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Excitation of electrons filled the deeper zones in Bi,Se;

Gurban Axmedov
Institute of Physics of Azerbaijan NAS, Baku, Azerbaijan

Abstract: - In the frequency region ®> wq absorption is large, so the information on the mechanisms of
interaction of light and matter Bi,Se; can be obtained from the analysis of reflectance spectra. Results of this
assay are very sensitive to the surface quality of the test samples. Was preferable to natural cleavage plane,
obtained immediately before optical studies in the vacuum chamber of the spectrograph. However, this method
is labor-intensive, so reflectance spectra in the vacuum ultraviolet region were studied on freshly prepared
chemically polished surfaces.
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l. INTRODUCTION
When a contiguous group of valence d-zones is not too deep, the transitions of the d-electrons to the conduction
band will contribute to the conduction band will contribute to the dielectric constant in o> ®> wy, before the
transitions d — ¢ energetically possible. For the frequency range w.> ®> wg, complex permittivity of vacuum
ultraviolet region can be written by the formula

8(0)= (L+ deg) [1- Qp (0 +it, )] (€
where Q%, is a square effective plasma frequency, which exceeds the plasma frequency of free electrons due to
the contribution of the interaction between v-and d-electrons and is reduced due to d-screening area.
That comparison of equation (1) with the experimental data in region is desirable to obtain at least preliminary
estimates of the quantities and Qg 8. For this purpose, useful to take advantage of some sum rules.
Excitation of electrons filled bands. The first rule

£ = 1+§f:%ﬂdm (2)

is an expression for the low-frequency g; = g5 or high-g; = g permittivity (below or above the frequency of the
residual rays) In other words, the static (low frequency) dielectric permittivity €5 been by integrating (2), taking
into account the absorption of the crystal lattice . If this absorption is not taken into account when integrating (2)
there is a high-frequency dielectric constant of g,

Two other sum rules are defined as follows:

_I";j we, (w)dw == m; (3)
_Ir;m[m=$dm= —Em‘ 4)

where o, - plasma frequency of the free electrons corresponds to the total electron density. Equations (3) and
(4) have the common sense and are valid for arbitrary many-electron system.
Collective oscillations are described by solutions for the longitudinal permittivity and condition for the existence
of plasma oscillations at a frequency o is equal g®= g(w)=¢(w)=0, as in the long-wavelength limit (the photon
wave vector is much smaller than the reciprocal lattice vector) considered here, the longitudinal and transverse
dielectric constants are equal. With this in mind, the function -
i gl
£lm) o -si {e)+ 52{&1} ()
in formula (4) is similar to the characteristic loss to be determined by experiments the passage of fast electrons
through thin layers of material.
Equation ¢(w)=0 is solved for the complex frequency, and the imaginary - plasma oscillations. For example,
from equation (1) that the resonance occurs at a frequency ®=CQp, - it, ", and the relaxation time 1, therefore,
characterizes the attenuation of the plasma wave. Inverse relaxation time t," half-width is proportional to the
maximum of the function -Im &™() is located at the plasma resonance frequency.
Since the integration in infinite limits of expression (2) - (4) leads to numerical beyond the control of the

frequency values &, £, or @y =4ne? ¥, m,, /1 then, for a more detailed analysis of the experimental results it

Im =

is advisable to upper limit (w,=c0) restrict certain frequency ¢y located in the test. Then interval instead of
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constants &; and wj ~1,, obtained some effective value of £ (ag) and ne (€2g), a function of frequency.
Under these conditions (2) and (3) acquire the form

sa(@o)= 1= Jy =2 doy ©)
(T ner(on)=[; " @y (@)do )

where the N- the density of atoms in the crystal.

1. DATA COLLECTION AND ANALYSIS
The physical meaning of Negr (cug ) 1 ger (2 ) IS clear enough: negr (cag ) i the effective number of free electrons
per atom of each of the semiconductor Bi,Ses;, which contribute to the optical properties of the crystal at a
frequency wy. Similary e (@g) have a dielectric constant whose value is determined by interband transitions in
the frequency range from zero cy.
If the d-band and other deeper zones are separated from the valence band of a larger energy gap, the neg (eug )
with increasing frequency w, tends to the number of valence electrons per atom, and &g (e )- k €, Which is the
dielectric constant associated with transitions of electrons from the valence band to the conduction band. When
the gap between the d-bands and the valence band decreases and approaches k hay, electron transitions of the d-
band and the deeper lead to growth neg (ay ) and reduced eefr(eug ).
Silicon - excellent material for research field Il, as in d-zone are missing, and filled with the next zone of the
valence band is lower than about 80 eV. Furthermore, the density of states in the valence band such that most of
the electrons are in 5 eV near its top, deeper levels form a tail extending to 16 eV deep into the valence band.
These electrons cannot figure out a contribution to the optical properties at energies greater than 16 eV, and the
contribution of the remaining electrons in the dielectric constant is small.
Reflectance spectrum of Bi,Ses; qualitatively similar to that of silicon. However although the spectrum is not
clearly shown the contribution of transitions from deep zones (d -zone lies below the valence band of about 30
eV), a more detailed analysis, using formulas (6) and (7), this contribution can be seen by the absence of
saturation depending ng (eg), up to 25 eV, and the difference of the effective permittivity e at 25 eV and low
frequency &; (determined by other methods); d¢, their difference is 0.5.

Table 1 Comparison of plasma frequency free valence electrons defined by different methods [1]

Lots of Lots of
O po, Qpy, features- features-
Semiconductor | free electrons effective & () =0 Im—, =
frequency £l #lw)
optical elektrons
Si 16,6 16,6 15,0 16,4 16,9
Ge 15,5 16,2 13,8 16,0 16,4
Bi,Se; 16,6 16,3 13,3 16,9 -
Ga As 15,5 12,3 9,7 14,7 —
InSh 12,7 11,5 10,9 12,0 13,0
PbTe 145 - - 12,3 145
SnTe 15,0 — — 16,0 _

Values of the plasma frequencies of Bi,Se; Ge, Si, other semiconductors, obtained by various methods
are shown in Table. 1, which shows good agreement between them.
Transparency spectra of very thin films of amorphous and crystalline germanium and selenium have been
studied [2] in the far vacuum ultraviolet - 15 - 170 eV. Photon source synchrotron served. The absorption
spectrum of germanium less rich in features compared with selenium, moreover, in the 50 - 150 eV absorption is
almost independent of energy and is 2,3 - 10-5 cm™ .In the range of 120-130 eV there are two very weak bands
associated as selenium, with transitions from p-states of the core.

1. RESULTS AND DISCUSSION
On figure 1 shows the reflection spectra of [3] for Bi,Se; and Si in the photon energy region 12 - 28
eV, which clearly shows the broad maximum whose position corresponds to the energy of optical transitions
from deep branch the conduction band. This branch (d-zone) inter metallic compounds formed from d-bands of
Bi,Ses, as the atoms of Si d-zone lie much deeper in the study area photon energies can be shown.
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Based on the analysis data of figure 1 found that the energy gap between the d- and conduction bands is about
21 eV in Bi,Ses, while for Si this gap ~ 22 eV.

In the figure 2 reproduced reflection spectra for InSb; in the lower part of this figure shows the calculated by
Kramer’s — Kronig & (w)and &, (o) , as well as function —Im &' (®). In the field Il R (o) decreases
asymptotically, corresponding to the plasma oscillations of free electrons filled valence band. Comparison
between g; (o) and &, (w) shutter discrepancy between them in a high frequency region, which is caused by the
contribution of the d- transition bands. These transitions are particularly apparent in the curves of ne (wo) and
€eff (©g), computed using the formulas (6) and (7).
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Figure 1. Reflectance spectra of Bi,Se; (red line) and Si (blue line) in the far ultraviolet [3]
It is evident that n.s (o) does not tend to saturate, as is observed in silicon, and increases monotonically with
increasing energy. Moreover, in the high portion more clearly seen rapid growth ng (o), that indicates a
significant contribution to the optical properties of the d-transition bands.
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Figure 2. The reflection spectra of R (w), the real &, (w) and imaginary ¢, (w) parts of the dielectric constant
and loss function of energy —Imﬁ to indium antimonide [1]

Extrapolating portion midrange ne, we can estimate the first term, which depends on Qp,, the right side of
equation (1). Accuracy assessment is low, but galaxy procedure leads to satisfactory results.
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All connections Bi,Se; in the saturation region (~25 eV ) € ¢ much less low-frequency permittivity
determined by independent methods, the value of 650=0.3-0.8.

Comparing the energy corresponding to the maximum function —Imﬁ with values obtained by other

methods, carried out in table 1 Bi,Ses. Here agreement less convincing than in the case of silicon, but quite
satisfactory.

In [2] studied the optical properties of a number of A;Bs compounds at 300 °K in the 15 -170 eV. Quanta of
radiation from a synchrotron is passed through a thin amorphous and crystalline layers of InSb, GaSh, AlSb,
GaAs, GaP .

The spectra Bi,Se; are similar to the spectrum of InSh, and GaAs spectrum similar in structure spectra of GaP
and Ge. In the area of up to 40 eV narrow bands are due to transitions from the d-conduction band and
absorption structure roughly reproduces the structure of the density of states in the conduction band. A broad
band of continuous absorption in the region 40-130 eV typical for all and compounds containing elements of the
fifth and more low - rows of the periodic table. Structure comprising a narrow p-bands in the spectra of these
compounds does not occur. Continuous absorption at 40 - 150 eV, for Bi,Ses, much weaker for compounds
containing the third and fourth row of the periodic table, but in this area visible narrow band due to transitions
from p - levels of the ion core.

Based on the analysis of the asymptotic part of the absorption spectrum, using the formula (3) for plasma lap
determine the relaxation time 7,= hE;l, when E,=5,2 eV, . e. T, = 1,3- 10 5. When calculating the number of
electrons per atom was assumed equal to five (n,=5) . On the figure 2 shows the experimental and calculated
dependences ¢; (w) and &, (w) in 10-20 eV for SnTe. This is quite satisfactory agreement with the experimental
dependences.

Comparison of peak energy function -Ime™(w) and energy-loss obtained from experiments on the passage of
electrons through the film does not give good agreement, apparently, due to the imperfections of the films used.
However, for example, for PbTe these energy-loss E, and plasma resonance E, coincide (E =Ep= 14,5 eV).
Height reflection spectrum Bi,Se; and other lead chalcogenides at high energies (above 15 eV) can be attributed
to transitions of electrons from the filled d-band to the conduction band, since the d-band in lead chalcogenides
formed from d-bands of lead atoms and is located below conduction band 24 eV. In Bi,Se; d-zone is much
deeper and is therefore in the reflection spectrum in the energy range up to 20 eV does not occur.

The growth trend reflected at energies more than 20 eV prompted to perform research [4] transparency PbTe
and PbS films of thickness ~ 1000 A at higher energies. Films were prepared on a thin carbon substrate, coated
on a copper grid, a source of photons with energy of transparency and not reflections (less than 1%) in this
energy region. Figure 3 shows spectra of the absorption coefficient for Bi,Se; and Si, in which there is no fine
structure, but has a broad maximum at 82 eV for Bi,Se; and 58 eV for Si [5-9]. These peaks are attributed to
transitions d— f within the same electron shell.
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Figure 3. The absorption spectra of a (E) and the effective electron density N Si (blue line)and Bi,Se; (red
line) in the vacuum ultraviolet region
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V. CONCLUSION
The spectra of the absorption coefficient a (E) were analyzed by the formula
E2
Neg= 2.3 -10%a%[. o (Edn (E)dE ®)

where N is the effective density of states, the oscillator strength which is depleted in the region
between the energies E; and E,, the electron / molecule; a-lattice constant; n(E) is a real part of the refractive
index. The calculation of the imaginary part of the refractive index (absorption index k (E)) on the basis of the
absorption coefficient a (E) shows that n (E) differs from the unit for not more than 10% (the maximum value of
n (E) similar to the maximum k (E) for the observed line width). Because of this, and taking into account a
qualitative sense N in solving (8) on the basis of the experimental spectrum a (E) believed that n (E) = 1. The
value N calculated with E; = 37 eV, shown in figure 3 depending on the E,. Can be seen that at 150 eV N,
when the oscillator strength is exhausted, was 10.6 to Bi,Se; and 22.5 for Si. It is assumed that in the case of
lead sulfide includes N all the 5d-electrons of the atoms of lead, and in the case of lead telluride to 5d-
electrons of the atoms of lead, and in the case of lead telluride to 5d-electrons of the atoms of lead added 4d-
electrons of the atoms of tellurium.
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