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First principle calculations are carried out to investigate the structural, electronic and optical properties of
cubic perovskites CsSnMjs (M = CI, Br, I). The theoretically calculated lattice constants are found to be in good
agreement with the experimentally measured values as compared to previous calculations. It is found that these
perovskites are direct band gap semiconductors. The electrons densities reveal strong ionic bonding between Cs and
halide cations while strong covalent bonding between Sn and halide cations. Optical properties of these compounds
like real and imaginary parts of the dielectric functions, refractive indices, extinction coefficients, reflectivities,
optical conductivities and absorption coefficients are calculated. The direct band gap nature and high absorption
power of these compounds in the infrared, visible and ultraviolet energy range predicts that these perovskites can
be used in optical and optoelectronic devices working in this range of the spectrum.
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1. Introduction

The family of perovskite crystals (ABX3) is an inter-
esting class of materials which exhibit many interesting
physical properties such as high thermoelectric power,
ferroelectricity, superconductivity, charge ordering, spin
dependent transport, colossal magneto-resistance and the
interplay of structural, magnetic and optical properties
[1-3]. These materials are frequently used as sensor,
substrates, catalytic electrode in fuel cells and are also
promising candidates for optoelectronics [4]. A new ap-
plication for the perovskites is found in hybrid organics—
inorganics material which was used in thin-film field-
-effect transistors [5, 6].

The halide perovskites (ABX3) are known to exhibit
interesting structural, elastic, electronic and optical prop-
erties [7-9]. The cesium based compounds CsSnMj
(M = Cl, Br, I) have some interesting optical and elec-
trical properties e.g. CsSnBrjz crystal is of quasi-metal
type [10], while CsSnCls crystal has dielectric proper-
ties. Moreover, these crystals are characterized to show
several structural phase transitions. The CsSnCl;3 crys-
tals have a high-temperature transition from the mono-
clinic to the cubic phase at 390 K. This structural phase
transition is non-uniform throughout the volume of the
crystal, and the monoclinic and the cubic phases can co-
exist [11]. CsSnBrz was found by Clark et al. to undergo
a semimetal-semiconductor phase transition [10]. Don-
aldson et al. observed, using the Mdéssbauer spectroscopy,
that CsSnBrs has a cubic perovskite structure at room
temperature and an anomalously low s-electron density
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at the Sn nucleus [12, 13]. The structural and electronic
properties of CsSnBr3 are experimentally and theoret-
ically investigated [14-19], while no work yet published
on the bonding and optical nature of this important com-
pound except of Brik [20]. Therefore these properties are
important to reinvestigate.

An early study on the structural information of CsSnls
compound in form of powders was reported by Scaife
et al. [21]. A few years later, a yellow, needle-like CsSnl;
microcrystal was synthesized and its crystal structure
was independently studied by Mauersberger and Hu-
ber [22]. No additional information was available until
the discovery of another polymorph of this compound by
Yamada et al. [23] and they studied its phase transitions
with temperature. Theoretically Chabot et al. studied
the structural and electronic properties of CsSnlz poly-
morphs under pressure, however still no work was pub-
lished on the optical properties of the compound [24].
Chung et al. also investigated the electronic and optical
band gap nature of CsSnls polymorph [25]. However in
the cubic phase the details concerning the bonding and
optical properties are still lacking.

In the present study we have reported the structural,
electronic and optical properties of cubic perovskites
CsSnCls, CsSnBrs, and CsSnls. This study will cover
the lack of theoretical data on these perovskites.

2. Computational details

In the present density functional calculations, full po-
tential linearized augmented plane wave (FP-LAPW)
method within the Wu—Cohen generalized gradient ap-
proximation (GGA) [26] as utilized in the Wien2k pack-
age [27], is used to solve Kohn—Sham equation [28] for the
evaluation of the structural, elastic, electronic and optical
properties of the compounds. In the full-potential scheme
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the potential is of general shape. The core electrons are
treated fully relativistically and the valence electrons are
treated semirelativistically. Ryt value of 2.5, 2.5, 2.5,
2.5, and 2.07 a.u. is used for Cs, Sn, Cl, Br, and I re-
spectively. For wave function in the interstitial region
the plane wave cut-off value of K.x = 7/Ryr is cho-
sen. For the k-space integration in the irreducible Bril-
louin zone (IBZ), modified tetrahedron method [29] 165
k-points is used to obtain self-consistency for the calcu-
lations of electronic and optoelectronic properties using
a denser mesh of 5000 k-points in the IBZ.

3. Results and discussion
3.1. Structural properties

The determination of structural parameters is neces-
sary to account a material’s structural behavior. Here,
volume of the unit cell of each CsSnM3 (M = Cl, Br, I)
is optimized to obtain structural parameters like lattice
constant, a [A], bulk moduli, B [GPa, and its pressure
derivative, B’. In the optimization procedure, the total
energy of the unit cells for each compound is calculated
by varying the unit cell volumes and plotted against cor-
responding energies using the Birch-Murnaghan’s equa-
tion of state [30].

The optimization curves for the compounds are shown
in Fig. 1. The ground state energy (FEjp) is the minimum
energy of the unit cell and the volume corresponding to
this optimum energy is known as the ground state vol-
ume. In the ground state a, B, and B’ are evaluated.
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Fig. 1. Variation of total energy as a function of
unit cell volume for CsSnCls (a), CsSnBrs (b), and
CsSnls (c).

The calculated values of these parameters are com-
pared with the available theoretical and experimental
results in Table I. a increases as we go from CI to Br
to I. This increase in a is attributed to the increasing
atomic size of the anions from ClI to Br to I. Our calcu-
lated values of a [A] for CsSnBr3 and CsSnl; are in good
agreement with the available experimental results [17, 23]

TABLE I

Calculated lattice constants ao [A], bulk moduli B [GPal,
its pressure derivative B’ and total ground state energy
Ey [Ry] for CsSnM3 (M = Cl, Br, I) compared with other
theoretical and experimental results.

ao B B’ Ey

CSSnCl3

this work 5.4901 27.68 | 3.81 | —30703.5

other work | 5.6537¢ - - -

experiment - - - -
CsSnBrs

this work 5.7092 25.19 | 4.67 | —43572.1

other work 5.565% - - -

experiment 5.804° - - -
CSSHI3

this work 6.1439 17.59 | 4.75 | —70645.8

other work 5.930¢ - - -

experiment 6.219¢ - - -

“Ref. [18], "Ref. [17], “Ref. [23]

as compared to the previous calculation [18]. a [A] for
CsSnCl; are in good agreement with the theoretical cal-
culated value by Verma et al. [18]. To the date no ex-
perimental value of a [A] in cubic phase for CsSnCls is
available for comparison. B decreases from Cl to Br to I,
which shows that compressibility and hardness of the ma-
terial decreases with the change of anions. B’ increases
from Cl to I while Ej is decreasing.

3.2. Electronic properties

The electronic nature of CsSnM3 (M = Cl, Br, I) can
be described in terms of band structure and density of
states. The band structures for CsSnM3 (M = Cl, Br, I)
is shown in Fig. 2. The conduction band minimum and
valence band maximum are located at the R symmetry
point, hence these compounds are direct band gap mate-
rials. Direct band gaps in these compounds can also be
seen at other symmetry points (M, I and X).

The fundamental band gaps at R and other symmetry
points along with other theoretical results are presented
in Table II. It can be seen from the table that band gaps
decrease in going from Cl to Br to I. This decrease in the
energy gap can be attributed to the fact that the con-
duction bands shift towards the Fermi level (Er) when
we move from Cl to Br to I. The overall reduction in the
energy band gap is consistent with an overall weaken-
ing of the bonds, and therefore with a smaller bonding
antibonding splitting.

Figure 2 also shows that along with conduction band,
valence band at other symmetry points than R and lower
valence bands are shifted towards the Fermi level as we
go from Cl to Br to I. This fact is due to the increas-
ing number of electrons in the respective bands and the
occupancy of states near the Fermi level. The decreas-
ing trend of band gaps by changing the anions from Cl
to Br to I is also in agreement to the experimental and
theoretical study of isoelectronic compounds CsGeXs
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Fig. 2. Electronic band structure for CsSnM3 (M = CI,
Br, I) in the high symmetry direction.

TABLE II

Band gap of CsSuM3z (M = Cl, Br, I) at different sym-
metry points compared with experimental and other the-
oretical results in eV.

gR-R pM-M | pX-X | pI-I
CsSnClg
this work 0.99 2.4 3.95 5
other work — _ _
CsSnBrj3
this work 0.3 1.8 3.21 5.1
other work | 0.42%, 0.58%, 0.35° | 2.09°¢ 3.45° -
CSSHIg
this work 0.15 1.2 1.65 4.39
other work 0.434%, 0.218°¢ - -

9Ref. [17], "Ref. [14], “Ref. [20], Ref. [24], “Ref. [35]

(X = Cl, Br) [31]. Our calculation shows CsSnBr3 to be
a narrow band gap semiconductor, which agrees with the
theoretical calculation by Rose et al. [14] but is different
from the calculations by Perry et al. [32] and Lefebvre
et al. [15]. Using empirical tight-binding calculations,
Perry et al. found the compound to be semimetallic,
whereas Lefebvre et al. predict it to be a zero-gap semi-
conductor. The semiconducting nature with small band
gap for the compound has also been predicted by Zheng
et al. [33]. As a result the cubic phase of CsSnBrs should
be semiconducting rather than semimetallic. The calcu-
lated value of energy gap for CsSnBr3 and CsSnlj are in
good agreement with the available theoretical results. To
the date no experimental and theoretical value is avail-
able for comparison in CsSnCl3 in cubic phase.

The electronic band gap nature can be further eluci-
dated by the density of states. The total and partial den-
sities of states for CsSnMj3 (M = Cl, Br, I) are presented
in Figs. 3 and 4. The overall feature of total density
of states (TDOS) remains the same in the three com-
pounds. However, by changing the cations from Cl to
Br to I, bands below valence and conduction bands are
shifted towards the Fermi level. On the basis of differ-
ent bands in the range —30 eV to 20 eV, TDOS could be
grouped into four regions in CsSnCls, CsSnBrs and three
regions in CsSnls.

The contributions of different states in these bands are
shown in Fig. 4. The first region comprises on Su d state
in CsSnCl3 and CsSnBrs while I s state in CsSnlg, re-
spectively. The second region in CsSnCls and CsSnBrj
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Fig. 3. Total density of states for CsPbCls (a),

CsPbBr;s (b), and CsPbls (c).
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Fig. 4. Partial density of states for CsPbCls (a),
CsPbBrs (b), and CsPbls (c).

is due to Cl s and Br s respectively while mixed Cs p
and I p states in CsSnlz. The third region (upper part)
of the valence band in CsSnCls, CsSnBrs is due to Cs p
and Cl p, Br p and I p and small portion of Sn s states,
respectively. Fourth region in CsSnCls, CsSnBrjz, and
third region in CsSnCl; after the Fermi level is the con-
duction band (CB). The lower part of this band near the
Fermi level is mainly due to the Sn p state. Intermediate
part is due to mixed states of Cs d and Sn p states. The
upper part of this band is because of Cs f state.

The electronic charge density calculated by the first
principle approach can be used to describe the bonding
nature of the solids [34]. Charge densities for CsSnMj
(M = Cl, Br, I) are calculated in the (1 0 0) and (1 1 0)
planes and are shown in Fig. 5. Charge distribution in the
(1 0 0) plane for CsSnCls, CsSnBrs, and CsSnls shows
that the bonding between Cs-halide ions is strongly ionic
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and this ionic nature enhances as we move from Cl to I
in CsSnM3. The density contours in (1 1 0) plane reveal
that the bond between Sn and halogen ions (Sn—halide
ions) is strongly covalent. The covalent nature of Sn—
halide weakens and ionic nature slightly increases as we
go from Cl to Iin CsSnMj3. The covalent nature is mainly
due to the hybridization of Sn p and Cs d states as clear
from the PDOS (Fig. 4). Identical behavior has been seen
for other calculations on CsSnBrs by Brik [20]. Similar
behavior about the chemical bonding nature of CsPbCls,
CsPbBrs and CsPbl; has also been reported in Ref. [7].

3.3. Optical properties

The complex dielectric function describes the complete
response of a material to the disturbances caused by the
electromagnetic radiations. The imaginary part of this
function, e2(w), is directly related to the band struc-
ture of the material and describes its absorptive behavior.
From Fig. 6a, it can be seen that the spectra of e5(w) for
CsSnMj3 (M = CI, Br, I) have similar features; however
the absorption peaks are sharper and have higher magni-
tude for CsSnlg as compared to other two compounds. It
is because of the narrower width of VB (Fig. 3) in CsSnl;
as compared to the other two compounds. The critical
points in the spectra of e3(w) are found at 0.44, 0.19,
and 0.046 eV for CsSnClz, CsSnBrs and CsSnls, respec-
tively. Broad spectra of the dielectric function show high
absorption in different regions of the energy spectrum.
Similar features are found in the spectra (Fig. 6b) of the
extinction coefficients, k(w).

The optical conductivity spectra, o(w), presented in
Fig. 6¢c show that optical conductance starts around 0.80,
0.29, and 0.18 eV for CsSnCls, CsSnBrs, and CsSnls,

b —— CsSnCl, CsSnBr, CsSnl, a

€,(0)

k(w)

Encrgy(eV)

Fig. 6. Imaginary part of dielectric function (a), ex-
tinction coefficient (b), optical conductivity (c), and ab-
sorption coefficient (d) as functions of energy.

respectively. Beyond these points o(w) increases and
reaches there maxima and then again decreases and even-
tually dissipates with small variations. The o(w) is
largest in CsSnls as compared to the other two com-
pounds. The highest value of conductivity is 3920.46
(13.36 €V), 4208.63 (9.72 €V) and 4568.34 (6.13 eV) for
CsSnCl3, CsSnBrg, and CsSnls, respectively. Similar fea-
tures are also observed for the absorption coefficients,
a(w), Fig. 6d.

The frequency dependent real part of dielectric func-
tion, e1(w), is shown in Fig. 7a. In the spectra the
most important quantity is the zero frequency limit 4 (0),
which is the electronic part of the static dielectric con-
stant. Our calculated ¢1(0) for CsSnM3 (M = Cl, Br, I)
are presented in Table III. From the table it is clear that
e1(w) increases in going from Cl to Br to I. This shows
the inverse relation between the band gap and ;1 (w). The
£1(0) for CsSnBrj is 7.491 which is in excellent agreement
to the previous predicted value of 7 for this compound
by Brik [20]. The £1(0) for these compounds starts in-
creasing from zero frequency limit, reaches its maximum
value, then decreases, and in certain energy ranges it goes
below zero. In these ranges the incident photon beam is
completely attenuated.

The frequency dependent reflectivity R(w) for these
compounds is shown in Fig. 7b, while the zero frequency
reflectivities are presented in Table III. It is noted that
R(0) also increases like €1 (w) with the change of cation
from Cl to Br to Iin CsSnM3. Interestingly the maximum
reflectivity occurs where €1(w) goes below zero, which
can be clearly seen in Fig. 7a,b. For negative values of
e1(w) the material shows metallic nature [36]. Reflectiv-
ity increases with metallicity of a compound and hence
it is maximum for the range in which £;(w) is negative.
The reflectivity starts from 14% and reaches maximum
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Fig. 7. Real part of dielectric function (a), reflectiv-
ity (b), and refractive index (c) as functions of energy.

TABLE III

Zero frequency limits of real part dielectric function,
reflectivity and refractive index.

Parameters CsSnCls CsSnBrs CsSnls
€1 (0)
this work 4.14 7.491 10.615
other work - 7.0% -
R(0)
this work 0.145 0.216 0.271
other work - - -
n(0)
this work 2.194 2.769 3.302
other work - - -
“Ref. [20].

value of 52% for CsSnCls, while for CsSnBrs it starts
from 21% and goes up to 51%. Similarly for CsSnls it
starts from 27% and reaches maximum value of 60%. So,
the maximum reflectivity peak decreases in going from
Cl to Br to L.

The knowledge of the refractive index of an optical ma-
terial is important for its use in optical devices such as
photonic crystals, waveguides, solar cells, and detectors.
Figure 7c displays the variation in the refractive indices
for CsSnM3 (M = Cl, Br, I) as a function of incident pho-
ton energy. The data presented in Table IIT show that
the calculated n(0) increases from Cl to I. It is clear from
Fig. 7c that the refractive indices of these materials in-
crease from zero frequency limits and reach the maximum
values of 2.45 for CsSnCls, 2.85 for CsSnBr3 and 3.32 for
CsSnls. The refractive index for each compound starts
decreasing beyond maximum value and goes below unity
in certain energy ranges. Refractive index lesser than
unity (vs = ¢/n) shows that the phase velocity of the
incident radiation is greater than c.

4. Summary

The structural, electronic, and optical properties of
CsSnM3 (M = Cl, Br, I) are calculated by FP-LAPW
method within the GGA. It is concluded that: As the
halide ion changed from Cl to I in CsPbMj lattice con-
stant and ground state unit cell energy increases, bulk
modulus decrease and its derivative with pressure re-
mains constant (5.0). It is found that these compounds
have direct and wide band gap. The fundamental band
gap occurs at R symmetry points which decrease in go-
ing from Cl to I. The strong ionic nature of Cs—halide
bonds increases, and covalent nature in Sn—halide bonds
decreases as cation change from Cl to I. The different
structures appears in the spectra of the imaginary part
of dielectric function mainly due to transitions from Cs
and halide ions p states from the VB to unoccupied states
in the CB. The zero frequency limits of dielectric func-
tion, reflectivity and refractive index increases from Cl to
Br to I. The direct band gaps and high absorption power
in the infrared, visible and ultraviolet energy range pre-
dicts the effective use of these compounds in the optical
and optoelectronic devices, working in this range of the
spectrum.

References

[1] N. Mathur, P. Littlewood,
(2003).

[2] S. Moskvin, A.A. Makhnev, L.V. Nomerovannaya,
N.N. Loshkareva, A.M. Balbashov, Phys. Rev. B
82, 035106 (2010).

[3] C.Weeks, M. Franz, Phys. Rev. B 82, 085310 (2010).

[4] G. Murtaza, Iftikhar Ahmad, B. Amin, A. Afagq,
M. Magbool, J. Magssod, I. Khan, M. Zahid, Opt.
Mater. 33, 553 (2011).

[5] C.R. Kagan, D.B. Mitzi, C.D. Dimitrakopoulos, Sci-
ence 286, 945 (1999).

[6] H. Klauk, Phys. World 13, 18 (2000).

[7] G. Murtaza, Iftikhar Ahmad, Physica B 406, 3222
(2011).

[8] G. Murtaza, Iftikhar Ahmad, M. Magbool, H.A. Rah-
namaye Aliabad, A. Afaq, Chin. Phys. Lett. 28,
117803 (2011).

[9] B. Ghebouli, M.A. Ghebouli, M. Fatmi, A. Bouhe-
modou, Solid State Commun. 150, 1896 (2010).

[10] S. Clark, C. Flint, J. Donaldson, Phys. Chem. Solids
42, 133 (1981).

[11] A.S. Voloshinovskii, S.V. Myagkota, N.S. Pidzyrailo,
M.V. Tokarivskii, J. Appl. Spectr. 60, 226 (1994).

[12] J.D. Donaldson, R.M.A. Grimsey, S.J. Clark,
J. Phys. (France) 40, 289 (1979).

[13] J.D. Donaldson, J. Silver, S. Hadjeminolis, S.D. Ross,
J. Chem. Soc. Dalton, 1503 (1975).

[14] S.K. Rose, S. Satpathy, O. Jepsen, Phys. Rev. B 47,
4276 (1993).

[15] I. Lefebvre, P.E. Lippens, M. Lannoo, G. Allan, Phys.
Rev. B 42, 9174 (1990).

Phys. Today 56, 25


http://dx.doi.org/10.1063/1.1554133
http://dx.doi.org/10.1063/1.1554133
http://dx.doi.org/10.1103/PhysRevB.82.035106
http://dx.doi.org/10.1103/PhysRevB.82.035106
http://dx.doi.org/10.1103/PhysRevB.82.085310
http://dx.doi.org/10.1016/j.optmat.2010.10.052
http://dx.doi.org/10.1016/j.optmat.2010.10.052
http://dx.doi.org/10.1126/science.286.5441.945
http://dx.doi.org/10.1126/science.286.5441.945
http://dx.doi.org/10.1016/j.physb.2011.05.028
http://dx.doi.org/10.1016/j.physb.2011.05.028
http://dx.doi.org/10.1088/0256307X/28/11/117803
http://dx.doi.org/10.1088/0256307X/28/11/117803
http://dx.doi.org/10.1016/j.ssc.2010.07.041
http://dx.doi.org/10.1016/0022-3697(81)90072-X
http://dx.doi.org/10.1016/0022-3697(81)90072-X
http://dx.doi.org/10.1007/BF02606360
http://dx.doi.org/10.1051/jphyscol:19792135
http://dx.doi.org/10.1016/0022-5088(75)90032-6
http://dx.doi.org/10.1103/PhysRevB.47.4276
http://dx.doi.org/10.1103/PhysRevB.47.4276
http://dx.doi.org/10.1103/PhysRevB.42.9174
http://dx.doi.org/10.1103/PhysRevB.42.9174

[16]
[17]
[18]
[19]
[20]
[21]
[22]
23]
[24]

[25]

[26]

Physical Properties of CsSnMg ... 107

D.E. Parry, M.J. Tricker, J.D. Donaldson, J. Solid

State Chem. 28, 401 (1979).

J.C. Zheng, A.C.H. Huan, A.T.S. Wee, M.H. Kuok,
Surf. Interface Anal. 28, 81 (1999).

A.S. Verma, A. Kumar, S.R. Bhardwaj, Phys. Status
Solidi B 245, 1520 (2008).

K. Shum, Z. Chen, J. Qureshi, C. Yu Jian, J. Wang,
W. Pfenninger, N. Vockic, J. Midgley, J.T. Kenney,
Appl. Phys. Lett. 96, 221903 (2010).

M.G. Brik, Solid State Commun. 151, 1733 (2011).

D. Scaife, P. Weller, W. Fisher, J. Solid State Chem.
9, 308 (1974).

P. Mauersberger, F. Huber, Acta Crystallogr. B 36,
683 (1980).

K. Yamada, S. Funabiki, H. Horimoto, T. Matsui,
T. Okuda, S. Ichiba, Chem. Lett. 20, 801 (1991).
J.F. Chabot, M. Coté, J.F. Briére, APS Meeting Ab-
stracts, Vol. 1, 2004, p. 11011.

I. Chung, J.H. Song, J. Im, J. Androulakis,
C.D. Malliakas, H. Li, A.J. Freeman, J.T. Kenney,
M.G. Kanatzidis, J. Am. Chem. Soc. 134, 8579
(2012).

Z. Wu, R.E. Cohen, Phys. Rev. B 73, 235116 (2006).

[27]
[28]
[29]

[30]
[31]

[32]
[33]
[34]

[35]
[36]

P. Blaha, K. Schwarz, G. Madson, D. Kvasnicka,
J. Luitz, User’s Guide, WIEN2k, Vienna University
of Technology Austria (2002).

W. Kohn, L.J. Sham, Phys. Rev. 140, A1133 (1965).

J.L. Erskine, E.A. Stern, Phys. Rev. Lett. 30, 1329
(1973).

F. Birch, Phys. Rev. 71, 809 (1947).

D.K. Seo, N. Gupta, M.H. Whangbo, H. Hillebrecht,
G. Thiele, Inorg. Chem. 37, 407 (1998).

D.E. Parry, M.J. Tricker, J.D. Donaldson,
State Chem. 28, 401 (1979).

J.C. Zheng, C.H.A. Huan, A.T.S. Wee, M.H. Kuok,
Surf. Interface Anal. 28, 81 (1999).

H. Jin, J. Im, A.J. Freeman, Phys. Rev. B 86, 121102
(2012).

R. Hoffman, Rev. Mod. Phys. 60, 801 (1988).

B. Xu, X. Li, J. Sun, L. Yi, Eur. Phys. J. B 66, 483
(2008).

J. Solid


http://dx.doi.org/10.1016/0022-4596(79)90092-6
http://dx.doi.org/10.1016/0022-4596(79)90092-6
http://dx.doi.org/10.1002/(SICI)1096-9918(199908)28:1<81::AID-SIA623>3.0.CO;2-D
http://dx.doi.org/10.1002/pssb.200844072
http://dx.doi.org/10.1002/pssb.200844072
http://dx.doi.org/10.1063/1.3442511
http://dx.doi.org/10.1016/j.ssc.2011.08.039
http://dx.doi.org/10.1016/0022-4596(74)90088-7
http://dx.doi.org/10.1016/0022-4596(74)90088-7
http://dx.doi.org/10.1107/S0567740880004128
http://dx.doi.org/10.1107/S0567740880004128
http://dx.doi.org/10.1246/cl.1991.801
http://adsabs.harvard.edu/abs/2004APS..MARU11011C
http://adsabs.harvard.edu/abs/2004APS..MARU11011C
http://dx.doi.org/10.1021/ja301539s
http://dx.doi.org/10.1021/ja301539s
http://dx.doi.org/10.1103/PhysRevB.73.235116
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1103/PhysRevLett.30.1329
http://dx.doi.org/10.1103/PhysRevLett.30.1329
http://dx.doi.org/10.1103/PhysRev.71.809
http://dx.doi.org/10.1021/ic970659e
http://dx.doi.org/10.1016/0022-4596(79)90092-6
http://dx.doi.org/10.1016/0022-4596(79)90092-6
http://dx.doi.org/10.1002/(SICI)1096-9918(199908)
http://dx.doi.org/10.1103/PhysRevB.86.121102
http://dx.doi.org/10.1103/PhysRevB.86.121102
http://dx.doi.org/10.1103/RevModPhys.60.601
http://dx.doi.org/10.1140/epjb/e2008-00461-9
http://dx.doi.org/10.1140/epjb/e2008-00461-9

	M.V. Tkach, Ju.O. Seti, O.M. Voitsekhivska, Transmission Canals for the Photon-Assisted Transport of Electron through the Double-Barrier Resonant Tunneling Structure

