers of an ele-
ctron of a solid and at a surface, which is thought
to be complementary to ultraviolet photoemission
spectroscopy (UPS). Such a complete measurement
is rather difficult in practice, but the technical pro-
blems have been eased during the last decade and
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Fig. 1. Schematic of the inverse photoemission pro-
cess and its energy diagram.

a wealth of experimental information has been ac-
cumulated. In this note, we describe a details of
a home-made IPS system and show the possibility
of the IPS applications.

Fig. 1 represents an inverse photoemission pro-
cess and its energy diagram. General principles
of IPS are available in many articles® Electrons
impinging on a solid surface with the energy E;
decay via radiative transitions to other low lying
unoccupied electronic bands (for example, conduc-
tion band) of energy E, above the Fermi energy
level Ep. Fig. 1 shows the case where two (or
more) different radiative transitions from the same
initial band are possible as is called an isochromat.
Suppose the electrons impinging on the sample
have a well-defined energy E;, we ‘obtain the qua-
ntum energy of the emitted photons Av correspon-
ding to E,—E,

ELECTRON GUN

IPS spectrometer consists of a low energy elect-
ron source and a band-pass photon detector in
an ultra-high vacuum (UHV) system. The use of
low energy electrons has many advantages over
Bremsstrahlung isochromatic spectroscopy (BIS)
which uses a high energy electron source. It cuts
the radiation damage enormously and obtains a
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Fig. 2. A cross-sectional view of the electron gun and
the simulation of its ray tracing at the electron beam
voltage of 20 eV.

monolayer sensitivity due to the shorter electron
mean free path. Another important advantage of
low electron energies is the fact that the momen-
tum information of the electronic states can be
probed using a simple conservation law. At several
keV energy of electron, it is much harder to keep
the momentum defined within a fraction of the
Brillouin zone (fe., the unit cell in k-space with
a typical radial dimension of A™?). Also, the enha-
nced thermal scattering and the finite momentum
of the photons blur the momentum balance in the
high-energy regime.

General schemes for the electron gun design
have been discussed previously.”° These electron
guns had a high current and a moderate angular
resolution, but some types of these electron guns
were critically dependent upon the electrode sha-
ping. The electron gun for IPS must have a good
energy and angular resolution and also should
keep delivering a high current electron beam be-
cause of low cross section for the production of
photons. In order to meet these needs, we chose
an analogy of the Erdman and Zipf's model® Fig. 2
represents a cross-sectional view of the gun and
the simulation of its ray tracing at the electron
energy of 20 eV. The electron gun consists of a
filament, a filament mounting block and grid (A),
three-element Einzel lens (B, C, D), and a final
ground plate (E). In order to optimize the electron
beam current we have modified the grid, so called
extractor with a cone shape aperture. All the ele-
ments are cylindrically symmetric and made of
stainless steel 304, and then -electrochemically
gold-plated to minimize the space charge effect.
Each adjacent element is electrically separated by
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three 2.36 mm sapphire balls (Kimball Physics Inc.,
Saph-BA-B) and all elements are held tightly by
four 1/16” screws. The assembly is mounted on
the 2.75 CF-Flange, and then magnetically shiel-
ded by a p-metal tube (Hamamatsu, E989-03). The
entire assembly can make a precise, strong and
stable mechanical structure with each element-se-
paration of 1.2 mm, and total length of 51 mm.
The assembly and the mounting geometry make
the maximum angular divergence of 4°. A thoria-
coated tungsten wire filament ($=0.20 mm) was
used as the electron emitter. The operation tem-
perature of the filament is 1925 K, and its thermal

energy spread is about 0.43 eV which is better -

than that of a bare tungsten filament. Recently
people have used a BaO dispenser cathode. The
operation temperature of the BaO cathode is
1100~1300 K, and the energy spread is about 0.22
eV producing a better resolution. However, there
are some disadvantages that the BaO cathode are
gradually degraded and has a shorter life time.

Fig.2 shows the simulations of 20 trajectories
obtained by using SIMION program' varying the
starting electron energy, position, and angle for
our electron gun. The operating beam-voltage of
the electron gun spans usually from 5 to 25 eV.
The simulation of ray tracing at 20 eV is shown
here. The ratio between lens voltages is the same
over the whole energy range. The Wehnelt voltage
to the gun element A (grid) is sensitive to the
beam current until a proper voltage ratio reaches.
The anode voltage (B and D) needs not be so ac-
curate but affects seriously the focal length. The
higher the voltage, the shorter the focal length.
The Wehnelt voltage and the first anode voltage
together determine the electron emission current.
Before the signal counting, the performance of the
electron gun was checked. The filament current
was 4.0 A and more than 10 pA-beam current was
detected at 20 eV electron energy. The beam focu-
sing was tested at an elevated energy of about
150 eV on the phosphor-covered target. The spot
size was less than 2 mm diameter. Each lens vol-
tage was optimized in the way of maximizing the
electron beam current.
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PHOTON DETECTOR

Basically, there are two approaches for building
a photon detector. One is a tunable photon energy
detector using a grating monochromator.? Howe-
ver, this is not so popular, because it is usually
complex and suffers from very low counting rate
because of its small acceptance angle. The other
is a fixed energy detector, so called isochromatic
mode, which can accebt a large solid angle but
sacrifices tunability. One of the most common de-
tector is the Geiger-Miiller (GM) counter working
as a band-pass photon detector between the pho-
toionization threshold of iodine and optical window
cutoff-energy.'® The resolution of this GM counter
is usually 0.7~0.8 eV dependent upon the used
window. But, the GM counter has some difficul-
ties in iodine gas sealing and baking in the UHV
chamber. To resolve these problems, in this work
we used a photomultiplier detector which consists
of a modified CuBe cathode electron multiplier
(Thorn EMI model, EM132) and a CaF, entrance
window (International Crystal Lab., 2X20 mm
disc).”® The optical transmission of the CaF, and
the spectral photoelectron yield of CuBe cathode
operate as low and high pass filter respectively.
The diagram of the photon detecter is represented
in Fig.3. The array of 12 dynodes is connected
with 1 MQ resistors and produces about 1.5X10°
gain. In front of the window, there is a fine W-
mesh to avoid the window charging and to shield
the anode potential. The 2.5 kV bias voltage was
typically used. It was reported that the maximum
sensitivity of the detector lay at 9.8 eV and broa-
dening was 0.6 eV.”® In this geometry, the solid

‘ signal
anode

1 p-metal shielder

%
mesh CaF

Fig. 3. A diagram of the photon detector using a CaF,
window and electron multiplier. An array of 12 CuBe
dynodes is connected by 1 MQ resistors.
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angle of the detector is 0.08 sr since the first CuBe
cathode area is 54 mm?® and the distance from the
center is about 40 mm. The whole system is shiel-
ded in a p-metal tube and mounted on a 2.75"
CF-Flange. In comparison with the GM counter,
the detection efficiency of this detector is said to
be comparable, and the energy resolution slightly
better. Additionally, it has a higher gain stability,
practically no dead time, and offers a good UHV
compatibility. In the recent study, we are trying
the SrF, window at the entrance of the photon
detector to change the short-wave transmission
limit from 1220 A" (about 102 eV) to 1280 A~}
(9.7 eV) to make a better resolution.

The overall energy resolution of the IPS spect-
rometer is given by the thermal energy spread
of the electron gun and the bandwidth of the pho-
ton detector. The resolution is approximately
AE=./043*+0.6°=0.74 eV, in which the thoria-
coated tungsten cathode and the electron multip-
lier with CaF, window are used. It can be impro-
ved to ~0.3 eV if we modified the spectrometer
with a SrF, window and a BaO cathode.

IP SPECTRA OF Ge
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Fig. 4. Isochromat for clean Ge(111) surface. The so-
lid line is the theoretical calculation of unoccupied
density of states of Ge."” The hatched area is the sur-
face density of states of Ge(111).

Fig. 4 represents the IP spectra for the clean
Ge(111) surface. The Ge(111) single crystal sample
was cleaned by repeated cycles of Ar”-sputtering
(800 eV) and annealing (300 K). Fig. 4 shows the
data subtracting a exponential background inc-
rease with electron energy. The solid line is the
theoretical data of the bulk density of unoccupied
states of Ge,® which is in good agreement with
the experimental data, considering the instrumen-
tal resolution of 0.74 eV. The hatched area near
the Er is the surface density of states due to ada-
toms of Ge(111)-c(2X8).5Y The spectrum was ob-
tained with 16 seconds duration for each data
point. The counting rates are 23 sec ! at 10 eV,
and 63 sec™! at 15 eV of electron energy. The
sensitivity of the system is comparable to Denni-
nger et al.’s experiment,”® 1.6X10° counts/C (=16
counts/sec*pA) using GM counter and the same
CaF, window as ours. However, this value is lower
than theoretically suggested, ~3X10? photons/
sec+0.08 sr™ because it is not corrected for the
transmission of the CaF, window and W-mesh or
the loss of pulses below the discriminator thre-
shold. To get higher counting rate, a larger accep-
tance angle is favorable. Since the solid angle is
limited by the size of the first CuBe cathode in
an electron multiplier, using a larger cathode in
the electron multiplier or UV mirror is the way
to increase the solid angle. The photon detector
with a GM counter with a SrF, window of larger
diameter might satisfy all of these conditions.

SUMMARY

In summary, we constructed the IPS spectrome-
ter and tested its performance. We used the modi-
fied electron gun with the thoria-coated tungsten
filament and the electron multiplier with the CaF,
window as a band-pass photon detector. The elec-
tron gun has a good focus and delivers a favorable
current, about 10 pA at electron energy 20 eV.
The overall resolution is 0.74 eV and the sensiti-
vity of the photon counter is about 10 counts/sec*
MA in our IPS system. As a test experiment, we
obtained the unoccupied density of states of a
clean Ge(111) sample, which is in agreement with
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the data of the theoretical calculation and surface
density of states.
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