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Abstract:

The dependences of the light absorption coefficient in the film structures Bi,Te;55€05
on the photon energy have been experimentally studied. It is shown that the profiles of
the distribution of selenium atoms over the thickness of the surface layer of
unannealed and depleted thin Bi,Te,5Seq5 films. It is also shown that the release of
selenium during heat treatment is due to the relatively high vapor pressure of selenium
in a three-component semiconductor compound. As a result of work are received Si -
Bi,Tes.Se, heterojunctions in thin-film execution, described by high values of
differential resistance. Results of researches show, that the structures Bi,Te;s5Seqs
received by a method of discrete thermal evaporation in a uniform work cycle, are
suitable for use in low-voltage devices.
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1. Introduction

The possibility of manufacturing various types of elements with heterojunctions
using these compounds was proved. The Si -Bi,Tes.,Se, heterojunctions relate to the
most promising structures that can be used to create photovoltaic converters stable for
long-term operation, intended for large-scale energy production. Thin-film devices
have very important properties, thanks to which the effective conversion of solar
energy is feasible. Among the main optical properties of three-component Bi,Tes.
+S€, compounds, the strongest absorption of light at energies exceeding the width of
the forbidden band attracts the most attention. Extremely high values of the light
absorption coefficient allow reducing the requirements for the quality of the material
and reducing the cost of solar cells. So, for example, to create an absorbing layer
of Bi,Tes.,Se,, a film with a thickness of less than /um is sufficient, so that the issues
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of the cost and availability of the material begin to play a less important role [1]. A
sharp edge of absorption at energy of 1.54eV corresponds to direct inter band
transitions.

2. Materials and Methods

2.1 Materials and Methods

The existence of a different absorption edge at lower energies is due to carrier
transitions from the level associated with the Bi vacancy to the conduction band. In n-
type films, the second absorption edge is not observed, which confirms the theory
that hole conductivity is due to Bi vacancies [2-5]. Bi,Tes..Se, heterojunctions were
obtained by high-temperature annealing of samples. Breezy samples possessed
straightening properties; the factor of straightening on occasions reached value 10? at
displacement 0,2V and temperature 80K. Straightening character volt-ampere
characteristic is kept down to temperature 300K. The control of the properties of the
films directly in the process of their condensation makes it possible in a single
technological cycle to form hetero structures with a given concentration of charge
carriers. Films with the best parameters are obtained by spraying on a substrate at a
temperature of 280 <C, followed by annealing for 25 minutes. The density of electrical
energy removed from photo converters increases with increasing emitter
temperature. Optical transitions from the valence band to the conduction band are
possible only at levels located near and above the Fermi level. When introduced into
the crystal of a large number of impurity centers of the energy levels corresponding to
the impurity atoms are expanded to form an impurity band, which for small levels
merges with the edge of the valence band, and the band gap is formed tail density of
states and the Fermi level goes deep in the main zone.

g(E) =g0(E)[f‘U(EU_EF)_fC(EC_EF)] (1)

Where f,, and f. - occupation probabilities of single-electron states; g,(E) - the
density of the final states without regard to their amusement. From the main
absorption spectra of heavily doped crystals with simple bands quantitative data on
the number of equivalent ellipsoids in the zones can be obtained. Fundamental
absorption spectrum in crystals with varying electron density, from minimum to
maximum, it possible to determine the absolute value and position of extreme as the
forbidden gap relative to each other [6-9]. Factors affecting the absorption in indirect
transitions in heavily doped crystal, a scattering by impurities, which can inform the
missing electron momentum he needs in indirect optical transitions [10]. For elastic
scattering, the absorption coefficient is represented by the formula

a(hw) = —Adigzd” (hw — Ey;)? 2)

Where Ng;,- — the concentration of impurity atoms, Ag;,- - a constant, Eg;- the width
of the indirect gap for highly doped semiconductor selection rule does not make sense,
because when the electron scattering by impurities significantly change its
momentum. The formula for the total absorption of highly-doped crystal for indirect
transitions taking into account the scattering by impurities in the energy hw > (E; +
4kT) takes the form

AgirNgir+A Ak6 0.2
ad=—"——hw—-E,, ———th—
how ( 9L AgirNgir+A o) )
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Which implies that the dependence Vvahw = f(hw) is a straight line intersecting
the axis of the energy at the point
hw = Egl + #th% (4)
The  voltfarads characteristics in an interval of  temperatures 77-
300K are investigated. With this purpose the structure Bi,Te,5S€eq5 also was mounted
in vacuum cryostat, where furnace and the sensor of temperature were in a landing
place of a sample. The temperature regulator provided maintenance of temperature
with accuracy +1°C. With increase in temperature direct currents are limited to more
high-resistance layers Bi,Te,5Se05 heterojunction, reverse currents grow more
intensively and consequently at temperatures 7>200K the factor of straightening
appreciably decreases. At voltage more than 30mV straight lines volt—-ampere
characteristic are described by function of a kind I =1,exp(qV / gkT), with factor of

ideality f =2-2, 5 characteristic for a current, limited recombination’s of carriers in a
layer of a volumetric charge. The size  increases up to 3 at 100K. At the big voltage

linear dependence |(V) operates. The size diffusion’s site of the volt — ampere

characteristic in the field of the big currents makes 0,095-0,100V.With growth of
temperature is higher 100K an inclination changes, and is lower 100K remains to
constants, and at temperatures 77-100K initial sites of the volt-ampere characteristic
is not described by expression | = gSNd exp|-q(V,, -V)|.

3. Results and Discussion

The position of which is shifted to shorter wavelengths with increasing
concentration of impurities. Straight line depending also shifted towards lower
energies with increasing concentration of impurities, and the slope increases. The
conduction band of the BiyTe,5Seq95 has two minima, and the absolute minimum, four
degenerate in the absence of external fields, is 0.18eV below the minimum in the
center of the zone, so the study of the optical absorption spectra of strongly
basic Bi,Te,5S€e5 allows investigating changes in the doping of both at the same time
lows [11-13]. The results of studies of the effect of heavy doping on the structure of
the absorption curve associated with the direct inter-band transitions at 77K are shown
in Figure 1. Samples Bi,Te;55e05 was doped antimony and arsenic to a concentration
of 10" to 1.5x10"® cm™. The thickness of the free samples was approximately 10 m.
The figure shows that with increasing concentration of impurity centers exciting peak
expanded, and then disappears. Absorption in hw > E, with increasing concentration
and decreases to a value characteristic of a pure crystal without Coulomb interaction
of carriers. The critical impurity concentration, at which the exciting absorption
features in the spectrum disappear, turns out to be 10'°cm™. Spectra
corresponding Np = 2x10'7 and 1,5x10'8cm™3 are in good agreement with the
formula

a(w) = A" 5)
hw

which does not account for the interaction of electrons and holes. The intersection
points of these lines with the axis of energy correspond to the band gap. Figure 1
show that with increasing impurity concentration the energy band gap is reduced.
When the concentration of impurities is1,5x1018cm™3, AE = —1,1x10"2cm™3eV

: . anYs
in agreement with the value calculated the formula AE = —2(%)1/3 ¢N "  Direct 4 of

&
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Figure 1 correspond to the case where the carriers injected into the light volume of the
crystal [14].
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Figure 1. The effect of the concentration of impurities in the structure Bi,Te,sSeq5 of the
fundamental absorption edge concentrations: 1- 10%cx®; 2- 8x10%ca®; 3- 2x10"cn®; 4- light
injection.

Figure 2 shows the absorption spectra of the main samples Bi,Te;5Seq 5 at 4.2K,
more heavily doped with arsenic at a concentration of 5x10%cm=2 to 4x10%¢m=3.
It can be seen that the absorption edge associated with the direct inter band transitions
is shifted toward longer wavelengths.
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Figure 2. The spectra of the fundamental absorption
edge Bi,Te,55e0 5 heavily doped with phosphorus, arsenic and gallium: 1 pure; 2-
2x10%cn®(P); 3- 10%ca®(As+Ga).
For a more detailed analysis of weak absorption, in Figure 2 the experimental data
for samples Bi,Tez55e05 with impurity atoms phosphorus, arsenic and gallium
obtained at 80K, built to scale \/a(w)~hw. The same figure also shows the spectrum

of a pure sample. The concentration of impurities in pure sample 1013cm™=3 (figure 2.
1). The impurity concentration of phosphorus atoms in the
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sample 2,4x10%8—4,3x10%cm=3 (figure 2. 2). The impurity concentration of arsenic
and gallium atoms in the sample, respectively, equal
t0 2,9x10%cm™3; 1,8x10%cm=3 (figure 2. 3). The figure shows two features: 1)
absorption of highly doped uncompensated samples more sharply depends on the
photon energy than pure sample; 2) absorption of all compensated samples begins at
about the same photon energy, while at the beginning of the compensated sample
absorption is shifted toward longer wavelengths. This indicates a significant reduction
in band gap doped. For example, for sample 2 band gap decreased 80meV. Reducing
proportional to the cube root of the total concentration of impurity atoms and does not
depend on the electron concentration.

AEg~f/(ND + N,) (6)

Temperature dependence of a current on a voltage is much weaker, than it is
necessary to expect from generations—recombination’s model.
In this case Fermi's levels lay in a band of conductivity and in a valence band accordin
gly for Si -Bi,Tes.,Se,. Weak temperature dependence of a direct current,
constancy dl /dV at change of temperature and great value of a current of saturation
specifies such opportunity. At high temperatures the tunnel current also exists. At
higher temperatures (200-300K), prevailing become activity processes. The
inclination an exponential site became temperature-dependent, experimental points

well to be lying on straight lines in coordinates In1 =T ™. Proceeding from the tunnel
mechanism of carry of a current, in double logarithmic scale dependence of a current
on a voltage can look as sedate. At small displacement (20-30mV) reverse branches
submit to the sedate dependence, which can be connected to presence of superficial
outflow or the complex mechanism of tunneling [15, 16]. From temperature
dependence of a reverse current it is possible to draw a conclusion, that in the field of
temperatures 100-200K course of a current is defined by a generation’s current, since
at voltage 30-200mV the reverse current has the sedate dependence close tokl =V ",

(n~1) which is characteristic for a generation’s current for a case of sharp transition.
2

As the reverse current with growth of a voltage changes under the reverse
law 1 =\ , at 30-130mV direct displacement the direct current is described by

0o6p

dependence | =1,exp(qV / SKT) , where p~2. Thus, it is possible to conclude, that in

an interval 77-130K at Virect =20-130mV and Vyeverse=40-120mV. Thus the reverse
current through transition is basically generations. At temperatures from above 200K,
the exponent becomes more than 1. Measurement of capacity p-n transition depending
on a voltage allows to determine such major parameters, as the width of area of a
volumetric charge, diffusion potential, concentration of acceptors and donors in the
field of a volumetric charge, structure of a locking layer, the mechanism of
straightening. Results of measurements testify to sharpness of transition of the volt -
farad characteristic resulted on figure 3.

As is known for a barrier the metal - semiconductor, as well as for sharp
asymmetrical transition, the width of the impoverished layer is expressed by the
following formula

W =,/2¢,(V; -V —kT)a/ N, 7

The specific capacity of the impoverished layer is defined by the formula
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C = /aeN, 2V, -V —KT)q) (8)
Whence
1
N, :(2/qgs){—1/(d (Cz)/dV)} )
.-
1wt
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| | | | | |
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Figure 3. The volt - farad characteristic of structure Si -Bi,Tes.,Se,.

The schedule of dependence on negative voltage is constructed. Apparently ~ from
figure 3 dependence C* =V has linear character up to 0,1V. Concentration ionized

centersNg in a barrier, determined on an inclination C? =V makes 4-10™cm™. The
diffusion potential determined by extrapolation of resulted dependence is equal ~O0,
08-0,09V. Influence of an intermediate layer on capacity is in details analyzed on the
basis of Bardin's model [17]. At presence of a thin high-resistance layer by superficial
charges on border undressed dependence C from Vyeverse remains still linear with

an inclination 2/geN,, as well as for the diode without an intermediate layer, but the

point of crossing of this dependence with axis Viyewerse IS displaced aside higher
values. In the major parameter describing qualitatively made structures, the size of
differential resistance is at zero displacement. The experimental points reflecting
dependence of differential resistance at zero displacement from temperature are
shown on figure 4. Apparently, the resulted dependence submits to the exponential
law in an interval of temperatures 77-200K, and at high temperatures dependence
amplifies.

As a result of work are received Si -Bi,Tes.Se, heterojunctions in thin-film
execution, described by high values of differential resistance. Results of researches
show, that film p-n the structures received by a method of discrete thermal
evaporation in a uniform work cycle, are suitable for use in low-voltage devices.

In Figures 5 and 6 show typical dependences of the absorption coefficient a. and the
parameter (ahv)? on the photon energy for single-crystal and thin-film BiyTes.
«Se, samples. When approaching the absorption edge both in thin films and in crystals,
a sharp change occurs, typical of semiconductors with direct inter band transitions. At
energies greater than the width of the band gap, o exceeds 10’'m™. For several thin
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films, the values a=5*10" - 6*10’m™were obtained. They are the maximum among
published values of a for any semiconductors, which agrees with very high short-
circuit current densities (390A/m?), typical for effective solar cells based on Si -Bi,Tes.
Se, [18-21].

10%
=
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10° | | I | | I
2 4 6 8 10 12
19T, K1

Figure 4. Temperature dependence of differential resistance at zero displacement.

The displacement of the curves of the dependence a (hv) along the energy axis
corresponds to the data of other scientific papers. In most thin films, the edge of the
main absorption band corresponds to energy approximately equal to 1.02eV, and in
single crystals 0.95-0.96eV. This can be due to several reasons. First, there is an
electric field at the grain boundaries in polycrystalline materials. The absorbing
properties of the material change under the influence of this field. However, this effect
is usually observed for small values of ainthe tail region of the spectral
characteristic a(hv). Therefore, it is unlikely that it is the main reason for the
displacement of these characteristics relative to each other. Secondly, different
samples of single crystals and thin films have a different chemical composition. After
annealing the thin films in an inert atmosphere (Figures 5 and 7), the curves a(hv) are
shifted to that energy region where analogous characteristics of single crystals are
located. The effect of temperature on the spectral characteristics of the absorption
coefficient is illustrated in figure 5. When the temperature drops to 100K, the edge of
the optical absorption corresponds to higher photon energy than its value at room
temperature. The presence of a shift in the edge of the absorption band does not
contradict the results of measurements of the temperature dependence of the band
gap. For the allowed direct interband transitions, the following relation between the
absorption coefficient and the photon energy is valid:

ahv=A(hv - Eg)"? (10)

Here Ais a constant, and Eqis the width of the forbidden band. Thus, for
semiconductors in which the absorption of light is accompanied by direct inter band
transitions, the dependence (a/v)®on (hv) has the form of a straight line. The position
of its intersection with the photon energy axis characterizes the width of the forbidden
band. At room temperature, single crystals and thin films (Figure 6) are
semiconductors with a direct band gap, whose width is 0.966 and 1.02eV, respectively.
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At a temperature of 100K, the width of the forbidden band of thin-film material
increases than predicted by the theory, and reaches 1.04eV. However, the most
important circumstance is that the above dependences of the absorption coefficient on
the photon energy indicate the existence of direct inter band transitions.
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Figure 5. Dependences of the absorption coefficient o on the photon energy in Bi,Tes.
«Se, single crystals at a temperature of 300K (1) and 100K (2), as well as in thin films at 300K (3).

. ars
ﬂv —1

RS

N g e

e S -

LA

0.95 1 1.05 1.1 1.15
hv, eV

=
o

haS§

{chv)?, kev/m

Figure 6. Dependence of the parameter (a/v)?on the photon energy for various samples
of Bi,Tes.,Se,.

Submitted to Advancements in Materials, page 24-28 www.itspoa.comy/journal/am



J)

s
VOLUME 2, 2018 c .

(7

14
12
g 10
Z s
=] ——1
= 6
.g =2
Ry 4—
3
2
0 T
1 1.05 1.1 1.15
hv, eV

Figure 7. The effect of annealing on the dependence of the parameter on the photon energy. 1 -
annealing with oxygen at a temperature of 200<C; 2 - annealing in high vacuum at 220°C; 3 -
unshrouded thin film.

Tails of the spectral characteristics of the absorption coefficient at small o are
observed both in single crystals and in thin films [22-24]. In these regions, the
dependence of a on Av is not described by equation (11). If interband transitions occur
with the participation of phonons, then it takes the form.

a= A(hv-E,+E),)?/(exp(E,/kT)-1) (11)

Here A is a parameter that does not depend on the photon energy, E,is the photon
energy, and Eq is the width of the forbidden band for indirect transitions. The energies
corresponding to the points of their intersection with the abscissa axis are consistent
with the previously reported values of the wave number typical of optical phonons.
The energy values found by these authors
are 0.019; 0.028; 0.048 and 0.058eV correspond to wave numbers that are
characteristic of optical phonons. The absence of transitions at a low temperature
(10K) also confirms that additional absorption of low-energy radiation is associated
with transitions in which phonons participate. The influence of heat treatment can be
judged from the data presented in Figure 6. Annealing in oxygen at a temperature
of 200<C for 10min leads to a slight increase in the absorption coefficient at any
photon energy, i.e., to an increase in the absorptive of Bi,7es.,Se,. This change in a is
not associated with the growth of an oxide or any other surface film, since in the
samples from the surface of which the oxide layer was removed by ion etching just
before the measurement of the absorption coefficient, the values of a also increased.
In deliberately oxidized samples, no such effect was observed. The thickness of the
oxide layer, formed because of annealing at 200<T in pure oxygen, is usually 5 ... 6nm.
After annealing the films, the slope of the curves of (ahv)?versus hv becomes
approximately the same as in single crystals, probably due to an increase in the degree
of homogeneity of the composition both over the thickness and along the film. An
analysis of the composition by the method of spectroscopy shows that the degree of
heterogeneity in the distribution of atoms is reduced to below 0.2%. The effect of heat
treatment is illustrated in figure 7. The dashed line corresponds to the original
unannealed thin film. After heat treatment in oxygen, the absorption coefficient
increases. The difference between the results, which lead to these two types of heat
treatment, is insignificant. This is confirmed by the same increase in the short-circuit
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current of heterojunctions. However, heating the samples in a high vacuum causes a
decrease in the absorption coefficient.

An investigation of films annealed in this way by the method of spectroscopy
indicates the presence of a significant gradient of the concentration of selenium near
the surface. The profile of the distribution of the concentration of selenium in depth,
obtained by this method, is shown in figure 8.
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Figure 8. The profiles of the distribution of selenium atoms in the thickness of the surface layer
unblended (1) and measured in vacuum at 200°C for 10min (2) thin films of Bi,Tes..Se,.

4. Conclusions

The release of selenium during the heat treatment is probably due to the relatively
high vapor pressure of Sein the three-component compound. Consequently, the
change in the absorption coefficient is associated in this case with significant
variations in the composition of the films.

Absorption of highly doped uncompensated samples more sharply depends on the
photon energy than pure sample. Absorption of all compensated samples begins at
about the same photon energy, while at the beginning of the compensated sample
absorption is shifted toward longer wavelengths. The energy gap for direct and
indirect inter-band transitions approximately equally dependent on the total
concentration of donors and acceptors in the crystal BiyTes..Se,in
the range 1018— 5x10%cm=3. Thanks to the successful development of solar cells
based on Bi,Tes.,Se,, the other three-component Si -Bi,Tes..Se.compounds attract so
much attention. Great interest in these semiconductors can contribute to their wider
use as materials for the creation of photoelectric detectors and converters. Studies on
the improvement of Si -Bi,Tes.,Se, heterojunctions due to their undoubted potential
capabilities will be sold.
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