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S1. Macroscopic Charge Carrier Mobility Calculations in TiO2 using DFT:
The semiclassical Boltzmann theory, within the constant relaxation time approximation (CRTA),
has been used to determine the charge carrier mobility of pristine rutile TiO2 and TiO2 doped with
Sn and Zn. To calculate the transport properties, the BoltzTrap2 code? is interfaced with VASP to
read the non-self-consistent band information of the uniformly distributed k-mesh generated by
VASP.23

For obtaining highly accurate results, we used 50 times more points in the real space than
the number of k-points used in the reciprocal space for BoltzTrap2 calculations. In solving the
Boltzmann equation, the energy range of the interpolation is limited to only within the VBM and
the CBM edges. From the results, the carrier concentration-dependent effective mass of the

carriers, at room temperature (300K), is calculated. The following graphs, in Figure S1 (a)-(h),

S1



Pristine TiO, 3.125 mol% Sn-doped TiO,

18

m n-type i p-type _EE n-type 26 p-type
Eiso i ] é-z.uo | [ I I g]a : e T T gzq
bl T T #1199 b @
g g b i (c g, - .
E1as (a) £ ( ) £ ( ) E
g 214 2.0 (d)
148 S197 - i Sz g
£ & £ gl
b b b b
147 1.96 12
. 1.95] n 11, 16| . .
1016 1017 10 108 10 : 1016 1017 1008 101% 10%0 1018 £ 1019 100 1018 1017 1018 109 107
Carrier conc. em™ Carrier conc. em™ Carrier conc. cm™ Carrier conc. cm™?
4.17 mol% Sn-doped TiO, 6.25 mol% Sn-doped TiO,

wiZ ontype o iE p-type | wIE n-type . moE o p-type

M

®
@

L@ i
2 (h)

1J0"= 107 1018 1017 1018 1619 10% 1018 1017 1018 1619 10% 101 1017 1019 1019 1070
Carrier conc. cm Carrier conc. cm ™~ Carrier conc. em™*

=

Effective mass {m,)
= u
D
N—r

Y
Effective mass (mg)
P
Effective mass (mg)
o -

w
w
in
&

1077 e
Carrier conc. ¢m

sl .,

Figure S1. (a)-(h) Carrier concentration dependent effective mass for electrons (n-type) and holes (p-type) in pristine
and Sn-doped TiO; at different temperatures (200 K, 300 K and 400 K).

show how the effective mass of electrons (n-type) and holes (p-type), vary with the carrier
concentration at different temperatures (200 K, 300 K and 400 K), for pristine and Sn-doped TiOx.

The effective mass of the carriers that correspond to the carrier concentration at room
temperature (300 K) is first selected. The CRTA method then uses the following equation to
calculate the mobility (), using the effective mass (m*):

n==-" )
where, e is the electronic charge and 7 is the relaxation time. Finally, the carrier mobilities,
calculated from the effective mass, are used as input parameters in the SCAPS-1D simulations to
derive the electrical characteristics of the solar cell. Previous studies have used the well-established
CRTA method for a wide range of thermoelectric materials.*®

The relaxation time depends on different scattering phenomena including phonon,
electron-phonon coupling, temperature, deformation potential, etc. However, in our work, we kept

the relaxation time fixed (102%)"® for all calculations, such that the calculated electron mobilities

of pristine and doped TiO; are of the same order of magnitude as those reported by Cai et al.’
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Moreover, the DFT computed mobility values, along with the optical absorption spectrum, yield
similar trends in PCE with changes in Sn doping concentration, as reported in the experimental
studies by Cai et al.® and Liao et al.’® Similar approach has been adopted by other groups to
calculate mobilties.!'? Table S1 shows the carrier mobilities of pristine, Sn-doped and Zn-doped
TiO», obtained using the CRTA method.

Table S1. Carrier mobilities of undoped and doped TiO: calculated with the constant
relaxation time approximation (CRTA) method

TiO2 layer Electron mobility (cm?/Vs) Hole mobility (cm?/Vs)
Pristine TiO> 11.54x 10 8.90 x 10
3.125 mol % Sn doped TiO 13.03 x 10 9.16 x 10*
4.17 mol % Sn doped TiO- 11.33 x 10 12.30 x 10
6.25 mol % Sn doped TiO> 12.43 x 10 11.06 x 10
4.17 mol % Zn doped TiO> 11.72 x 10 8.71 x 10*

S2. Calculation of Optical properties of TiO2 using DFT:

The optical properties of pure TiO2 and Sn-doped TiO, are obtained from the DFT+U
calculations. The optical properties are calculated by the dielectric function given by, &(®) =g1(®)
+ ig2(w). By integrating the matrix elements between unoccupied and occupied electronic states,

the imaginary part of the dielectric function €2(®) is calculated first using the following equation:

2 2
e(@) =22 3 [(wilurlvy) S(E €/ -E) @)

0 k,v,c
where u is the vector that determines the polarization of the incident electric field, w is the
frequency of light, ¢ and y; are the conduction and valance band wave functions, respectively, at

k. Since the real and the imaginary parts are connected by the transformation of Kramers-Kronig,

S3



using this transformation the real part of the dielectric function, ei(®) is calculated from the
imaginary part, €2(®). The absorption coefficient a(w) and reflectivity R(w), are calculated from

the real and imaginary parts of the dielectric constant, using the following set of equations:*34

1

a(w) = \/Ea)[\/ (512 + 522) - ‘5‘1}5 (3)
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To ensure that there is good convergence, different k-points mesh density have been used to test
the convergence of the absorption spectrum. Results show that, 7x7x11, 4x4x3, 4x4x4, and 4x4x5
k-points density give well converged optical spectra for pure TiO,, 3.125, 4.17 and 6.25 mol% Sn-
doped TiO., respectively. For instance, Figure S2 below shows the excellent k-point convergence

in the absorption spectrum for 4.17 mol% Sn-doped TiOs.
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Figure S2. k-point convergence for 4.17 mol% Sn-doped TiO,.
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Table S2. Perovskite solar cell output characteristics obtained from SCAPS-1D using DFT
extracted parameters of undoped and doped TiO2

Electron Transport Layer Jsc (MA/cm?) Voc (V) FF PCE (%)
Pristine TiO> 19.50 1.06 0.66 13.70
3.125 mol % Sn doped TiO- 21.11 1.12 0.73 17.14
4.17 mol % Sn doped TiO> 21.02 1.12 0.73 17.07
6.25 mol % Sn doped TiO> 20.30 1.08 0.70 15.42
4.17 mol % Zn doped TiO> 20.15 1.12 0.73 16.44
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