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PHOTOELECTRON EMISSION FROM Si-Gd-O CATHODE

Electronic and emission properties of photocathodes fabricated on the basis of multilayered
structures of ozidized Gd atoms deposited on the Si(100) surface and additionally covered with
fresh layers of Gd atoms have been studied as functions of the structure holding time under
vacuum, by using the methods of photoelectron (hv = 1.9+10.2 eV) and Auger electron spec-
troscopies. It is found that, although the photocathode work function is equal to about 0.5 eV at
some research stages, the photoemission is registered only at hv > 2.8 eV. The analysis of the
results allowed us to propose a model for the energy structure of the photocathode that agrees
with experimental data. According to this model, the near-surface region of a photocathode,
about 1 mm in thickness, consists of GdzOs with the energy gap width of about 5.3 eV. The
distance from the Fermi level to the conduction band bottom equals about 2.7 eV in the Gdz O3
bulk. In the forbidden gap below the Fermi level, the bulk states and filled surface states asso-
ciated with structural defects. A complicated dipole layer appears on the surface, and this gives

the substantial reduction of the work function.
Keywords: adsorption, Gd, O, Si(100), oxidation, Gd2Os, work function.

1. Introduction

Researches of the interaction between rare-earth el-
ements and the semiconductor surface are stimu-
lated by both a possibility to practically use those
systems and the necessity to improve the funda-
mental knowledge on the systems that contain el-
ements with unfilled f shells [1-5]. In our previ-
ous works [6-8], we studied the interaction cycles of
Gd and oxygen atoms with the Si(113) and Si(100)
surfaces. It was found that, by creating a multilay-
ered structure of oxidized Gd atoms, a photocath-
ode with a low work function (¢ ~ 1 €V) can be
obtained. In work [8], we also found that the depo-
sition of additional layers of Gd atoms on the sur-
face of this photocathode changed its electronic and
emission properties. Those properties also changed
in time, as the photocathode is held in vacuum. In
particular, the photocathode work function ¢ dimin-
ished to a value of about 0.5 eV. However, no de-
tailed research of this phenomenon was carried out,
and no energy structure for the photocathode was
proposed.

This work continues the researches of the electronic
and emission properties of photocathodes fabricated
on the basis of a multilayered structure of oxidized
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Gd atoms deposited on the Si(100) substrate with
the subsequent additional deposition of a layer of Gd
atoms, exposure to oxygen, and holding in vacuum
for some time. The aim of the work was to create a
model for the electronic structure of this photocath-
ode. Moreover, in order to obtain new features in the
energy structure of the photocathode, we extended
the spectral range of quanta used to excite photo-
electrons.

2. Experimental Technique

The researches were carried out in a vacuum cham-
ber with a basic pressure of about 1 x 10'° Torr. Like
the previous works [6-8], we used low-energy electron
diffraction (LEED), Auger electron spectroscopy, and
photoelectron spectroscopy of the valence band with
exciting photon energies hv = 7.7 and 10.2 eV. The
required photons were generated with the aid of a
discharge in hydrogen and a Seya—Namioka vacuum
ultraviolet monochromator [9]. According to estima-
tions made in work [10], the quantum flux inten-
sity for the applied intense lines of a hydrogen dis-
charge amounted to about 10'° quantum/s. In this
work, we also used laser diodes as a source of pho-
tons with quantum energies of about 1.9, 2.3, 2.8, and
3.1 eV. On the basis of the power (10-100 mW) con-
sumed by those sources, the intensity of a quantum
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flux produced by them was estimated to lie within
the approximate limits from 10'¢ to 1017 quantum/s.

The energy distributions of photoelectrons (the
photoelectron spectra, PESs) were determined with
the use of a spherical analyzer of the retarding type.
Its spherical surface was covered with tin dioxide,
which is characterized by a stable work function ¢.
The PESs were presented with respect to the Fermi
level Ep. For quantum energies of 10.2 and 7.7 eV,
the retarding potential Ug, which corresponded to
Fr, was determined experimentally from PESs ob-
tained for metal emitters with a considerable density
of states at Er. Among laser light sources, it was al-
most impossible to find a metal photocathode with
a stable ¢ that would be lower than the energy of
quanta emitted by lasers. Therefore, the magnitude
of Up that corresponded to Fr in the PESs excited
with the use of laser sources was calculated, by as-
suming that a reduction in the light quantum energy
by AE is accompanied by a reduction in the energy
of electrons emitted from the level Er by the same
value, AF.

The research technique and the fabrication pro-
cedure of experimental specimens were described in
our previous works [6-8|. The photocathode photo-
sensitivity S in various photocathode states and its
variations at various quantum energies hv were de-
termined from the changes of areas under the corre-
sponding PES curves registered at constant quantum
flux values. We did not determine the absolute values
of quantum fluxes for every light source. Therefore,
the presented data allowed the relative variations of
S for quanta with a definite energy to be estimated
only qualitatively.

Taking into account that the intensities of laser
sources were 10-107 times higher than the inten-
sities of sources with a monochromator, we had to
check, first of all, whether the cathode properties did
not change under the influence of such intense pho-
ton sources. For this purpose, PESs excited by only
10.2-eV (or 7.7-eV) photons and by the simultaneous
action of 10.2-eV (or 7.7-eV) quanta and quanta with
lower energies obtained from laser sources were mea-
sured. In Fig. 1, an example of such PESs for a typ-
ical Si-Gd-O photocathode is shown. The abscissa
axis does not correspond to the difference £ — Fr,
but to the bremstrahlung potential of the spectrum
analyzer, Ug, in order to present PESs excited by
the simultaneous action of quanta of two types with
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Fig. 1. PESs for a typical photocathode excited in various
regimes: hv = 3.1 eV (a), hv = 10.2 eV (b), and hv = 10.2

and 3.1 eV (c) simultaneously

various energies. The same dependences were also ob-
tained for hv = 7.7 eV, but they are not exhibited,
because they do not differ qualitatively from the de-
picted ones. All those dependences testify that the
PES excited by quanta with hv = 3.1 eV coincides
with the differential PES between the spectra ex-
cited using the simultaneous action of quanta with
various energies (10.2 and 3.1 €V) and only the ac-
tion of quanta with an energy of 10.2 eV. The addi-
tive character of the PESs concerned means that no
substantial modifications in photocathode properties
take place under the action of powerful light sources
with lower quantum energies.

The photocathode with ¢ close to 1 eV was used
as an initial specimen. It was fabricated by apply-
ing a number of technological cycles consisting of the
following stages: deposition of Gd atoms onto the
Si(100) surface, adsorption of atomic oxygen, and an-
nealing at T'~ 600°C. The routine was described in
detail in our previous work [8]. The obtained photo-
cathode turned out rather stable, keeping its proper-
ties constant even after plenty of test cycles. If nec-
essary, the properties could be restored by annealing
the photocathode at 600 °C.

3. Research Results

In Fig. 2, typical PESs of the photocathode mea-
sured within one of the testing cycles are depicted
for hv = 10.2 (panel A) and 7.7 eV (panel B). Each
of the testing cycles consisted of the following stages:
stage b was the stage of the photocathode as an ini-
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Fig. 2. PESs obtained at hv = 10.2 (A) and 7.7 ¢V (B) for the photocathode at various test stages within the
same research cycle: atomically pure Si(100)-2x1 surface (a); typical initial specimen (b); after depositing Gd to a
coverage of about 0.5 ML (c¢); after depositing Gd to a coverage of about 1 ML (d); after the holding of the system
with the Gd coverage of about 1 ML in vacuum for 1, 3, 6, and 12 days, respectively (e)—(h)

tial specimen; at stages ¢ and d, one monolayer (ML)
of Gd was deposited onto the photocathode surface;
and stages e to h were stages when the specimen was
held in vacuum for various times. For the sake of com-
parison, curves a in Fig. 2 demonstrate PESs for the
clean Si(100) surface of the substrate. One can see
that the PESs of photocathode essentially differ from
those of the substrate: the former reveal a maximum
at the energy F — Ep ~ —5.4 €V (i.e. 5.4 €V below
Er). Like other authors did for similar systems [11-
16], we attribute this maximum to the electron states
0O2p in gadolinium oxide. In addition, on the basis of
Auger electron spectra (AESs), which are identical
to those presented in our work [8] for a similar sys-
tem, we come to a conclusion that Si atoms and SiOq
molecules are practically absent in the near-surface
layers of the examined photocathode. In the interval
from 0 to 6 eV below Eg, the presented PESs coincide
with the PESs for Gd;O3, which were measured in
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work [16]. Therefore, we consider the near-surface re-
gion in our photocathode to consist mainly of gadolin-
ium oxide. It is known from the literature that GdsO3
has the energy gap width E, ~ 5.3 eV [17-21]. All
that allows us to suppose that the major contribution
to the photoelectron emission belongs to the electrons
excited from the valence band into the conduction
band of the near-surface GdsOg layer. The thickness
of this layer can be approximately evaluated to equal
1 nm, if the electron escape depth at hv = 10.2 eV [21]
is used for this purpose. At a photon energy of 7.7 eV,
the PESs of the initial specimen (Fig. 2B, curve b)
contains a maximum at about 5.2 eV below Er and a
group of photoelectrons with a spectral peculiarity at
an energy of about 3.2 €V below Ep. It is evident [22]
that the photoelectron escape depth at hv = 7.7 €V is
larger than that at hv = 10.2 V. Therefore, we may
consider that the photoelectrons escape from larger
depths at hv = 7.7 eV. As a result, they are scattered

ISSN 2071-0186. Ukr. J. Phys. 2016. Vol. 61, No. 3



Photoelectron Emission from Si—Gd—O Cathode

more intensively before the escaping into vacuum, and
their PES becomes more symmetric. We may assume
that (i) the peak in the density of states, which is
located by about 5.2 €V below EF, is related to the
electrons excited from the O2p states of gadolinium
oxide and the scattered electrons excited from the
valence band of the Si substrate; and (ii) the spec-
tral peculiarity in the PESs at about 3.2 eV below
Er corresponds to the photoelectrons excited from
the intermediate layer between Si and GdyO3 or even
from the Si substrate itself.

At stages ¢ and d, when the Gd;O3 layer was ad-
ditionally covered with Gd atoms — first to the cover-
age Ogq ~ 0.5 ML (stage ¢) and afterwards again to
Oagq ~ 0.5 ML (stage d) — the PESs transform again
(curves ¢ and d in Fig. 2). (i) There appears a peak
in the electron density of states at Er (5d6s states
of Gd atoms), which characterizes the appearance of
a metal film on the photocathode surface. (ii) The
intensity of PES peculiarities in the range from 5.2
to 5.4 €V below Fr decreases. (iii) The low-energy
edge of PESs comes closer to Er, which is associated
with the growth of ¢. In addition, the results of our
researches carried out in this work and in work [8] tes-
tify to the appearance of the pure-Si LVV line and the
non-oxidized-Gd NVV line in the AES of the speci-
men covered with a layer of oxidized Gd, when addi-
tional Gd layers are deposited on the latter. This fact
allows us to assume that the deposition of additional
Gd layers gives rise to the appearance of structural
defects near the surface and localized electron states
in the GdsO3 energy gap, which are associated with
those defects.

When the obtained system is held in vacuum, its
PESs gradually change (Fig. 2, curves ¢ to h). The
spectral peculiarity associated with 5d6s states of Gd
atoms near Fy decreases and almost disappears. The
intensity of PES peculiarity in the interval from 5.2 to
5.4 eV below Er grows. For hv = 10.2 eV (Fig. 2A),
a PES peculiarity located in the interval from 3.3 to
3.4 eV below Ey appears and increases; for hv =
= 7.7 eV (Fig. 1B), this peculiarity increases more
pronouncedly. The low-energy edge of PES curves
shifts away from FEg, which is associated with a re-
duction of ¢. After the specimen has been held in
vacuum for 4 to 5 days, the value of ¢ decreased to
about 0.5 eV. The variations in the PES and AES
occur simultaneously. The Gd NVV line changes its
shape, which takes place at the Gd oxidation. All the
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described variations in the PESs and AESs can be
associated with the gradual oxidation of the film of
Gd atoms, which was deposited on the photocath-
ode surface, during the stay of the system in vac-
uum. Oxidation can take place owing to oxygen from
the already existing Gd2Og3 layer and from residual
gases under the ultrahigh vacuum conditions. The ex-
posure of the system in molecular oxygen to 50 L
(1 L = 107° Torr s) accelerated the oxidation of the
additional Gd layer, whereas an increase in the resid-
ual gas pressure in a vacuum chamber by two orders
of magnitude for several hours practically did not af-
fect the modification rate of surface electronic prop-
erties. This fact brings us to a conclusion that the
oxidation of Gd atoms at the stages, where the pho-
tocathode is in vacuum, occurs with the aid of oxygen
from the Gd3Oj3 layer.

It is reasonable to assume that the low value of
@ for the Si surface subjected to the action of Gd
and O atoms is a result of the formation of compli-
cated dipole layers Gd—O—-Gd and the formation of
a surface with a negative electron affinity. However,
special experiments showed that even if the formed
surface had ¢ =~ 0.5 €V, its illumination with red
(hv =~ 1.9 eV) or green (hr =~ 2.3 €V) laser quanta,
the flux of which (=10'¢ quantum/s) was much more
intense than the flux of 7.7-eV or 10.2-eV photons
(=101 quantum/s), did not stimulate the photo-
electron emission. The photoeffect appeared only if
a laser with a quantum energy of about 2.8 eV was
used. This fact may mean that, on the way of the
electron excitation into the conduction band, there
is an energy barrier in the near-surface region. The
barrier height is larger than the energy of green laser
quanta (hv = 2.3 eV), but lower than the energy
of blue laser quanta (hv &~ 2.8 eV). Unfortunately,
we did not determine the barrier height more exactly
for the lack of intense light sources with quantum
energies between 2.4 and 2.8 eV. It is quite reason-
able that the role of a barrier could play the en-
ergy gap in Gd2O3 and a barrier at the Si/GdyOg3
heterojunction. While carrying out experiments with
slightly doped Si of the n-type (10 Qcm) and heav-
ily doped Si of the p-type (0.02 Qcm), one may ex-
pect the formation of barriers with different heights at
the Si/Gd2Os3 heterojunction. The difference between
the barrier heights should have been larger than at
least half the energy gap in Si (0.56 €V). But the ex-
periments showed that no changes in the conditions
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Fig. 3. PESs obtained at hv = 3.1 eV (B) for the photo-
cathode at various test stages within the same research cycle:
initial specimen (a); after depositing Gd to a coverage of about
0.5 ML (b); after depositing Gd to a coverage of about 1 ML
(¢); after holding the system with the Gd coverage of about
1 ML in vacuum for 1, 3, 6, and 12 days, respectively (d)—(g)

for the photoeffect to appear were observed. That
is why we supposed that the photoemission bar-
rier is somehow related to the energy gap width
in GdzOg.

In Fig. 3, typical PESs for the initial photocathode
specimen, which were measured at hv ~ 3.1 eV in
the same cycle of researches as was done at higher
hv = 7.7 and 10.2 €V (see Fig. 2), are shown. The
PESs in Fig. 3 are similar to Gaussian curves. Their
maximum position and extent depend on the stage
of a photocathode surface treatment. The maximum
in the PES of the initial photocathode is observed at
|E — Ep| = 0.3 eV (curve a). The deposition of addi-
tional Gd atomic layers within the coverage interval
of 0.5-1.0 ML changes the intensity of the maximum
and its position with respect to Er (curves b and
¢). The spectrum extent, which is determined by the
position of the low-energy PES edge relatively to Fr,
i.e. by ¢, also changes. The position of the PES max-
imum with respect to Ep, the maximum intensity,
and the spectrum extent first increase and, having
passed through a maximum, start to decrease. This
means that, at those stages, there is a correlation
between the position and the intensity of the PES
maximum, area S under the PES curves, and work
function, which can be observed at stages 0 to 2 in
Fig. 5. At the next stages of the photocathode testing,
when the photocathode is held in vacuum, the PES
maxima first grow and shift together with the low-

252

energy PES edges toward larger |E — Eg| (curves d,
e, and f). As the photocathode residence time in the
vacuum increases, they start to decrease and shift in
the opposite direction (curves f and g), which can be
observed in Fig. 5 (stages 2 to 10), where the corre-
sponding dependences of S and ¢ on the photocath-
ode test stage number are depicted. At stages 2 to 4
and 7 to 10, there is a correlation between S and ¢,
whereas, at stages 4 to 6, it is absent. This circum-
stance and the presence of a maximum in the depen-
dence of S on the stage number (Fig. 5) allow us to
assert that two competing mechanisms dominate and
govern the whole processes. First, this is a reduction
of the work function, which increases the probability
for the slowest photoelectrons to escape. Second, this
is the oxidation of Gd atoms in the near-surface layer
of the cathode, which diminishes the number of sur-
face and localized states in the GdsOg3 energy gap in
the near-surface photocathode region.

It should be noted that the oxidized layer of addi-
tionally deposited Gd atoms, which reduces the sur-
face ¢ to about 0.5 eV, is weakly bound. After the
cathode annealing to T~ 600 °C, this layer becomes
desorbed, and the surface restores its properties to
the state of the initial photocathode. It is not ruled
out that the annealing also reduces stresses and the
concentration of defects near the surface.

4. Discussion of Results

In order to analyze the experimental data, a model
for the electron structure in the formed photocathode
is proposed (Fig. 4). This model is similar to those
used for the explanation of the photoemission from
photoemitters with a wide energy gap [23]. According
to this model, the near-surface layer about 1 nm in
depth in the initial photocathode specimen presum-
ably consists of gadolinium oxide Gd;Og3. This layer
is created by subjecting the atomically pure Si(100)
surface to a number of treatment stages. Each stage
includes the deposition of Gd and O atoms followed
by the annealing under ultrahigh vacuum conditions.

The energy gap width in GdsOs approximately
equals 5.3 eV [17-21]. The distance Er to the bot-
tom of the conduction band in the Gd,O3 bulk is ac-
cepted to equal 2.7 eV, because even in the case where
the work function for the photocathode ¢ = 0.5 eV,
the photoelectrons are excited only by quanta with
hv > 2.8 €V. In the energy gap below Er, the bulk
states and filled surface states associated with struc-
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tural defects are localized. The band bending down-
ward near the surface does not exceed 0.1 eV, because,
while forming this structure, no appreciable change in
the positions of photoelectron spectra features with
respect to Er was detected at a reduction of .

A complicated dipole layer responsible for a reduc-
tion of ¢ is formed at the surface. The distance from
Er to the vacuum level E,,. on the surface equals
about 1.2 eV. Hence, we obtain a surface with the
negative electron affinity x ~ —1.5 eV. The model
also predicts the excitation of slow photoelectrons
(<2 eV) and photoelectrons with higher kinetic en-
ergies. Low-energy quanta (hy = 2.8+3.1 €V) ex-
cite low-energy photoelectrons from defect states in
the energy gap, whereas quanta with higher energies
(hv = 7.7 and 10.2 €V) excite photoelectrons in a
wider energy range. Some of the latter electrons can
be scattered at their motion toward the surface, so
that they lose their initial energy.

Let us apply this model and qualitatively consider
the behavior of photocathode during a typical cycle
of researches, which consists of the stages described
in the previous section. In Fig. 5, the dependences of
the work function ¢ and the photosensitivity S on
the treatment stage number within the same cycle
of researches are plotted for two quantum energies:
3.1 and 10.2 eV. The corresponding data were cal-
culated from the dependences shown in Figs. 2 and
3. The results obtained for hv = 7.7 eV are not shown,
because they are qualitatively similar to those for
hv =10.2 eV.

First of all, we attract attention to that the val-
ues of S which are formed by slow photoelectrons at
hv = 3.1 eV are several orders of magnitude lower
than the S-values, which are mainly formed by pho-
toelectrons with higher kinetic energies (E — Ep =
~ —5.3 eV) at hv = 10.2 eV. This fact is typical
of the comparison of the impurity and intrinsic pho-
toeffects. Again, the S-values obtained at high and
low energies of quanta correlate in different manners
with the change of . For photoelectrons excited by
quanta with energies of 7.7 and 10.2 eV, the S-values
completely correlate with the change of ¢ in a wide
interval of this parameter. As ¢ grows, the S-values
decrease, and wvice versa. In the case of slower pho-
toelectrons excited by quanta with lower energies,
the S-values both increase and decrease when ¢ di-
minishes. It is so, because the parameter S for slow
photoelectrons depends not only on ¢, but also on
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Fig. 5. Typical dependences of S and ¢ on the stage number in
the same research cycle obtained at hv = 10.2 and 3.1 eV: Z =
= 0 corresponds to the initial specimen (1); deposition of 0.5-
ML Gd coverage, deposition of 1-ML Gd coverage (2); holding
of the cathode in vacuum for 1, 2, 3, 5, 6, 7, 9, and 12 days,
respectively, 8—10. S was normalized by Sp for hv = 10.2 eV,
and by Smax for hv = 3.1 eV

the change in the number of local defect and im-
purity levels in the near-surface layer of photocath-
ode, when Gd is deposited and the system is held in
vacuum.

Hence, the energy model proposed for our photo-
cathode does not contradict the photocathode prop-
erties known at present. It can be used while plan-
ning further researches of this system. For the model
to be tested and further improved, it is necessary
that researches of the optical properties and the
structural homogeneity of photocathode should be
carried out.
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5. Conclusions

Using the electron spectroscopy methods, the elec-
tronic and emission properties of a photocathode
with a low work function (¢ =~ 1.2 €V) fabricated
on the basis of a multilayered structure of oxidized
Gd atoms (Gd203) deposited onto a Si(100) surface
have been studied. The application of photons with
low (1.9 €V < hr < 3.07 €V) and high (7.7 eV <
< hv < 10.2 eV) energies in the researches of the
photocathode photosensitivity and PESs allowed two
groups of photoelectrons to be distinguished in the
spectra. One group includes photoelectrons excited
by low-energy photons from local electron states and
filled surface states in the energy gap of GdsOg3. The
other group includes photoelectrons excited by high-
energy photons from the states in the valence band of
Gd,0Oj3. The analysis of the results and the literature
data allowed us to propose a model for a possible en-
ergy structure of the photocathode. The model agrees
with experimental data and can be used for planning
new researches, as well as for further improvement of
our knowledge concerning such systems.
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M.TI'. Haxookin, M.I. @edopuerro
OOTOEJIEKTPOHHA EMICIA KATO/IA Si-Gd-O

Peszmowme

Meronamu ¢doroenekrponnol (hv = 1,9—10,2 eB) Ta oxe-
€JIEKTPOHHOI CIIEKTPOCKOII# JOCJIII?2KEHO 3MIiHU €JIEKTPOHHUX
Ta eMiciiiHuX BJjacTUBOCTEN HPOTOKATOHA HA OCHOBI HGararorina-
poBol cTpyKTypu okuciaenux aromis Gd ma migkmraani iz Si(100)
Imic/Ist HAIlMJIEHHS] Ha HOro IMOBEPXHIO JOJATKOBHUX IIApiB aTo-
miB Gd Ta 3 wacoMm mepeOyBaHHS Ifi€l CTPYKTYypPH B BaKyyMi.
Bysio BcTaHoBjIeHO, IO HE3BaKar4Yu Ha Te, IO pobOTa BU-
X0y (pOTOKATOIa Ha OKPEMHUX eTallaX JOCJIiIKEHb CTAHOBHJIA
~0,5 eB, doroemicis peecrpysasace auine gus hv > 2.8 eB.
AHaji3 OTpUMaHUX PE3YJIbTATIB JOCIIZKEHDb JO3BOJIUB 3AIIPO-
IIOHYBATHU MOJIEJIb IMOBIPHOT €HEPreTUYHOI CTPYKTYpU (hOTOKA-
TOMA, sIKa Y3TOIPKYETbCHA 3 €KCIIEPUMEHTAJbHUMH JaHUMU. Y
BIJIIOBIAHOCTI 3 II€I0 MOJIEJJIFO NPUIIOBEPXHEBa 006JIaCTh (DO-
ToKaTosa ckiaagaerbes i3 GdoOs ToBmmHOIO X1 HM i Mmupu-
HOIO 3a00poHeHoI 30HM 5,3 eB. Bigcrans Bix piBusa ®epwmi go
JHa 30HM mposigHOoCcTI B 00’emuilt yacturi GdaOs3 mopiBHIOE
2,7 eB. B 3a6oponeniit 30Hi HuK4e piBHs Pepmi po3raloBa-
Hi 06’e€MHI JIOKaJIi30BaHi CTAHN Ta 3aIIOBHEH] IIOBEPXHEBI CTAHH,
3yMoBJIeHI nedekramu cTpyKTypu. Ha moBepxHi yTBOPIOETHCS
CKJIaQIHUI JUIIOJIbHUM 11D, BiITIOBIJaIbHII 32 3MEHIIIEHHS PO-
60T BUXOY.
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