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Abstract

With rapid progress in power conversion efficiencies, perovskite solar cells (PSCs) have shown
great potential as next-generation low-cost, efficient solar cell devices. Ultra-thin pure and Br-
doped MoTe; monolayer materials are promising candidates for alternative electron transport
material in perovskite solar cell applications. The electronic, and optical properties of these
materials were calculated using projector augmented plane wave (PAW) based on popular
density-functional theory (DFT). These properties were calculated using Pardew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA). The band structure for the
considered materials has been determined using full relativistic spin-orbital coupling (SOC).
Our results indicate that pure and Br-doped 2D-MoTe, were n-type semiconductors and had
direct band gap energies of 1.01 and 1.21 eV respectively. The optical properties of the
materials such as relative dielectric constant, transmission and reflectivity are presented. Using
these properties, the 1-D solar cell capacitance simulator (SCAPS-1D) software was used to
design solar cells based on monolayer pure and Br-doped MoTe; as an electron transport layer
(ETL). The maximum efficiencies of these cells are 13.121%, and 24.016% with Voc of 1.067
V and 1.186 V, Jsc of 21.678 mA/cm? and 25.251 mA/cm?, and FF of 56.720% and 80.139%
were realized with the pure and Br-doped ETLs respectively. The performance of our solar
cells is comparable to traditional Si-based solar cells. The results show how monolayer pure
and Br-doped MoTe; can serve as a suitable ETL material for perovskite solar cells.

Keywords: DFT; SCAPS-1D; Perovskite solar cell; 2D-MoTe,; Electron transport material.

I. INTRODUCTION

Ssolar energy has been the most important and
environmentally friendly among all other sources of
electrical energy [1]. A large amount of this energy falls on
the surface of the earth every day. Solar cells are one of the
technologies used to convert solar radiation to electrical
energy for human survival [2].
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Perovskite solar cells (PSC) have drawn a lot of attention
due to their high power conversion efficiency (PCE) of more
than 25% [3-5]. The device is composed of perovskite material
inserted between two charge carrier layered materials namely
the electron transport and hole transport materials [6, 7] (Fig.
2b). The electron transport layer (ETL) extracts electrons from
the perovskite light absorber and transports them to the
cathode, at the same time it blocks holes from reaching the
cathode of the cell. While the hole transport layer (HTL) did
the reverse with respect to the anode. The ETL plays a
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significant role in determining the power conversion
efficiency of the device [8-10]. Therefore, the selection of
better material for ETL has become very crucial.

For the absorption layer, Methylammonium lead triiodide
(CH3NH3PbI; or MAPDI3) is considered for this work for its
good physical properties, such as excellent absorption
coefficient, high diffusion length, low exciton binding energy,
prolonged carrier lifetime and variable band gap energy [11].
Though the material is moisture sensitive and due to lead
content, it is considered poisonous to the environment.
However, on the issue of moisture, a few years back a
flouropolymeric coating was employed to encapsulate the
material. This technique is reported to be effective since the
tested cell retains 95% of its initial PCE after working for 92
days [12]. On the issue of lead, some lead-free halide
perovskites have been developed such as MASnl;. Even
though, these perovskites have shown poor performance
compared to the MAPDI3[13]. Further, it has been reported
that the lead content in the ultra-thin film of MAPDI; is
insignificant to have any environmental impact [14].

Two-dimensional Transition Metal Dichalcogenides
(TMDCs) have attracted tremendous attention from
researchers most especially in optoelectronic devices [15-17].
These materials are generally represented by a formula given
by MX», where M is transition metal (Group iv to xii of the
periodic table) and X is Chalcogens (S, Se, Te) [18]. A metal
is sandwiched between two chalcogens. The interatomic force

fa)

S {blf E 0

is covalent while the interlayer is Van der Waals in nature
[19]. These materials are characterized by having promising
electronic and optical properties for application in
photovoltaics [20, 21]. Doping of appropriate atoms into
TMDCs can enhance the electronic and optical properties of
the material significantly [18]. It has been reported by many
researchers that doped ETL materials are promising for
improving solar cell performance [9, 22-26]. Due to the
absence of dangling bonds, high electron mobility, high
conductivity, and high transparency in the visible spectrum,
doped and pure MoTe, monolayers could be better than the
commonly used ETL materials such as TiO,, SnO,, and ZnO
[8]. This could potentially serve as ETL in more flexible and
lightweight photovoltaic panels. In this perspective, Alzaid
[27] and Ahmad et al [28] specifically pointed at the 2D-
MoTe; material for use as ETL in PSC.

Just like many other two-dimensional di-chalcogenides,
2D-MoTe; is three atoms thick [19], a sheet of Mo atoms
sandwiched between two sheets of Te atoms, making a
monolayer (Fig. 1). Their unique structural, electrical and
optical properties make them different from their bulk (Fig. 1)
counterparts and appealing for use in Photovoltaic. Moreover,
the ultrathin structure makes this material inherently flexible,
and almost transparent which are required properties for
lightweight, flexible, wearable and building integrated solar
modules [29].

Fig. 1 (a) Bulk structure (b) Pristine (c) Br-doped MoTe, Monolayer

Here, two important and attractive configurations for
MoTe; monolayer-based high-efficiency PSCs were proposed,
opening useful research work for designing and fabricating
low-cost and efficient PSCs. One-dimensional solar cell and
capacitor simulation software was used as employed[30, 31].
Among the two structures, the MoTe, monolayer ETL
demonstrated significant performances and Glass/FTO/Br-
MoTe,/MAPbI3/Spiro-OMeTAD/Au was the best device with
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optimized performance parameters as PCE of 21.31%, Voc of
1.184 V, Jsc of 22.504 mA/cm? and FF of 79.931%

The writing is organized as follows: the introductory
section was followed by the design and simulation
methodology section (section II), which gives a full
description related to simulation methods. Section III presents
the results and discussion, which show the influence of pure,
and Bromine-doped MoTe; monolayer ETL in MAPbI3-based
solar cells. The conclusion section provides a summary of the
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research findings as well as information on its future outlook.

II. METHODOLOGY

A. Model and Computational Summary

Quantum ESPRESSO an open-source simulation code [32]
have been employed, using a plane wave basis set, based on
the state-of-the-art density-functional theory (DFT). The ion
cores and valence electrons interactions are treated by
projector augmented wave (PAW) potentials by using 320 eV
energy cut-off. The exchange-correlation potential was treated
by Pardew-Burke-Ernzerhof parameterized generalized
gradient approximations (PBE-GGA) [33] with the inclusion
of full spin-orbit coupling (SOC). A 3x3 MoTe, monolayer
supercell comprising Mo, Te and only one substituted dopant
is employed for the calculations. A vacuum space of 15 A
along the z-axis direction is introduced to prevent the
interlayer interactions [34]. For electronic iterations, the
energy convergence threshold is set to be 10-° eV. Broyden-
Fletcher-Goldfarb-Shannon (B.F.G.S.) algorithms are used to
fully optimize all the geometries until the Hellmann Feynman
forces become less than 0.001eV /A for each atom. The
Brillouin zone was sampled according to the scheme proposed
by Monkhost-Pack [35] with a high-density in-plane 12x12x1
k-point grid with 400 k-points.

Optical properties of these systems are investigated by
using Yambo code which utilizes the quantum espresso
outputs as input.

B. Design of Perovskite Solar Cell

The device simulation code used in this work is solar cell
capacitance simulator (SCAPS-1D) version 3.3.10, developed
at the University of Ghent Department of Electronics and
Information System (ELIS), Belgium [3, 6, 37]. This software
is among the best codes used for solar cell simulation [36].
SCAPS-1D solves the semiconductor equations, Poisson's
equation, and the hole and electron continuity equations which
are based on drift-diffusion transport, the software solves
these combined partial differential equations
numerically for the electrostatic potentials' electron and hole

three

concentrations as a function of positions. The device is
simulated using the AM 1.5G spectrum with an incident power
density of 1000 W/cm? and frequency of 1.0 x 10'2 Hz.

Fig. 2a shows the diagram of the solar cell design. It is a
typical n-i-p structure of PSC synthesised on fluorine tin oxide
(FTO) coated glass substrate. The CH3;NH3Pbl; or Methyl
ammonium lead triiodide (MAPDI;) layer is sandwiched
between hole transport and electron transport layers. In this
work the HTL is spiro-OMeTAD and 2D-MoTe; as ETL, FTO
serves as the front contact and Au acts as the back contact of
the devices (Fig. 2a). The performance is compared with the
experimental work of [23], who uses a 2D TiS, a member of
TMDCs family as ETL in planer PSC
(Glass/FTO/TiS2/MAPDI3/  spiro-OMeTAD/Au) while all
other materials are the same with our design. Fig. 2b provides
the procedural stages used for running the simulations.

Start SCAPS-1D

&

Define the Problem

Give the INPUT Parameters

Set Working Environment

&

Run & Get the RESULTS

(b)

Fig. 2 (a) Schematic diagram of the device (b) Simulation procedure
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Table I Material parameters used in the modelling of 2D-MoTe, ETL.

Parameters FTO Pure MoTe, Br-MoTe, MAPDI3[23] spiro-OMeTAD [3]
Thickness (um) 0.05 Varied Varied Varied Varied
Band gap (eV) 3.5 1.01 1.21 225 2.88
Electron affinity (eV) 4.0 3 32 4.1 2.05
Relative permittivity (¢,) 9.0 7.20 8.58 10.7 3

DOS Conduction Band (N;) (cm™)  2.2x10"® 1.8 x10" 2.2x10"%  2.0x10'® 2.0x10™
DOS valence Band (N,) (cm™) 1.8x10"” 1.8x10" 2.2x10®  2.0x10" 1.8 x10"
Electron mobility (cm?/Vsec) 20 40 45 2 2x10*
Hole mobility (cm?/Vsec) 8 21 20 2 2x10*
Donor concentration Np (cm™) 3 4 2 0 0
Acceptor concentration Na(cm™) 0 0 0 1x10° 2.0 x10"
Defect density N; (cm™) Ix 10  1x10% 1x 10" 1x 10" 1.0 x10"

III. RESULTS AND DISCUSSIONS

A. Electronic properties

The electronic properties of the MoTe, monolayer are
calculated using GGA-PBE with the inclusion of relativistic
spin-orbit coupling (SOC) due to its performance in predicting
the band gap [38] in 2D-MoTe,. The calculated band structure
indicates that the materials are n-type semiconductors since
the fermi level is closer to the conduction band minima than
the valence band maxima [34] in the pure and doped
structures. The band gap (Eg) is 1.01 and 1.21 eV for the pure
and doped compounds respectively. From the corresponding
band structures, the effective masses of electrons and holes
were calculated using [20]

- 0

. . no .
Where m* is effective mass, h = pyt h is planks constant, E

is total energy corresponding with the wavevector and k is the
wavevector of the particle. The band gap and the effective
masses (in mass of electron unit (m,)) are listed in Table II.
From the effective masses, the conduction band effective
density of states (N¢) and valence band effective density of
states (Ny) were calculated for the doped and undoped MoTe;
monolayers which are all presented in Table I.

Table II Calculated band gap energy, effective mass of
electron and hole of pure and Br-doped MoTe, monolayers.

Compound  Eg(eV) m*./m, m*p/m,
MoTe» 1.02 0.175 -0.196
Br-MoTe; 1.21 0911 -0.839

B. Optical properties

It is essential for an ETL material which is a window layer
to have high transmission in the visible light spectrum [39].
The optical properties of pure and Br-doped MoTe;
monolayers are calculated using GGA-PBE with the inclusion

VOLUME 04, ISSUE 01, 2024 35

of full relativistic spin-orbit coupling. These properties are
often calculated from the dielectric function which is given by
[40]

e(w) = &(w) +ig(w) @)

Where €, (0) and &, (®) represent the real and imaginary
parts of the dielectric tensor, respectively. The &,(w) also
describes the real transitions between the valence band and
conduction band of the material. Here, we use the Kubo-
Greenwood expression [41] given by (3).

2 2
£2(0) = Ve WE I WO 8(BS — B¢ — E) (3)

To calculate &; (w) from &, (w), we use the Kramers-Kronig
equation [18, 42] given by (4).

& (w) =1+ (i) fooo do' =ICHI 4)

The real part and the imaginary are plotted in Fig. 3a and b
respectively. Using the real and imaginary parts of epsilon, the
values of the transmission coefficient (T) at the corresponding
energies were calculated. The plot of the transmission
coefficient against energy (Fig. 4c) shows that there is
significant transmission of incoming photons of energies
above the direct transition energy value for the considered
materials, it also gives a very clear picture of the photon
energies which are most likely to be transmitted by pure and
Br-doped MoTe, monolayers, and this could be useful in the
design of a suitable PSC ETL material.

©'2— @2

Table III Calculated static relative dielectric permittivity € (0)
static transmission T (0), and static reflectivity coefficient of
pure and Bromine MoTe; monolayers for x-polarization
direction

Compound &€ (0) R (0) T (0)
E[x E[x E[x

MoTe; 7.20 0.21 0.79

Br-MoTe; 8.58 0.24 0.76
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Fig. 3 Plots of (a) real, and (b) imaginary dielectric tensor of pure and Br-doped MoTe, monolayers.
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Fig. 4 Plots of (a) Band structure of pure, (b) Band structure of Br-doped and (c) Transmittance of pure and Br-doped MoTe,
monolayers
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C. Performance of the Devices.

The simulations were carried out based on the listed
parameters collected from our materials simulations
performed using DFT implemented in Quantum espresso code
and experimental data source. Each layer of the perovskite
solar cell has a very important role in the device's
performance. Two different electron transport layers have
been used in the device configuration of Glass/FTO/ETL/
MAPbDI3/spiro-OMeTAD/Au keeping all other parameters
constant. The variation will help in getting the best-
performing ETL among the two tested materials. Fig. 5
presents the J-V characteristics of the simulated PSC with the
corresponding QE Plots of the PSC with different ETL, which
is consistent with the J-V plots. Fig. 6 shows the J-V
characteristics and quantum efficiency (QE) of the optimized

o

o
|

e
|

—=— Br-MoTe2
—a— MoTe2

(a)

El
1

Current density (mA/cm?)

device. QE covers the visible region of the solar spectrum. Br-
doped MoTe, ETL-based solar cell has the maximum QE of
92.27%. It is rightly observed that the model with bromine
doped shows better performance than its counterpart. The
performance parameters obtained from the simulations are
displayed in Table IV. The high performance of the perovskite
solar cells with this material as an ETL layer could be
attributed to the high mobility/conductivity of this n-type
semiconductor, and the conduction band minimum of the
material is in good alignment with the lower unoccupied
molecular orbital (LUMO) of the active perovskite absorber
layer. Based on the overall performance, Br-MoTe, has been
used as the ETL for further investigations. We investigated the
effect of ETL, absorber and HTL thicknesses and interface
defect density at ETL/absorber on the performance parameters
of the device.

—8—Br-MoTe2
—a—MoTe2
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Fig. 5 (a) J-V characteristic, and (b) corresponding QE spectra of PSCs with different ETLs without optimization.
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Fig. 6 (a) J-V characteristic, and (b) corresponding QE spectra of PSCs with different ETLs with optimization.
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Table IV performance parameters of the device with various ETLs.

Performance Unoptimized Optimized
Parameters MoTe, Br-MoTe, MoTe, Br-MoTe,
Voe(V) 1.057 1.173 1.067 1.184
FF (%) 55.027 69.873 56.720 79.931
Jsc (mA/cm?) 21.958 16.191 21.678 22.504
PCE (%) 12.778 13.281 13.121 21.310

D. Effect of ETL Thickness on the performance of the device

The electron transport layer plays a very essential role in
determining the performance of PSC. 2D Br-doped MoTe;
have been used in the device configuration Glass/FTO/Br-
MoTe,/MAPDIs/spiro-OMeTAD/Au  keeping all  other
material parameters the same. This helps in finding the
efficiency of the materials as electron transport material in the
device structure. Fig. 6 depicts (a) J-V characteristic, and (b)
corresponding QE spectra of PSCs after optimization.

Optimization of ETL can control the charge recombination
rates in perovskite solar cells. Fig. 7a shows the plots of
performance parameters as a function of ETL thickness that is
varied in the range of 0.001-0.01 pm. it can be observed that
there is a significant decrease in Voc, Jsc and PCE as the layer
thickness increases. This may be due to the increase in the
recombination and fractional absorption of the ETL material
in the device. The optimized ETL thickness is 0.001 um
giving a PCE of 21.304%, FF of 78.034%, Voc of 1.171V and
Jsc of 23.308 mA/cm? (see Table V).

E. Effect of Absorber Thickness on the Performance of the
Devices

The absorber layer, being the active layer in the device is
very important, it absorbs solar radiation and converts it into
electrons and holes [43]. Its thickness determines the amount
of photogenerated excitons. Therefore, the thickness was
varied with the performance parameters of the cell. The
thickness of the absorber layer was varied from 0.1 um to 1.0
pm (Table VI). Jsc, Voc and PCE of the device increase
significantly with the increase of perovskite layer thickness
[44]. The excitons produced due to photons absorption can
cross the barrier potential that is the depletion layer which may
result in higher Jsc, Voc and PCE, when the absorber layer
becomes thicker (around 0.6 um) the Voc, Jsc and PCE remain
constant (Fig. 7b). The optimized absorber thickness is 0.9 um
giving a PCE 0f 22.718%, FF of 78.574%, Voc of 1.185 V and
Jsc of 24.388 mA/cm? (see Table V).
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Table V J-V characteristics with the variation thickness of
ETL.

Thickness Jsc

(nm) PCE (%) Voc (V) (mA/cm?)  FF (%)
0.001 21.3041484 1.171303 23.30816  78.03457
0.002 21.1060705 1.170707 23.10316 78.03469
0.003 20.9279762 1.170443 22.90015 78.07980
0.004 20.7530349 1.170209 22.69904 78.12868
0.005 20.5796919  1.169978 22.49984  78.17750
0.006 20.4078377 1.169747 22.30252  78.22604
0.007 20.2374483  1.169516 22.10705  78.27425
0.008 20.0685103  1.169285 21.91343 78.32214
0.009 19.9098974 1.169054 21.72162 78.40470
0.010 19.7437158  1.168824 21.53163  78.45183

Table VI J-V characteristics with the variation thickness of
Absorber.

Thickness PCE Voc Jsc FF

(um) (%) M) (mA/em?) (%)

0.1 10.3906 1.166852 10.73113  82.9811
0.2 15.73204  1.177393 16.30993  81.92402
0.3 18.64837 1.181607 19.46445 81.08222
0.4 20.31639  1.183667 21.33783  80.43905
0.5 21.31076  1.184728 22.50404 79.93187
0.6 2191378 1.185266 23.26189  79.47973
0.7 22.30483  1.185509 23.77379  79.13993
0.8 22.5566 1.185572 24.13129 78.84331
0.9 2271814  1.185522 24.38834  78.57437
1.0 22.81917 1.185397 24.57784 78.32358
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Fig. 7 Variation of performance parameter (Voc, Jsc, FF and efficiency) of PSC with different, (a) ETL thickness, (b)
perovskite thickness, (c) HTL layer thickness, and (d) Interface defect (ETL/MAPbI3).

F. Effect of HTL Thickness on the Performance of the Table VII J-V characteristics with the variation thickness of
Devices HTL.

HTL extracts holes from the active absorber layer, Thickness Isc Voc FF PCE
transports them to the anode, and at the same time blocks (um) (mA/em?) V) (%) (%)
electrons from reaching the anode. Varying the thickness of 0.01 22.50363 1.18452 8438402 22.4934
HTL is a promising technique to optimize the performance of 0.02 2250375 1.184637  84.02558  22.4002
PSC [45]. Fig. 7a and (Table VII) depict the performance 0.03 22.50388  1.184701  83.56808  22.27957
parameters of the device with varying HTL thickness from 0.04 22.50398  1.184735  83.01166  22.1318
0.01 to 0.1 pm under illumination. Our findings reveal that 0.05 22.50405  1.184735  82.50898  21.99799
PCE and FF decrease linearly with thickness while Voc and 0.06 22.50409  1.184736  82.00797  21.86447
Jsc have no significant effect on the performance of the device 0.07 22.50410 1.184734  81.44785  21.71512
as the thickness increases. The optimized HTL is 0.1 pm, PCE 0.08 22.50409  1.184732  80.93983  21.57962
= 21.715%, FF = 81.447%, Voc = 1.184 V and Jsc = 22.504 0.09 22.50407 1.18473 80.43762  21.44567
mA/cm?. 0.10 22.50404  1.184728  79.93187  21.31076
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Table VIII J-V characteristics parameters with varied ETL-

Absorber defect density.

N¢ PCE Voc Jsc F
(cm?) (%) %) (mA/cm?) (%)
10° 21.31077 1.184728 22.50404 79.93189
1010 21.31076 1.184728 22.50404 79.93187
10" 21.31066 1.184725 22.50404 79.93165
102 21.30966 1.184703 22.50403 79.92945
1013 21.29968 1.184476 22.50398 79.90747
1014 21.19098 1.182316 22.5035 79.64661
1013 20.43282 1.167227 22.49864 77.80663
1016 17.62303 1.124423 22.45153 69.80794
107 13.91549 1.074333 22.08722 58.64333

G. Effect of Interface Defect Density at ETL/MAPbI3 on the
Performance of the Devices

Due to the structural discontinuity in solar cells, defect
states are often found between two-layer interfaces, they lead
to photogenerated current loss. The impact of defect interface

density is mostly expressed in terms of minority carrier
recombination velocities [46, 47]. To explore the influence of
the interface defect on the 2D-MoTe,/CH3NH;3Pbl; interface
of PSCs, the N; was varied from 10° to 107 cm™? while
keeping other parameters constant. Fig. 7d shows the
performance parameters varied with interface defects density
of 2D Br-MoTe,/CH3NH;3Pbl;. From the results (Table VIII)
obtained, the photovoltaic parameters (PCE, FF, Jsc, and Voc)
are not affected by the defect density for the range 10° to 10"
cm2. Beyond 10" cm™, all performance parameters decrease
with increasing Nt.  This could be because of the
recombination at the interface. Hence, the interface
modification and film morphology to control N; must be
carefully regulated when fabricating PSCs with high
efficiency [36]. The optimized interface defect is 10°cm2 with
a PCE 0f21.310%, FF 0f 79.931%, Jsc of 22.504 mA/cm? and
Voc of 1.184 V (Table VIII).
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Fig. 8 (a) Energy band diagram (b) The optimized J-V curve under illumination and in the dark and (c) QE plot of the
optimized device.
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H. Performance of the optimized PSC

After obtaining the optimized ETL (0.001 pum), absorber
(0.9 pm) HTL (0.07 um) thicknesses and the interface defect
density (10° cm™2) for Br-doped MoTe, monolayer devices, we
then run a final simulation with the optimal parameters. The
results yielded a PCE of 24.01%, Jsc of 25.251 mA/cm?, V. of
1.186 V, and FF of 25.251% for Br-doped MoTe, monolayer

ETL-based perovskite solar cell. These results are compared
with the experimental results of Huang et al [48] who use TiS»
2D TMDC (Table IX). There is appreciable improvement in
the PCE of the device. Fig. 8 shows the energy band diagram
and J-V characteristic for dark and illumination conditions and
the QE plot (max 98%) of the optimized cell.

Table IX Performance comparison between MoTe; and TiS, monolayer ETLs in PSC.

ETM Configuration FF Jse Voe PCE  References
(%) (mA/em?) V) (%)

Br-MoTe, FTO/MoTex/MAPDI;/ 80.139 25.251 1.186 This work
spiro-OMeTAD/Au 24.016

MoTe, FTO/MoTe,/MAPDLI;/ 56.720 21.678 1.067 13.121 This work
spiro-OMeTAD/Au

TiS, FTO/TiSo/MAPDIs/ 71.00 23.38 1.05 17.37  Expt. [48]
spiro-OMeTAD/Au

IV. CONCLUSION References

In conclusion, we incorporated pristine and bromine-doped
MoTe, monolayers in MAPbI; perovskite-based solar cells as
ETL layers after calculating their electronic and optical
properties from the first principle. Further, we studied the
impact of the materials on the photovoltaic characteristics in
the SCAPS-1D framework. We have optimized different
properties of the device, such as the layers' thicknesses and
ETL/Absorber interface defect density for further
improvement of the device's performance. It has been
demonstrated that 2D-Br doped ETL could have potential in
perovskite-based solar cells. However, a more reliable and
cost-effective fabrication method for good-quality layers is
needed to make 2D materials-based solar cells scalable and
commercially viable. 2D-Br doped ETL has shown
exceptional properties compared to its counterpart. The
performance of the device gave Vo, = 1.186 V, Jic = 22.251
mA/cm?, FF = 80.139% and PCE = 24.016%. This result
shows how monolayer MoTe, can serve as a suitable ETL
material for perovskite solar cells.
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