
A.M. KONOVALOV, YU.M. KRYNKO, M.G. NAKHODKIN

STUDY OF ANGULAR DEPENDENCES OF REFLECTION

ELECTRON ENERGY LOSS SPECTRA OF Ge

BY PRINCIPAL COMPONENT ANALYSIS

A.M. KONOVALOV, YU.M. KRYNKO, M.G. NAKHODKIN

UDC 537.538.8

c
2004

Taras Shevchenko Kyiv National University, Faculty of Radiophysics

(64, Volodymyrska Str., Kyiv 01033, Ukraine; e-mail: kan@univ.kiev.ua)

Angular dependences of reflection electron energy loss (REEL)

spectra of polycrystalline germanium for primary electron energies
of 300 and 500 eV and under various experimental geometry

conditions have been explored. It has been found that within the

range of electron scattering angles of 94�146Æ, the REEL spectra

of Ge can be described by linear combinations of three components.

The first component contains the single surface plasmon peak, the

second component � the single bulk plasmon peak, and the third

component � none of them. The relative intensities of the REEL

spectrum components depend differently on the electron incidence,
reflection, and scattering angles. The strongest dependence on the

electron scattering angle was observed for the bulk plasmon peak.

In the scattering angle range of 94�146Æ, its intensity can vary

by a factor of 2.8, whereas the intensity of the surface plasmon

peak varies no more than by a factor of 1.3. These features of

spectra should be taken into account both in quantitative REEL

spectroscopy and when developing relevant physical models.

Electron energy loss spectroscopy is widely used for
electron structure studies of surface layers of solids
[1�3]. Its �reflection� variant is the most convenient for
practice, since the fabrication of very thin specimens
transparent for electrons is not needed. In real
experiments, various geometric setups are exploited,
which differ by the angle between the target surface and
the primary electron beam (�), by the angle between the
target surface and the direction of registration (�), and
by the electron scattering angle �. As early as in [4], it
was shown that there are specific dependences of the
REEL spectrum shapes on the angles � and �, but
no attention was paid to their probable dependence on
the electron scattering angle �. We have shown that �
notably affects the REEL spectra of Mg, Al, Ge, and In,
even at � and � constant [5]. But a strong overlapping
of certain REEL spectrum components might modify
substantially the dependences obtained in this work
for the peak intensities of surface and bulk plasmons,
normalized by the peak intensity of the elastically
scattered electrons, on the scattering angle �.

In the previous works [6, 7], we have proposed a
new approach to the analysis of the REEL spectrum
modifications depending on the geometric conditions of
experiment. Its specific feature consists in a substitution

of the conventional analysis of a separate spectrum by an
analysis of an ensemble of experimental spectra obtained
at various angles of electron incidence, reflection, and
scattering. Such a spectral analysis does not include
any suggestion about the number, shapes, and positions
of spectral components. The analysis of an ensemble
of experimental REEL spectra makes it possible to
determine the spectral components and to present each
spectrum as a linear combination of the latter.

Taking advantage of this approach, we have analyzed
the REEL spectra of Al at the primary electron energies
Ep = 300�700 eV [6], and of In at Ep = 300 eV [7]. The
angular dependences of the ratio of the peak intensities
for surface and bulk plasmons were established. The
peak intensity of the bulk plasmon in In occurred to
depend on the scattering angle � stronger than on the
angles � and �, whereas in Al, the dependence of
the spectrum shape on the angle � in the investigated
range of energy Ep was not observed. The aim of this
article was to apply our method of analyzing REEL
spectra to both the consideration of those of Ge and the
determination of the dependence of the component peak
intensities on the geometry of a setup, in particular, on
the electron scattering angle.

The specimen for investigation was produced by
sputtering a polycrystalline film of Ge on a substrate
of polished Si in situ in a vacuum chamber with a base
pressure of � 10�10 Torr. The element composition of
the target was controlled by means of electron Auger
spectroscopy. The REEL spectra of Ge were measured
using a Hughes�Rojansky electron energy analyzer
with an energy resolution of � 0:2%. The setup scheme
and the procedure of the spectrum calibration were
described in the previous work [7]. The measurements
were carried out at the energy of primary electrons
Ep = 300 and 500 eV. The scheme of electron scattering
is outlined in Fig. 1, where it is shown how the angles
�, �, and � were reckoned. An electron gun and the
specimen can rotate independently around two mutually
perpendicular axes, which makes it possible to vary not
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Fig. 1. A geometric setup of experiment

only the angles � and � but also an azimuthal angle  
that determines the electron scattering angle

� = � � arccos (sin�0 sin�0 + cos�0 cos�0 cos ) ; (1)

where �0 = 64Æ and �0 = 30Æ. To characterize the
dependences concerned on the angles � and �, we used,
as in the previous works [6�8], the angle parameter
' = sin�1 �+ sin�1 �.

The REEL spectra of Ge were measured at six
positions of an electron gun, i.e. at six angles  that
corresponded to the electron scattering angles �'s in the
range of 94�146Æ, and at five different incident angles of
primary electrons � that corresponded to five values of
the parameter ' in the interval from 'min(�) at � = �
to 'max(�) at � = 10Æ. All the measured spectra were
calibrated, reduced to the same instrument function,
which was a Gaussian possessing the width H = 1 eV
at half of the height, and normalized to the unit area of
the peak of elastically reflected electrons, as was done
in [7]. An ensemble fNi(�E)g of REEL spectra, treated
in such a manner, of Ge was used for further analysis.
In Fig. 2, the REEL spectra for Ge are shown, as an
example, for Ep = 300 eV, ' = '0 = 3:11, and several
values of �. It is seen that the peak intensities of the
bulk and surface plasmons depend nonmonotonically on
the scattering angle �, as it took place also for In [7].

A quantitative analysis of the angular dependences
of REEL spectra was carried out making use of principal
component analysis [9�11], analogously to what has been
described in detail in our previous work [7]. At first, the
inelastic parts of the REEL spectra of Ge, Ni(�E), in

Fig. 2. The REEL spectra of Ge at constant ' = '0 = 3:11

(� = 30Æ, � = 64Æ), Ep = 300 eV, and for various �

the energy loss interval of 0 < �E < 60 eV, which stood
for the principal components of the input function set,
were determined for every energy of primary electrons.
The REEL spectra were measured at 5 values of the
parameter ' for each of the 6 scattering angles �'s.
All the input spectra fNi(�E); i = 1; 2; : : : ; n; n = 30g
were discretized with a steady step of 0.02 eV. It
was found that the whole ensemble of the spectra
fNi(�E); i = 1::ng can be described, as in the In case
[7], making use of the first three principal components,
whose contribution relations define the shape of each
spectrum. The linear combinations of those principal
components determine the components: S, V , and
C3. The first component, S(�E), includes the surface
plasmon peak and does not include the bulk plasmon
one. The second component, V (�E), includes the bulk
plasmon peak and does not include the surface plasmon
one. The third component, C3(�E), was determined in
such a manner to include neither the surface peak nor
the bulk one. The absence of the relevant plasmon peak
features from the components was monitored by their
differentiation.

The S-, V -, and C3-components of Ge, obtained
at Ep = 300 eV, are depicted in Fig. 3. Their linear
combination

Ni(�E) = ks
i
S(�E) + kv

i
V (�E) + k3

i
C3(�E); (2)

where ks
i
, kv

i
, and k3

i
are the weight factor of each

component contribution to the spectrum Ni(�E),
can describe every spectrum of the input ensemble
fNi(�E)g. From Fig. 3, one can see that the C3-
component is almost free of peculiarities of the surface
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Fig. 3. The components of REEL spectra of Ge

or bulk plasmon origin. A contribution of the third
component to the range of the plasmon single peaks is
illustrated in Fig. 4. Here, the shape of the spectrum
from the ensemble fNi(�E)g is shown, for which the
contribution of the C3-component is maximal, i.e. the
spectrum with the maximal value of k3

i
. It is seen that

even for this spectrum, the contribution of the third
component in the excitation range of single plasmons can
be neglected. Assuming that the surface plasmon peak is
totally contained in the S -component of the spectrum,
and the bulk plasmon peak in the V -component,
the coefficients ks

i
and kv

i
, which, according to (2),

determine the contribution of those components into the
spectrum Ni(�E), can be used for plotting the relative
angle dependences of single plasmon peak intensities.
Nevertheless, for plotting the relative dependences of the
peak intensities, we used the values, which estimated
the intensities of the plasmon peaks in the Ni(�E)
spectrum, rather than the values of the coefficients ks

i

and kv
i
themselves. For the evaluation of the former, we

used the areas under the curves describing the shapes of
S - and V -component in the energy loss intervals of 0�18
and 0�24 eV, respectively:

Is
i
= ks

i

18Z

0

S(�E)d(�E); (3)

Iv
i
= kv

i

24Z

0

V (�E)d (�E) : (4)

Fig. 4. The REEL spectrum of Ge with the maximal contribution

of the third component (Ep = 300 eV, � = 104Æ, � = 50Æ).

S-component ks
i
S(�E) � dotted curve, V -component kv

i
V (�E)

� dashed curve, C 3-component k
3

i
C3(�E) � dash-dotted curve,

input spectrum Ni(�E) � gray curve, a three-component linear

combination ks
i
S(�E) + kv

i
V (�E) + k3

i
C3(�E) � solid curve

Since the spectra fNi(�E)g are normalized by the
peak intensity of elastically reflected electrons, the
values of Is

i
and Iv

i
are also normalized. Such an

estimation of the peak intensities is rather rough. The
values of those intensities should be further subjected to
refinement using, e.g., the bulk and surface loss functions
for the approximation of the shapes of the plasmon
peaks. But the estimation procedure for those intensities
does not affect their angular dependences.

In Fig. 5, the dependences of Is and Iv on the
electron scattering angle � are shown for Ep = 300
and 500 eV, and at the constant value of the angle
parameter ' = '0 � sin�1 �0 + sin�1 �0 = 3:11. One
can see from the figure, that, in contrast to the results
of [5], the dependences Is(�) and Iv(�) are different.
The dependences Iv(�) have a clear maximum, whose
position shifts towards lesser �'s with Ep increasing.
Those dependences are similar to the changes of the Ge
REEL spectra ordinate at the point corresponding to the
peak position, obtained in [5]. But it occurred that the
intensity variations of the bulk plasmon peak by more
than a factor of 2.5 at varying �, are substantially
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Fig. 5. Dependences of the values Is, Iv on the scattering angle �

at ' = '0 and for various Ep

Fig. 6. Relative dependences of the values Isand Iv on the angle

parameter ' for Ep = 300 eV and at various scattering angles �

greater than the variations of the relevant spectrum
ordinate by a factor of 1.3. The intensity of the surface
plasmon peak is practically independent of the angle �,
which contradicts to the dependence established in [5].
Those deviations in the dependences on � are due to the
essential peak overlapping in the REEL spectrum of Ge,
as was noted in [5].

In Fig. 6, the dependences Is(')=Is('0) and
Iv(')=Iv('0) for Ep = 300 eV and various scattering
angles � are shown. They are seen to depend weakly on �.
The deviations from the averaged values are not greater
than 5%. At Ep = 500 eV, the dependences under
consideration are similar. The value of Is and Iv grows
and diminishes, respectively, with the increasing angle
parameter ', which does not contradict a conventional
picture [4, 8]. A comparison of the dependences Is(�)
and Iv(�) with Is(') and Iv(') evidences for that the
variation of the scattering angle � affects the shape of
the REEL spectrum stronger than the variation of the
angle parameter ', i.e. of the angles � and �.

Thus, the analysis of the REEL spectra of Ge,
carried out above for primary electron energies of 300
and 500 eV and various angles of electron incidence,
registration, and scattering, showed that those spectra
can be described by a linear combination of three
components. The relative angle dependences of the
intensities of single surface and bulk plasmons have been
obtained. The profiles of the dependences Is(') and
Iv(') are shown to be almost identical at each value
of the scattering angle � from the investigated interval
of 94 � 146Æ. The intensity of the bulk plasmon peak
depends stronger on the scattering angle at the constant
value of the angle parameter ' = '0 = 3:11, than that

of the surface plasmon peak. The intensity of the bulk
plasmon peak can vary almost by a factor of 3, whereas
for the surface one this factor is substantially smaller.

An essential influence of the scattering angle on the
intensity of the bulk plasmon peak in REEL spectra
has to be taken into account when analyzing electron
spectra measured in various geometric configurations of
experiment, as well as when developing physical models
of interaction between electrons of intermediate energies
and solids.
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ÀÍÀËIÇ ÊÓÒÎÂÈÕ ÇÀËÅÆÍÎÑÒÅÉ ÑÏÅÊÒÐIÂ

ÕÀÐÀÊÒÅÐÈÑÒÈ×ÍÈÕ ÂÒÐÀÒ ÅÍÅÐÃI�

ÅËÅÊÒÐÎÍIÂ Ge ÌÅÒÎÄÎÌ

ÃÎËÎÂÍÈÕ ÊÎÌÏÎÍÅÍÒIÂ

À.Ì. Êîíîâàëîâ, Þ.Ì. Êðèíüêî, Ì.Ã. Íàõîäêií

Ð å ç þ ì å

Äîñëiäæåíî êóòîâó çàëåæíiñòü ñïåêòðiâ õàðàêòåðèñòè÷íèõ

âòðàò åíåðãi¨ åëåêòðîíiâ (ÕÂÅÅ) íà âiäáèòòÿ âiä íåìîíîêðè-

ñòàëi÷íîãî ãåðìàíiþ ïðè åíåðãiÿõ ïåðâèííèõ åëåêòðîíiâ 300 i

500 åÂ òà â ðiçíèõ ãåîìåòðè÷íèõ óìîâàõ åêñïåðèìåíòó. Âñòà-

íîâëåíî, ùî ñïåêòðè ÕÂÅÅ Ge ó äiàïàçîíi êóòiâ ðîçñiÿííÿ

åëåêòðîíiâ 94�146Æ ìîæóòü áóòè îïèñàíi ëiíiéíîþ êîìáiíàöi¹þ

òðüîõ êîìïîíåíòiâ. Îäèí iç íèõ ìiñòèòü ïiê îäíîêðàòíîãî ïî-

âåðõíåâîãî ïëàçìîíà, äðóãèé � ïiê îäíîêðàòíîãî îá'¹ìíîãî

ïëàçìîíà, à òðåòié íå ìiñòèòü ïiêiâ íi îá'¹ìíîãî, íi ïîâåðõ-
íåâîãî ïëàçìîíiâ. Âiäíîñíi iíòåíñèâíîñòi êîìïîíåíòiâ ñïåêòðà

ÕÂÅÅ ïî-ðiçíîìó çàëåæàòü âiä êóòiâ ïàäiííÿ, âèõîäó òà ðîç-

ñiÿííÿ åëåêòðîíiâ. Íàéñèëüíiøà çàëåæíiñòü âiä êóòà ðîçñiÿííÿ

åëåêòðîíiâ ñïîñòåðiãàëàñü äëÿ îá'¹ìíîãî ïëàçìîíà. Â iíòåðâàëi

êóòiâ ðîçñiÿííÿ 94�146Æ éîãî iíòåíñèâíiñòü ìîæå çìiíþâàòèñü

â 2,8 ðàçà, òîäi ÿê iíòåíñèâíiñòü ïiêà ïîâåðõíåâîãî ïëàçìî-

íà çìiíþ¹òüñÿ íå áiëüøå íiæ ó 1,3 ðàçà. Öi îñîáëèâîñòi ñïåê-

òðiâ ïîâèííi âðàõîâóâàòèñÿ ÿê ó êiëüêiñíié ñïåêòðîñêîïi¨ ÕÂÅÅ
íà âiäáèòòÿ, òàê i ïðè ïîáóäîâi âiäïîâiäíèõ ôiçè÷íèõ ìîäå-

ëåé.
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