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Abstract:

The spectacular hike in the photo conversion efficiency and the light-harvesting ability of Perovskites-based solar
cells have shown great interest among the scientific community. However, the limited knowledge about the charge
carrier transport mechanisms and lattice thermal conductivity of the Perovskites significantly affects the device
performances, including the lifetime and stability of the sensitizer. This work reports the carrier mobility and
lattice thermal conductivity of the orthorhombic RbMI; (where M=Sn and Ge), using the deformation potential
theory and Slack’s model, respectively. The mechanical stability has been confirmed for both the structures, and
the highest shear anisotropy is observed for RbSnls. The mobility of the electrons is higher than holes, and the
highest mobility is observed along (010) direction for both the structures at low temperatures. Ultra-low-lattice
thermal conductivity of 0.237 and 0.402 W/m.K have been observed at the room temperature for RbSnl; and
RbGels, respectively, which are consistent with the available experimental values for all inorganic perovskites.
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Introduction:

The fantastic efficiency hike of the perovskites from
3.8%! in 2009 to 25%?2 in 2021 is due to relatively
high absorption coefficients, high charge carrier
mobilities, and long diffusion lengths®®, making it
attractive to the researchers in the photovoltaic
group. The engineering of the composition and the
effective coating are two main approaches that
increase the photo conversion efficiency’. The
efficiency of the perovskite solar cell (PSC) has been
raised®!! steeply from 3% to 11% from 2012 to
2014, mostly achieved using mesoporous TiO,. The
increase in efficiency’®® is rather slowly and
continuously reached 25.2% from 2015 to 2019,
mainly achieved by changing the composition.
However, thermal stability and toxicity are still the
major concerns while the efficiency of PSC is
appreciably improved. The thermal stability and
heat dissipation can affect the lifetime and
performance of the devices. Besides, continuous
solar irradiation can induce the device temperature
the device temperature above 350 K, further
reducing the device stability. Various intrinsic
factors, including ion migration, thermal instability,
and hygroscopicity, are responsible for the

instability of the perovskites. The thermal instability
and ion migration have been addressed by tuning the
composition®®. So the decomposition energy can be
increased through A site (of ABXj3) doping® or
replacement”2°, The most efficient perovskite solar
cell contains toxic Pb. Therefore, the low toxicity/Pb
free perovskite solar cell with comparable
performance is always preferred. This issue is also
being addressed by mixing or replacing Pb with a
suitable element?'??, Furthermore, the perovskites’
mechanical properties can also deliver information
about the fundamental properties such as acoustic
behaviour and interatomic potentials. Hence,
studying the mechanical and transport properties is
important to design a better environment-friendly
perovskite solar cell.

The structural along with electronic, and optical
properties of Pb free orthorhombic RbMI; (where
M=Sn and Ge) were previously studied?®. The
mechanical properties, lattice thermal conductivity,
and the charge carrier mobility of RbSnl; and
RbGels are studied and the results are reported in
this article. The deformation potential theory within
the charge carrier acoustic phonon scattering regime
is used to estimate the charge carrier mobility
whereas Slack’s equation is used for the estimation
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of the lattice thermal conductivity. These methods
are computationally less expensive compared to the
costly phonon calculations.

Computational methods:

All the first principle based calculations are
estimated within the full-potential linearized
augmented plane wave (FP-LAPW) method using
WIEN2k?*, The mechanical properties and the
deformation potentials of RbMI; are estimated using
PBE?® exchange correlation functional excluding the
spin orbit coupling effect. RKmax of 9 and 8 are set
for RbSnl; and RbGels, respectively, while Kmesh
of 9x20x5 and 6x13x3 are used. Three different
types of strains [a) Orthorhombic volume changing
strains of £1%, £2%, +3%; b) monoclinic volume
conserving strains of +1%, +2%, +3% and ¢)
orthorhombic volume conserved strains of +1%,
+2%, +3%, +4%] are applied to the relaxed
structures to estimate elastic coefficients?®. The
elastic moduli for a polycrystalline sample are
measured using Voigt (V) approximation
corresponding to the upper limit and of the actual
elastic moduli and Reuss (R) approximation
corresponding to the lower limit. The bulk (B, and
Bg) and shear modulus (G, and Gg) in Voigt and
Reuss approximations are estimated as?"%:

By = G) [C11+ Coz + €33+ 2(C12 + Cy3 +
C23)],
1
- (511+S22+533)+2(S12+513+523)’
Gy = 115(611 + Cyz + C33 — C13 — Cy3 — Cy3) +

1
5 (Cag + Cs5 + Ce),
_ 15
4(S11+522+533)—4(S12+513+523)+3(S44+S55+S66)

Bp

Gr

where, S;; are the elastic compliance constants.

Later, Hill approximation provide the bulk modulus
(B) and shear modulus (G) as follows?:

_ By+Bpg

GZG
+
G = V7R

2

The Young’s modulus and Poisson’s ratio are
estimated using bulk and shear modulus obtained
from Hill approximation as following:

_ 9BG

~ 3B+G’
3B-2G

“2BB+6)

o

The directional dependence of Young’s modulus
and Bulk modulus are estimated using the following
formulae®:

E~1 =51} +Sy,l3 + 2551312 + 25,3122 +
Sssl21% + Sy 212 + S33l5 + 285,313 + S 1213,
B = (S11+S12+ S13)5 + (S12 + Sy +
S23)15 + (S13 + S23 + S33) 13

The mobility of charge carriers is estimated with the
deformation potential theory®! by fitting the CBM
(conduction band minimum) and VBM (valence
band maximum) to strains of (0%, +0.5% and +1%)
along three different directions ((100), (010) and
(001)) using:
(877.') 1/2h4eCij
ul] 3meff5/2(KBT)3/2Dp2’

where, C;;, D, and T are elastic coefficients,
effective  mass, deformation potential and
temperature, respectively. 1s core state of the
halogen (1) is used as the reference level to align all
eigenvalues for both RbSnl; and RbGels.

Results and Observations:
Mechanical Properties:

The different elastic coefficients are estimated for
the orthorhombic structures of RbMI; and are listed
in Table I. The conditions for an orthorhombic
structure to be mechanically stable are®:

Cy1 > 0;
Cy, > 0;
C33 > 0;
Cys > 0;
Css > 0;
Coe > 0;

(Ci1 +Cyy —2C15) > 0:

(Ci1 + C33 —2C43) > 0:

(Cyz + C33 — 2C53) > 0:

(C11+ Cyy + C35+ 2C1, + 2C5 + 2C53) > 0.

Both the structures RbSnl; and RbGels show the
mechanical stability. The deformation resistances
are found to be stronger along the axial one
compared to the non-axial cases. The stronger
bonding is observed along the (001) direction for
both RbMI; whereas RbGels; show the strongest
bonding. TABLE Il show values of elastic moduli
and anisotropy for RbSnl; and RbGels. The larger
values of elastic moduli of RbGels suggest the
stronger directional bonding of atoms. The
interatomic forces between atoms in both the
structures are central in nature as the Poisson's ratio
lie within the range of 0.25 and 0.50. RbGels also
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exhibits the higher stability against shear due its
lower Poisson's ratio value of 0.313. Moreover, the

smaller % values (< 0.57) 3 of both RbMIz confirm
their ductility behaviour. Another important
mechanical property is

TABLE I: Elastic coefficients in Gpa for RoMl s,

M| C11 | Co2 | Csz | C12 | C13 | Cos | Cas | Css | Ces

S/20.0/30.0|35.0(15.4|12.7/9.4|6.3|5.3|8.85
n| 87|32 |89 |31 |50 |20|92 |54, 7

G|28.2131.9(39.1/16.6/14.7/9.6 | 6.8|7.9|10.1
e[ 09|01 82|84 |12 8449|9141

the elastic anisotropy and it can induce micro cracks
in the material. Shear anisotropy*® in {100}, {010}
and {001} planes (Aig9, Agor and Agygq) and the
universal anisotropy** (4Y) are estimated using:

4C.
Ajg0 = —
C11+C33—2C13
4C,
Ap1o = —
522+i3g—2623
_ 66
A001 -

AV =52 B¢
GrR Br

The deviation of shear anisotropy values from 1
suggests the existence of anisotropy and the higher
shear anisotropy is observed in RbSnl;. The
deviation of AUV from 0 for RbMI; also show the
anisotropic nature, which is again larger in RbSnI3.
The directional dependence of E (Young’s
modulus)® and B (Bulk Modulus) also suggest the
existence of anisotropy for both the structures as
shown in the FIG. 1 and FIG. 2 respectively, where
the deviation from the sphere confirms the
anisotropy. Both FIG. 1 and FIG. 2 also shows the
larger anisotropy for RbSnls.

TABLE II: Elastic moduli in GPa and anisotropy
for RbMls.

M| E | B | G | o |Gl Ao AoiAgo AV
B

Sn|18.0/17.5|6.780.32/10.3/0.86 |0.4|1.8/0.84
20 | 60 | O 8 /86| 2 |63/40| 8

Ge|22.4|20.1/8.54/0.31/0.4|0.72/0.6(1.5/0.41
50 (11| 3 | 3 |25 2 |16|17| 6

FIG. 1: The directional dependence of Young’s
modulus E for RbSnls (left) and RbGels (right),
respectively.

1.0

FIG. 2: The directional dependence of Bulk modulus
B for both RbSnlz (left) and RbGels (right).

The charge carrier mobility and lattice
thermal conductivity:

The deformation potential theory is considered to
estimate the charge carrier mobilities for the carrier
acoustic phonon scattering regime. The other
scatterings due to optical phonons, impurities and
defects could also be important but the scattering
due to the carrier acoustic phonon is believed to be
appropriate at the low temperature (100 K) where,
the orthorhombic structures RbMI; are stable.
Hence, the deformation potentials D,, required to
estimate the mobility for both the structures are
calculated and listed in TABLE Ill. The estimated
charge carrier mobilities p;; at 100 K are also
enlisted in TABLE IV whereas the required
effective masses of carriers are considered from the
previous report®., The TABLE IV shows the
mobility of electrons are higher than that of holes
along all three directions for both the structures. The
higher electron mobility is observed along (010)
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direction for both whereas RbSnl; shows the highest
one. The smaller effective masses for electrons plays

TABLE Ill: Deformation potential D, in eV for
RbMl;,

TABLE V: Lattice thermal conductivity K; in
W/m/K at 300 K for RbSnls and RbGels,

RbMI3

M, |o n v, | 6p

K

RbSnl;

116.97 |3.532|201240.53 | 2457.15

117.21|0.237

RbGels

107.76 |3.439|201394.22 | 2677.28

135.01|0.402

M | Along (100) Along (010) Along (001)
Electron| Hole |Electron| Hole |Electron| Hole

Sn | -12.991 - -16.805 - -12.991 -
16.848 14.308 15.843

Ge | -14.341 - -19.459 - -13.057 -
16.077 17.280 15.307

significant role here in determining the mobility due
to the insignificant differences in D,, and ;.

TABLE IV: Mobility y;; in cm?/Vs at 100 K for
RbMl;,

Along (100) Along (010) Along (001)

Electron| Hole | Electron Hole |Electron

Hole

Sn

127.911 |1.258 | 77369.719|312.626 | 2.714

0.891

Ge

235.361 |1.929 35482.601|267.558 | 7.417

1.165

Slack’s equation®® is an inexpensive way to find the
lattice thermal conductivity (K;) compared to the
ethod using phonon DOS and also provide a rough
estimate of I. This equation requires information
about the anharmonicity (Gruinsen parameter Y) of
the system and the Debye temperature (6,), which
are obtained from the elastic moduli. Slack’s
equation uses:

2_4 2

_ AMg80}. , _ 243x107° _ 9(”1 —gv:) .

L — 2/3 ! - 0.514 0.2281 ' — 2 2\’
YTn 12 2(vi+2v¢

where, M, 3, v;, v, and T are the average atomic
mass, the volume per atom, the longitudinal and
transverse acoustic velocity and temperature,
respectively.

All the required values along with K; estimated at
300 K are shown in TABLE V. The lower lattice
thermal conductivity of 0.237 for RbSnl; and 0.402
W/m/K are observed for RbGels, this agrees well
with the reported low lattice thermal conductivity
found for all inorganic perovskites®’.

Conclusions:

The mechanical property, the lattice thermal
conductivity and the mobility are studied for both
orthorhombic RbSnl; and RbGels. The highest
bonding is observed for RbGels; along (001) and
RbSnl; shows the highest anisotropy while both the
structures show the mechanical stability. RbSnl;
exhibits the higher electron mobility along (010)
direction whereas RbGels displays the higher lattice
thermal conductivity. The values of the charge
carrier mobility are highly dependent on the carrier's
effective masses. The lower thermal conductivity
and the higher effective masses are observed in
RbMIs;, makes them perfect material for
thermoelectric applications®.
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